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Preface 

Composite materials are widely used in a variety of applied technologies including transportation, 
off-shore, power, electronics, communications, sports equipment, and infrastructure industries. In 
the last few years, these applications have matured in many ways. For example, polymer composites 
are increasingly used in primary and man-rated structures. A controlling feature of the general use of 
composite systems is their damage tolerance, durability, and reliability. That is the subject of the 
present book. 

The papers in this volume were generated as a result of the Third International Conference on 
Progress in Durability Analysis of Composite Systems, held on 14-17 September 1997 on the 
campus of Virginia Polytechnic Institute and State University in Blacksburg, Virginia. Delegates 
from 19 countries and more than a dozen universities and a like number of industries participated in 
the conference. The first two such conferences were organized by Prof. Albert Cardon and held at the 
Free University (VUB) in Brussels, Belgium. The present conference continued the traditions of 
limited attendance, extended discussions, and a focused effort to advance the field of durability 
analysis. Support for the Conference was provided by Virginia Polytechnic Institute and State 
University (through the NSF Center for High Performance Polymeric Adhesives and Composites, 
Virginia Institute for Material Systems, Center for Composite Materials and Structures, Materials 
Response Group, and the Department of Engineering Science and Mechanics), the Free University 
of Brussels, the Air Force Office of Scientific Research, the Office of Naval Research, and the 
National Science Foundation. The local host committee consisted of: Ken Reifsnider, General 
Co-Chair; David Dillard, Program Chairman; John Dillard, Industrial Chairman; Mike Hyer, Events 
Chairman; and Al Loos, Posters and Displays Chairman. The Organizing Committee and Interna- 
tional Scientific Advisory Committee are listed below. On behalf of all of the authors and conference 
participants, the contribution of all of these individuals to the success of the conference is gratefully 
acknowledged. Special thanks also goes to Mrs Shelia Collins who served as conference coor- 
dinator, and who contributed in so many ways to the planning and execution of the conference. A 
fourth conference is in the planning stages. 
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Effect of seawater on the interfacial strength and durability of polymer 
composites 

W.L. Bradley, C.A.Wood, B.A. Pratt & CS.Chatawanich 
Department of Mechanical Engineering and Offshore Technology Research Center, Texas A&M University, 
College Station, Tex., USA 

ABSTRACT: The effect of absorbed moisture on the fiber/matrix interfacial strength and 90° ply strength 
have been studied for E-glass and carbon fiber reinforced epoxy. In-situ observations of fracture in an 
environmental scanning electron microscope with associated calculations indicating reductions in ply 
stress at debonding ranging from 0% to 30%, with 70% at the reduction attributed to a weaker interface 
and the balance due to changes in the residual thermal stresses. Burst tests and low-cycle fatigue tests 
using internal pressure in filament wound tubes gave only a 6% reduction in burst strength for seawater 
saturated specimens compared to unaged specimens, but a more significant reduction in the low-cycle 
fatigue behavior was noted. The effect of moisture was apparently to plasticize the matrix, giving more 
viscoelastic deformation and to reduce the strain to failure in the glass fibers. 

1 INTRODUCTION 

The prospect of large oil reserves at 2000m of 
ocean depth has created a significant interest in the 
possibility of using polymeric composite tubulars 
for both drilling risers and production risers. The 
higher specific strength of polymeric composite 
material systems can potentially allow 
conventional equipment designed for drilling and 
oil production using floating ships and platforms 
for depths of greater than 500m to be used at these 
greater depths by reducing the hanging weight of 
the tubulars. The potential use of polymeric matrix 
composites for offshore applications has been 
recently reviewed (Gibson, 1993) and the 
economic feasibility of using polymeric composite 
tubulars for production risers has already been 
demonstrated (Tamarelle and Sparks, 1987). 

Polymeric matrix composites are known to 
have excellent fatigue resistance, do not corrode, 
and can be tailored to give optimal combinations of 
stiffness, strength, and thermal expansion by proper 
ply sequencing. The two technical obstacles to the 
use of polymeric composite materials for offshore 
risers are joining and long-term durability. While 
polymeric composite materials do not corrode like 
metals, they do absorb moisture, generally 1-3% of 
the weight of the matrix. This absorbed moisture 
strength of the glass fibers (carbon fibers appear to 

be unaffected by moisture), and/or degrade the 
strength of the fiber matrix interface. Since 
production risers will be immersed continuously for 
10-20 years, they will certainly reach saturation 
levels of moisture absorption eventually. Thus, the 
effect of the absorbed moisture on long-term 
durability needs to be determined. 

The purpose of this study has been to 
investigate effect of the absorbed moisture on the 
interfacial strength of several polymeric composite 
material systems and the low-cycle fatigue 
behavior. Direct observations of the initiation of 
damage in the systems investigated in this study 
indicate that the failure scenario begins with 
interfacial failure by debonding leading to 
transverse cracking, and subsequently, 
delamination. Absorbed moisture can perturb this 
failure scenario in four ways: reducing the 
chemical adhesion at the fiber/matrix interface; 
relaxing the residual compressive stresses at the 
fiber/matrix interface; reducing the ply level 
residual tensile stresses in the 90° plies; and 
plasticizing the polymeric matrix. Since these 
various effects of absorbed moisture can 
potentially postpone interfacial failure or cause it 
to occur prematurely, a more careful study has 
been undertaken to determine the effect of 
absorbed moisture on the interfacial strength and 



Glass fibers Carbon fibers 
Figure la. The test geometry for specimens loaded in fracture in the ESEM, indicating the 
stacking sequence for the hybrid composites (E-glass/epoxy 2 and carbon/epoxy 2). 

Figure lb. Schematic of 90° ply in Fig. la, being tested, with axis labeled. 

Figure 2. In-situ observation of local debonding in an E-glass/epoxy composite adjacent 
to a resin rich region. 



on  the  ply  level  mechanical  stress  at  which 
interfacial leading to transverse cracking occurs. 

To determine the effect of absorbed 
moisture on the initiation of ply level damage in a 
multi- axial laminate, tensile tests in-situ in an 
environmental scanning electron microscope have 
been performed on laminate specimens as received 
and on specimens aged in seawater until a 
saturation level of moisture absorption has 
occurred. Filament wound tubes unaged and aged 
to saturation by soaking in simulated sea water 
have been tested to failure in a burst test and in a 
low-cycle fatigue test (not to failure) followed by a 
stress-rupture test to failure. 

2     EXPERIMENTAL     AND     ANALYTICAL 
PROCEDURES 

Two polymeric composite material systems 
have been studied in this investigation: (a) a Shell 
828 epoxy (DGEBA), cured at 398K with meta- 
phenylene diamine (mPDA), reinforced with E- 
glass type 30-158B Owens Corning fibers and (b) 
BP719 which is a 5% rubber toughened epoxy, 
with a cure temperature of 422K, reinforced with 
E-glass fibers and AS4 graphite fibers (a hybrid 
composite). Hereafter, the 828 epoxy will be 
referred to as Epoxy 1 and the BP719 with 5% 
rubber additions will be referred to as Epoxy 2. 

Epoxy 1/E-glass laminates were prepared 
from prepreg with a (+-45/90)s layup. The fiber 
volume fraction was 0.65. The moisture content 
in the as-prepared laminate was 1.2% of the matix 
weight, which was determined by drying a small 
sample in a vacuum oven. Epoxy 2 laminates 
were prepared by filament winding glass and 
graphite fibers with (0g/90c)s and (0c/90g)s layups. 
Filament wound tubes of E-glass with Epoxy 2 
were prepared with a (+-25/90)s with the ply 
thicknesses selected to give similar fiber stresses in 
the 25° and 90° plies. The moisture content in the 
as-prepared. Epoxy 2 laminate was 1.0% of the 
matrix weight. 

The tensile specimens cut from the 
laminates of Epoxy 1 and Epoxy 2 and the filament 
wound tubes from Epoxy 2 were aged by soaking 
at ambient temperature in simulated sea water 
prepared from Instant Ocean Mix (purchased at a 
pet store). All tensile specimens saturated after 3.5 
months, with saturation moisture contents of 2.3% 

of the matrix weight for Epoxy 1 based laminates 
and 2.2% of the matrix weight for Epoxy 2 based 
laminates. The filament wound tubes took 15 
months to saturate due to their greater wall 
thickness, also with a saturation moisture content 
of 2.2% of the matrix weight, which is consistent 
with the saturation moisture content of the Epoxy 2 
based laminate, as expected. 

Tensile tests were performed in an 
environmental scanning electron microscope 
(ESEM) to allow direct observations of the failure 
scenario of 90° plies. Special tensile specimens 
were prepared by grinding and polishing the edges 
of rectangular specimens 38mm long by 6mm 
wide, as seen in Figure 1. The reduced specimen 
width at the midpoint of the specimen gauge length 
gives a maximum stress at this same location, 
causing the damage initiation to be sufficiently 
localized to allow it to be captured in the early 
stages by observations in the SEM. Getting a good 
metallographic polish on a curved surface required 
the development of some new polishing 
techniques. The aged specimens were tested in the 
ESEM with a 100% relative humidity to avoid 
dehydration during testing. Unaged specimens 
were tested at a much lower pressure and humidity 
in the ESEM. The specimens were loaded in 
displacement control, with both load and 
displacement monitored. The displacements were 
applied in step wise fashion, with careful surveying 
of the polished edge and photographic 
documentation of damage accumulation being 
done at each displacement step. 

The laminate load measured at a given 
displacement was used to calculate the ply level 
stresses in the 90° plies at the initiation of 
debonding and at the first occurrence of transverse 
cracking using software based on classical laminate 
theory (Wood, 1996). The ply level residual 
stresses on cool down to room temperature were 
also calculated using the same laminate analysis 
(Wood, 1996). The residual stresses at the 
fiber/matrix interface were calculated using a 
micromechanics analysis based on linear elasticity 
called MICSTRAN (Naik, 1992; Crews, Naik and 
Lubowinski, 1993). MICSTRAN was also used to 
calculate the local stress concentration as a 
function of location around the circumference of 
the fiber/matrix interface as seen in Fig. lb. The 
local residual stresses at the fiber matrix interface 
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Figure 3. Ply stresses due to thermal residual stresses and due to mechanical loading at initiation 
of debonding of unaged and aged specimens (moisture content indicated) for the three systems 
studied; equivalent ply level stresses for fiber/matrix interfacial residual stresses and interfacial 
strength, calculated by dividing the local stress by the stress concentration SC. 

due to ply level mechanical and residual thermal 
stresses can be calculated by multiplying the ply 
level nominal stress by the stress concentration 
factor calculated from MICSTRAN. Alternatively, 
the residual thermal stresses at the fiber/matrix 
interface or the interfacial strength for debonding 
due to normal stressing can be converted into an 
equivalent ply level residual or critical stress by 
dividing the local stress at the fiber matrix 
interface by the stress concentration factor at that 
location. 

Burst tests and low-cycle fatigue tests (not 
to failure) followed by stress-rupture tests to failure 
were performed using a system capable of 
pressurizing the filament wound tubes and then 
releasing the pressure according to program 
instructions. The fixtures effectively capped the 
ends of the tubes, allowing axial and hoop stresses 

to be developed. The tubes were fabricated with 
liners so that the higher pressures required for 
structural failures (and not just transverse cracking 
and weepage) could be achieved. The axial and 
hoop strains were monitored during testing using 
strain gages, and acoustic emission was used to 
determine damage development during the testing 
using the Locan-320 system from Physical 
Acoustics Corp. 

Unaged and aged tubes were pressured 
monotonically until they experienced structural 
failures and rupture. In the low cycle fatigue tests, 
the specimens were cycled to -25% of the burst 
pressure (6.9 Mpa) for seven cycles, each cycle 
consisting of a pressurization and hold for six 
hours followed by a return to ambient pressure for 
18 hours (one complete cycle per day). Cycles 8- 
14 were identical except that the hold pressure was 



-50% of the burst pressure (13.8 MPa), as seen in 
Figure 4. After the 14 cycles, the tubes were 
pressured to -75% of their burst pressure (20.0 
MPa) and held until the tubes ruptured, monitoring, 
axial and hoop strain and acoustic emission hits as 
a function of time. 

3 RESULTS AND DISCUSSION 

3.1      In-situ fracture observations 

Direct observations of fracture in the ESEM are 
seen in Figure 2. In the E-glass/epoxy 1 system, 
interfacial failures usually occurred first adjacent to 
local heterogeneities such as voids whereas in the 
carbon and E-glass/epoxy 2 system it occurred 
adjacent to local resin rich regions. In neither 
composite was debonding found to be in a 
homogeneous region of the composite 
microstructure. Once debonding initiated in a local 
region, new debonds were found to occur adjacent 
to the original ones as the load is locally 
redistributed. A general observation of randomly 
arranged debonds which ultimately begin to 
coalesce when the local density reaches some 
critical level (like fiber failures) was never 
observed in any of the more than 50 tests run on a 
variety of composite materials. It seems clear that 
debonding leading to transverse cracking is 
controlled by local heterogeneities, and once 
initiated, tends to remain quite localized. 
Absorbed moisture was not found to affect the 
failure scenario, but only the load levels at which 
debonding began and transverse cracking 
ultimately was consummated. 

To analyze the interfacial stress at the 
fiber/matrix interface at which interfacial 
debonding occurs, the local stress at the 
fiber/matrix interface was calculated beginning 
with the local interfacial stress due to ply level 
stress as shown in Figure lb with the value of the 
stress concentration factor used being determined 
from MICSTRAN. Since almost all debonds were 
observed at the top or bottom of the fibers (theta = 
90°), the local stress due to ply level mechanical 
and residual thermal stresses was evaluated at this 
position. The local interfacial residual thermal 
stress in the radial direction was also determined 
using MICSTRAN. Finally, the interfacial strength 
was calculated as follows: 

where a2i mech Piy and a22 resid Piy are the mechanical 
stress due to external loading and the residual 
thermal stress due to ply level differential thermal 
contraction during cool down (modified by 
moisture induced swelling) in the 90° ply, SC is the 
stress concentration factor relating local stress in 
the radial direction at 9=90° to ply level stress, and 
Oir int th is the local residual thermal stresses due to 
differential thermal contraction between the fiber 
and the matrix. It is worth noting that the ply level 
residual thermal stress is tensile in the 90° plies 
whereas the local residual thermal stress is 
compressive. Thus, one is helpful in postponing 
debonding whereas the other makes debonding 
easier. Both the local level residual thermal stress 
and the interfacial strength can be converted to 
equivalent ply level stresses using the stress 
concentration factor (SC), which is 1.45 for carbon 
fiber/epoxy and 1.82 for E-glass/epoxy. When the 
debonding occurs next to a spherical void, an 
additional stress concentration factor of 2.18 
(Timoshenko and Goodier, 1934) needs to be 
multiplied times the 1.82 to calculate the local 
interfacial stress from ply level stresses or to 
calculate equivalent ply level stresses from the 
local thermal residual stresses or interfacial 
strength. Equation 1 can be rearranged to express 
the ply level mechanical stress at which debonding 
and subsequent transverse cracking occurs, as 
follows: 

— ^22 int       "rr int th _ — (9*) 
"22 mech ply — op u raid ply V   ' 

0"22 bnt =«T22m:c„p,y +(722rcsidply)xSC(0 = 9O'') 
(1) 

At transverse cracking, O22 mech ply is the 90° 
ply strength and a^M is the interfacial strength for 
stresses applied normal to the fiber matrix 
interface. The results of this analysis are presented 
in Figure 3 for all three systems. From an 
engineering point of view, the effect of the 
absorbed moisture on the mechanical stress level at 
which debonding and subsequent transverse 
cracking initiates is most important, and is 
presented in Fig. 5. The remaining three graphs 
allow one to infer the reasons for the observed 
changed in the allowable mechanical stress level in 
a seawater saturated polymeric composite. The 
absorbed moisture decreases the residual thermal 
stresses in the radial direction at the fiber/matrix 
interfacial, causing then to go net positive in two of 
the systems. However, the ply level residual 
thermal stresses which are tensile are relaxed by 
the absorbed seawater, which would require a 
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greater   ply   level   mechanical   stress   to   give 
debonding. 

The reduction in interfacial strength and 
changes in ply level and fiber/matrix interfacial 
residual stresses resulted in a decrease in the ply 
strength ranging from 1.5 MPa in the Epoxy I 
system, which absorbed an additional 1.1% in 
seawater to 14 MPa, or 28% of the as prepared 

strength in the carbon/epoxy-2 system, which 
absorbed 1.2% seawater. These results suggest that 
70% of the overall decrease in the critical strain (or 
stress) at which damage begins in 90° plies is due 
to moisture reduced changes in interfacial strength 
with the remaining 30% due to changes in residual 
thermal stresses (at the ply and local level, 
combined). 



The very low values of ply strength in the 
E-glass/epoxy-1 system were due to damage 
initiation always occurring at small, spherical voids 
in the microstructure which were introduced during 
processing. While the overall void content was 
less than 1%, these voids still dominated the failure 
process in the 90° plies. The low ply strength in 
the E-glass/epoxy-2 was due to the very high ply 
thermal stresses in the 90° plies due to the greater 
constraint resulting from very stiff 0° plies of 
carbon fiber. In the E-glass/epoxy-1 system, the 
plies adjacent to the 90s were +-45s of glass. In 
the graphite/epoxy-2 system, adjacent 0° plies were 
E-glass. 

Finally, the values presented in Figure 3 
should be consider illustrative, but only semi- 
quantitative since the residual thermal stresses 
were not calculated with a viscoelastic analysis but 
just used the room temperature modulus of the 
matrix. The stress concentration and thermal 
residual stresses calculated with MICSTRAN are 
dependent on the local fiber arrangement, with 
only diamond and square arrangement permitted. 
The actual fiber arrangements in the microstructure 
were more complicated and were generally neither 
square nor diamond arrays, as seen in Figure 2. 

3.2 Filament Wound Tube Tests 

The burst tests gave tube failure at 26.9MPa of 
tube pressure and 1.9% axial strain in the unaged 
tube and 25.5MPa of tube pressure at an axial 
strain of 2.1% in the aged tube, for a 5% reduction. 
The pressure cycling history is presented in Fig. 4 
with the measured axial strain presented in Fig. 5. 
The results of the subsequent creep rupture tests 
(pressurizing to 20MPa with a hold until failure 
occurred) is presented in Figs. 6 and 7. Acoustic 
emission results for both the burst tests and the 
cyclic tests are presented in Tables 1 and 2. 

It is interesting to note that the axial strain 
to failure in all tests is approximately 2.0% except 
for cyclic testing of the aged specimen, which gave 
1.6%. The cyclic tests achieved this magnitude of 
strain at a much lower pressure with a combination 
of cycling with hold times, which cumulatively 
were several days in duration, compared to the 
monotonic test which took less than one hour. Fig. 
5 illustrates this behavior by comparing the axial 
strain for monotonic loading to 13.8 MPa to the 
cumulative strain for cyclic loading through the 14 
cycles with peak cyclic pressure also at 13.8 MPa. 

The number of hits in the cyclic test at 20MPa 
were similar to the monotonic test at 20 MPa as 
seen in Table 2, indicating that the pressure cycling 
does not appear to give more damage in the form 
of debonds, transverse cracking, or fiber breakage 
than does the monotonic loading to the same 
pressure. However, the hold times during cycling 
allowed for more viscoelastic deformation of the 
matrix, allowing the strain to failure to be achieved 
at a lower pressure. The effect of moisture appears 
to be to plasticize the matrix, giving more 
viscoelastic deformation. Finally, these tests 
suggest the possibility of a stress corrosion 
cracking effect of seawater on the glass fibers since 
the critical strain to failure decreased from 2.0% to 
1.6% in the aged tubes with cyclic loading and 
hold times. 

4 CONCLUSION 

Absorbed seawater has been found to have a very 
small effect on the interfacial strength in 
glass/epoxy and graphite/epoxy composites. A 
similar small effect has been noted on the burst 
strength of filament wound tubes of glass/epoxy. 
The failure of filament wound tubes due to cyclic 
loading with hold times suggests the possibility of 
a critical strain failure criteria. The combination of 
seawater and static loading on glass/epoxy 
composites may reduce this critical strain value. 

Table 1. Acoustic Emission "hits"- Burst Test 

pressure (psi) unaged aged 
1000 1000 2000 
2000 8,000 10,000 
2900 23,000 25,000 
3700 48,000 36,000 
3900 — 49,000 

Table 2- Acoustic Emission "hits" 
Cyclic Loading  

pressure (psi) 
0-1000 
7 cycles 
0-2000 
7 cycles 
0-2900 
hold 

unaged 
200 

2000 

21,000 

aged 

400 

10,000 

21,000 
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ABSTRACT: This report describes recent work on the use of FDEMS sensing to monitor aging in thermoplastics 
during use in the field, particularly those, Nylon 11, PVDF and PPS being used for flexible composite pipe to 
transport oil-gas in the offshore subsea environment. Current life monitoring work focuses on characterizing the 
chemical and physical processes occurring during aging, using FDEMS sensing to monitor the aging rate and state 
of the polymer, and integrating the sensor output with a model for predicting the remaining service life and state 
of the structure. The model is periodically updated through the insitu online sensing measurements. This report 
will also discuss work on developing a fundamental understanding of the relationship of the sensor measurement 
of the ionic and dipolar mobility to the macroscopic properties of polymeric materials. 

INTRODUCTION 

The use of polymeric materials in extended use 
structures such as airplanes, bridges and pipelines 
where the expected lifetimes are 20 to 40 years and 
where failure can be catastrophic is rapidly 
expanding. As such there is a clear need to develop 
high quality processing and an insitu health 
monitoring sensor capability. This paper describes 
progress toward the development of a frequency 
dependent dielectric measurement sensor (FDEMS) 
which is capable of detecting the change in the 
physical and chemical state of a polymeric material 
insitu during processing-fabrication and insitu during 
use in the field environment. 

Health monitoring involves monitoring the 
degradation of a polymeric materials performance 
properties. In one sense, health monitoring is the 
reversal of monitoring cure during which there is a 
buildup in properties. 

Frequency dependent dielectric 
measurements (FDEMS) provide a sensitive, 
automated insitu sensing technique for intelligent 
processing and an insitu means for monitoring 
durability, that is degradation of polymers during 
use. FDEMS insitu sensing can be designed and 
calibrated to monitor changes in processing 
properties during fabrication and changes in 
mechanical service life properties of polymer 
materials during use in the field environment. With 
a proper understanding of the type of polymer and 

the use environment, the sensor output can be related 
to changes such as viscosity, degree of cure and Tg 
during cure and modulus, maximum load and 
elongation at break during use. The FDEMS 
technique has advantages over other monitoring 
techniques, nondestructive; accuracy/reproduc-tivity; 
sensitivity; insitu capability; remote sensing; 
automated. 

This report will discuss recent work on the 
use of FDEMS sensing to monitor aging in 
thermoplastics during use in the field, particularly 
those used in flexible composite pipe to transport oil- 
gas in the offshore subsea environment 

BACKGROUND 

Frequency dependent dielectric measurement, made 
over many decades of frequency, Hz-MHZ, are a 
sensitive, convenient automated means for 
characterizing the processing and performance 
properties of        thermosets and 
thermoplastics. [Kranbuehl,Loos,Senturia] Using a 
planar wafer thin sensor, measurements can be made 
insitu in almost any environment. Through the 
frequency dependence of the impedance, this sensing 
technique is able to monitor changes in the 
molecular mobility of ions and dipoles. These 
changes in molecular mobility are then related to 
chemical and physical property changes which occur 
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during use or during processing. The FDEMS 
techniques have the advantage that measurements 
can be made both in the laboratory, insitu in the 
fabrication tool, and insitu during use. Few 
laboratory measurement techniques have the 
advantage of being able to make measurements in a 
processing tool and in the field in a composite, in an 
adhesive bond line, of a thin film or a coating. It can 
be used at temperatures exceeding 400°C and at 
pressures of 100 atm, with an accuracy of 0.1% and 
a range in magnitude of over 10 decades. It is 
difficult for most other in the field techniques to 
attain this level of sensitivity in harsh environments. 

At the heart of dielectric sensing is the ability 
to measure the changes at the molecular level in the 
translational mobility of ions and changes in the 
rotational mobility of dipoles in the presence of a 
force created by an electric field. Mechanical 
properties reflect the response in displacement on a 
macroscopic level due to a mechanical force acting 
on the whole sample. The reason why dielectric 
sensing is quite sensitive is rooted in the fact that 
changes on the macroscopic level originate from 
changes in force displacement relationships on a 
molecular level. Indeed, it is these molecular 
changes in force-displacement relationships which 
dielectric sensing measures as the resin cures and 
ages. They are the origin of the resin's macroscopic 
changes in mechanical performance properties, 
during use and processing properties during 
procedure. 

INSTRUMENTATION 

Frequency dependent complex dielectric 
measurements are made using an Impedance 
Analyzer controlled by a microcomputer. [Kranbuehl 
1997] In the work discussed here, measurements at 
frequencies from Hz to MHz are taken continuously 
throughout the entire cure process at regular intervals 
and converted to the complex permittivity e*=e'- 
ie". The measurements are made with a geometry 
independent DekDyne micro sensor which has been 
patented and is now commercially available and a 
DekDyne automated dielectric measurement system. 
This system is used with either commercially 
available impedance bridges or specially built marine 
environmental bridges designed for use on offshore 
oil platforms. The system permits multiplexed 
measurement of several sensors. The sensor itself is 
planar, 2.5 cm x 1.25 cm area and 5 mm thick. This 
single sensor-bridge microcomputer assembly is able 
to make continuous uninterrupted measurements of 

both e' and e" over decades in magnitude at all 
frequencies. The sensor is inert and has been used at 
temperatures exceeding 400 °C and over 60 atm 
pressure. 

THEORY 

Frequency dependent measurements of the 
materials' dielectric impedance as characterized by 
its equivalent capacitance, C, and conductance, G, 
are used to calculate the complex permittivity, 
e*=e'-ie", where w=27t/, / is the measurement 
frequency and C0 is the equivalent air replacement 
capacitance of the sensor. 

C(o>) material 
e'(o>) 

e"(w) 
G(w) material 

 Zc  <*> o 

This calculation is possible when using the sensor 
whose geometry is invariant over all measurement 
conditions. Both the real and the imaginary parts of 
e* can have dipolar and ionic-charge polarization 
components; 

£   = £, (2) 

Plots of the product of frequency (w) 
multiplied by the imaginary component of the 
complex permittivity e"(w) make it relatively easy to 
visually determine when the low frequency 
magnitude of e" is dominated by the mobility of ions 
in the resin and when at higher frequencies the 
rotational mobility of bound charge dominates e". 

LIFE MONITORING - EXPERIMENTAL 

FDEMS life monitoring results are being conducted 
on three material systems; a polyamide nylon-11, 
polyvinylidene flouride (PVDF) and polyphenyl 
sulfide (PPS).[Kranbuehl, 1996] The first two 
materials are already in use in flexible subsca oil-gas 
transmission pipes on oil platforms throughout the 
world. The nylon-11 system is used as the oil-gas 
retention barrier in pipes with operating temperatures 
up to 80°C. The PVDF is a higher temperature 
polymer barrier used for oil-gas temperatures up to 
130°C. The PPS material is being considered with 
graphite as an unidirectional tape for use as the axial 
wrap. It will replace steel bands and create a lighter, 
higher performance flexible pipe for extremely deep 
water and arctic environments. As the outer layer of 
the pipe, the PPS graphic tape is exposed to 
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seawater. The nylon-11 and PVDF, on the other 
hand, serve as the inner fluid gas barrier and are 
exposed to the acidic Kß, water, oil mixture coming 
up from the ground. 

FDEMS sensors were embedded in all three 
material systems by heating the polymer to its glass 
transition temperature, placing the sensor between 2 
pieces of the polymer and encapsulating the sensor 
in the center with pressure. The resulting material 
sensor system is approximately 1 cm thick. The 
embedded sensor material system and mechanical 
test dog bones of ASTM D638 specifications were 
then placed in the following aging environments. 
Nylon-11: 95% oil, 5% water, pH 4.6, 70° and 
105 °C. PVDF: 95% oil, 5% water, pH 4.6 130°C. 
PPS: 100% simulated sea water 90° and 120°C. 
Periodically FDEMS sensor data was taken and 
pieces were removed for mechanical testing. 

LIFE MONITORING - RESULTS 

For nylon-11, Figures 1-2, display the value of e" 
multiplied by the frequency at 100, 120, 103, 10" 
and 10s Hz versus time in the 105° and 70° oil-water 
acidic aging environment. [4] The results are on a 
log scale. They show a rapid very large rise, 104, 
during the initial days as water diffuses into the 
polymer. This process occurs over 30 days at 105°. 
It occurs over 150 days at 70°, although a large 
fraction of this change occurs in the initial 30 days. 
After water impregnation has occurred at 105° there 
is a gradual decline in e ". Other experimental work 
in our laboratory and recently reported by others has 
shown that the nylon's molecular weight is 
degrading due to hydrolysis. [4] This is accompanied 
by embrittlement, as shown in Figure 3. By making 
molecular weight measurements of the sensor at 
various times and of the mechanical tested dog 

Nylon Sensor #1 in 70C 95% ASTM/5% H20 
.Log c"*w vs Dav 

100   150   200   250   3G0   350 

Davs 

- 0.1 kill   -5- 0.13 kilt -•*- 1.0 till 

- 10 kill    — 100 kill 

Figure 2 Log (e"*u) versus day 70*C. 
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Figure 3 Percent elongation versus day at 105" oil-water pH 4.68. 
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Figure 4 Normalized sensor output versus load at break. 
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figure 5 Normalized sensor output versus elongation at break. 
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bones, a calibration plot relating the normalized 
sensor output to the load and elongation at break was 
prepared. This is shown in Figures 4 and 5. The 
normalized value of e is defined as the absolute 
value of e at each time divided by the maximum 
value achieved around day 30 due to water 
impregnation. 

Using the calibration, it is possible to monitor 
the mechanical properties of the critical polymer oil- 
gas barrier with time insitu in the field. This was 
done over a 400 day period on an oil platform in the 
British sector of the North sea in 1995-6. The sensor 
data suggested the pipe was in a failure state. The 
pipe did fail, was retrieved and the sensor data was 
verified by making molecular weight measurements 
on the retrieved pipe's polymer liner. 

Similar work is being conducted on PVDF. 
Figure 6 shows the results of the sensor output over 
a 300 day period at 130°C. Figure 7 shows the 
change in mechanical properties. Again for this 
material system the sensor is able to monitor the 
gradual embritüement of the polymer oil-gas barrier. 
The aging process in PVDF is not primarily 
molecular weight degradation as in nylon. Aging 
involves changes in polymer morphology in both the 
crystalline and amorphous regions and a resulting 
decrease in elongation at break as the polymer 
embrittles. This is observed in Fig. 7. 

A long term aging experiment involving PPS 
carbon tape from 2 vendors, A and B was under- 
taken to establish the durability of these materials as 
the axial armour in flexible composite pipe. Also 
studies involving neat PPS have been initiated to 
establish the durability-stability of pure PPS were 
relative to the graphite tow. Comparing these two 
results makes it possible to determine whether aging 
is driven by the PPS or whether aging of the interface 
between the PPS and the graphite contributes to any 
long term change of performance properties. 
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Table I 
Dsc Data: PPS in 90C Air Oven 
Day dH (J/g) Melt Temp (C) 

0 30.5 279.6 
1 22.8 279.2 
4 22.0 279.3 
5 21.3 280.1 

Dsc Data: PPS in 90C Seawater 
Day dH (J/g) Melt Temp (q 

0 30.5 279.8 
0 27.0 282.0 * 
1 28.2 278.4 

12 27.7 279.8 
33 19.5 277.1 
55 25.6 277.1 * 
62 11.0 276.8 

105 22.2 276.9 • 
150 25.0 276.8 • 

* Mechanical Samples 

Table II 
DSC Data: PPS in 120C Seawater 
Day dH (J/g) Melt Temp (C) 

0 30.5 279.8 
0 27.0 282.0 • 
1 34.9 276.2 

12 23.9 275.3 
33 26.1 276.2 
55 26.1 277.5 * 
82 19.6 278.9 

105 25.8 277.4 * 
150 25.8 277.9 * 

* Mechanical Samples 

DSC Data: PPS in 120C Air Oven 
Day dH (J/g) Melt Temp (C) 

0 30.5 279.8 
1 28.7 278.8 
4 25.8 279.0 
5 23.7 279.6 

Figure 6 Output of sensor embedded in PVDF while at 130'C oil-water pH 
4.68. 

First we examine the existing DSC data on 
PPS in an air oven and in seawater at both 90°C and 
120°C. These results in Tables I and II suggest that 
the changes in AH and the melt temperature arc 
similar in their trend whether in the air oven or in 
seawater. There is a modest decrease in Tm and a 
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Table 

Environment Day 
Maximum 
Force (Ibf) 

dl_ 

On) 
At Break 

Force (Ibf) 
dl 

On) 
Fresh 0 206.4 0.0668 153.2 0.1991 
90C Seawater 55 222.2 0.0628 169.5 0.1139 
90C Seawater 105 231.9 0.0563 149.0 0.1444 
90C Seawater 150 217.7 0.0551 133.6 0.1442 
90C Seawater 203 220.3 0.0574 131.9 0.1297 
120CSeawate 203 200.4 0.0631 136.9 0.2093 

PPS Sensor in 90C Seawater 
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1E+12 

1E+10 

? 1E+08 
<u 

§"lE+06 

1E+04 

1E+02 

I I I I I I I 
1=0 ■ ■ J_£J=±-^-' ■ ■"' 

■iS ' I I I 
I II I I 
I I I I I 

50    100   150  200  250  300  350  400 
Days 

PPS Sensor in 120C Seawater 
Probe 2 

1E+08 ■ 

t   1E+06 • 
<u 

S'lE+04 
_i 

1E+02 

1E+00 
C 

 ^—=^^r™T™ 

I 
| 
| 

50 .-100   150  200  250  300 350  4C 
Days 

0 

Figure 8 Output of sensor embedded in PPS while it 90* (a) and 120* (b). 

rather large decrease in AH for both the air oven and 
the seawater. Overall therefore the effect is a 
thermally stimulated decrease in the percent 
crystallinity (AH) and the crystal structure (Tm). 

The glass transition temperatures of 
amorphous PPS is about 88° and it is difficult to 
detect in the partially crystalline material, where it 
might be slightly higher. It is likely that this aging 
effect of a decrease in crystallinity is due to the 
known tendency of PPS to lightly cross-link with 
extended time at elevated temperatures. It is also 
likely the rate of this process drops significantly at 
temperatures below Tg. 

Figures 8a and 8b report FDEMS sensor data 
over 400 days at 90° and 250 days at 120°. The 
FDEMS sensors at 90° show only a very slight drop 
in the stress-strain relationship of the dielectric loss, 
as seen by the movement of ions and dipolar groups 
in the presence of the electric field. At 120° this 
drop occurs sooner and is a little larger. Overall the 
drop in the mobility-displacement of these molecular 
entities suggests a slight stiffening of the polymer 
with time at 120° over 250 days and less stiffening 
after over a year, 400 days, at 90°C. 

The results of mechanical tensile tests on the 
PPS tape from vendors A and B aged at 90° and 
120° are shown in Figures 9a and 9b. Overall there 
is little difference in the displacement at break at this 
point in time. Similarly there is no detectable 
change in the load at peak, Vendor B's tape, which 
uses a different carbon fiber is slightly stronger but 
overall shows the same results, namely no change 
with age in tensile properties. 

Torsion measurements, compared to tensile 
tests of the maximum value of G" and the 
temperature of this peak value are more revealing. 
Over 100 days, see Figures 10a,b, and 1 la,b, there is 
a clear increase in G" and the peak temperatures. 
This increase is greater for vendor A's tape. Further 
the 100 day data suggests the rate of the increase 
may be decreasing. Vendor B uses a lower 
percentage of PPS with the graphite and a higher 
modulus graphite which would explain why the 
effect is less. Overall however the torsion results 
suggest some thermal cross linking leading to a 
higher modulus of the PPS is occurring. 

Table D3 displays the force and displacement 
tensile tests on neat PPS dogbones aged at 90° and 
120° over 200 days. The results show a modest 
increase in the strength of the PPS and a slight 
decrease in the displacement. 

Overall, the FDEMS sensor data is 
encouraging in its ability to detect the slight increase 
in cross linking, strengthening of the PPS. Overall 
the DSC, torsion and tensile test data on Baycomps 
and PCI's PPS tape when aged at both 90° and 120° 
for about a year are all encouraging regarding the 
durability of this material in a marine environment. 
The modest change in stiffness of the PPS tape is 
explained by the change in the neat PPS resin itself 
suggesting there is no detectable interfacial aging of 
the PPS-fiber surface. In summary, with respect to 
age and temperature, PPS would appear to become 
slightly stronger and perhaps slightly suffer with 
time. 
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CONCLUSIONS 

FDEMS sensing is an attractive method for 
monitoring the changing state of a polymeric 
structure. FDEMS sensing can monitor aging during 
use in the field or to monitor the changing properties 
of a polymer during synthesis, and cure in virtually 
any environment. The polymer can be in the form of 
a film, coating, adhesive, composite, filler or neat. 
Through calibration in the laboratory, this electric 
field molecular displacement sensing technique can 
monitor continuously and insitu the changes in 
macroscopic structural properties during use such as 
load and elongation at break or processing properties 
such as viscosity, Tg and degree of cure. 

Loos, A.C., Kranbuehl, D. E. and Freeman, W. T., 
1987,"Modeling and Measuring the Cure of 
a Composite", Intelligent Processing of 
Materials and Advanced Sensors, ed., 
H.N.G. Wadley, et al. The Metallurgical 
Society, Inc., Warrendale, PA, pp. 197-211. 

Senturia, S., Sheppard, S., 1986, Applied Polymer 
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Composites underwater 

Peter Davies, Dominique Choqueuse, Florence Mazeas 
Marine Materials Laboratory, IFREMER Centre de Brest, Plouzane, France 

ABSTRACT: This paper presents a summary of recent studies performed at IFREMER on the use of polymer 
matrix composites for underwater applications, with emphasis on the degradation in mechanical properties due 
to wet aging. Parameters used in laboratory aging tests such as temperature, hydrostatic pressure and the 
medium (sea water or distilled water) are discussed. Results from aging at sea are then presented and 
compared with laboratory aging results. 

1. CURRENT STATUS 

The use of polymeric composites in a marine 
environment is well established. Applications range 
from pleasure boats and military vessels to helidecks 
on offshore platforms, and one of the main reasons 
for using these materials is their good resistance to 
harsh environmental conditions. However, although 
much qualitative data and experience now exist, 
(reviewed recently by Weitsman1) the transfer of this 
« know-how » into quantified design rules is proving 
to be a long process. The multiplicity of resins, 
fibres, test conditions and environments makes 
generalisations very hazardous and the timescales 
necessary to validate predictions for particular 
systems are too long for most research projects. If 
the safety factors associated with aging uncertainties 
are to be reduced it is essential that existing data be 
pooled so that design tools can be developed more 
rapidly. 

The use of composites in underwater 
applications is increasing, with recent examples in 
submarine structures2, wellhead protection structures 
for the offshore industry3 and oceanographic 
equipment4. For these applications the influence of 
external pressure is an additional parameter which 
may be significant and must be studied. The 
importance of pressure on aging was recognized over 
30 years ago by Fried5, but since then published 
results on pressure effects have often been rather 
contradictory. 

This paper will present some results from wet 
aging studies performed at IFREMER in recent 
years. The aims are twofold : First, to indicate the 
results which exist, in order that they may be used 
elsewhere. Second, to discuss some specific 
examples of parameters which accelerate 
environmental degradation in underwater 
applications in order to evaluate accelerated test 
procedures. Given the limited space available 
emphasis will be given to the presentation of trends 
rather than the details of materials and aging 
conditions. 

2. LABORATORY EVALUATION 

The investigation of composite materials by tests at 
sea is expensive and generally too long to be of use 
to the designer, who needs an indication of the 
stability of different material options in an 
underwater environment. Accelerated tests are 
widely used and are generally designed to rank 
materials under «worst case» conditions. 
Unfortunately the test conditions are rarely validated 
even by short tests at sea. The validation will be 
considered later but first the influence of the main 
test parameters in laboratory tests will be considered 
separately. 

- Temperature 
Sea temperature decreases with increasing depth, 
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Table 1. Acceleration factors for initial diffusion rate, 
D(>6 (from modal analysis) and flexural strength when 
immersion temperature is increased from 5 to 60°C 

Property Iso. 
polyester 

Vinyl 
ester 

Epoxy Epoxy 
prepreg 

Initial 
Diff rate 

12 6 5 5 

Rigidity 
D6(, 

12 63 5 5 

Of 40 20 1.6 2.5 

varying in the range from up to 30CC at the surface 
to 5°C at 1000 meters depth. The easiest parameter 
to modify in order to accelerate aging in the 
laboratory is the water temperature. A series of tests 
was performed recently in which 5 materials were 
immersed in distilled water at 5, 20, 40 and 60°C and 
weight gain and mechanical properties were followed 
over 2 years. The results are available6 and show that 
over this range of temperatures both initial diffusion 
rate and loss in mechanical properties can be 
modelled by Arrhenius rate equations. However, the 
acceleration factors for diffusion and for the 
evolution of the different properties are very 
different, Table 1. 
It is also very important to perform tests over 
sufficiently long times to validate modelling. An 
example of weight gains of E-glass/epoxy (LY556) 
panels immersed in distilled water for over 6 years is 

100 

shown in Figure 1. These materials were cured at 
130°C and weight gains are well behaved initially but 
after some months degradation starts to occur and 
weight gain increases and then decreases. Such 
curves are frequently noted for polyesters, which 
evolve during accelerated aging and may undergo 
hydrolysis, but are more unusual for high Tg (110°C) 
epoxies. 

- Medium 
Sea water parameters include salinity (varying from 
27 g/1 to 37 g/1 and usually decreasing with depth), 
and pH, which varies from 7.5 to 8.5. Biological 
parameters may also play a role in aging processes, 
but few studies have addressed these7. It is generally 
accepted that distilled water diffuses into composites 
more quickly than sea water. A series of tests has 
been performed recently to examine this hypothesis 
for four resins and their glass composites (stitched 
0/90°), and the initial diffusion rates measured by 
weight gain are shown in Table 2. 
At first glance this indicates very small differences 
between sea water and distilled water, but in several 
cases while sea water subsequently reaches a 
saturation level and stable mass gain, the specimens 
in distilled water continue to increase in weight even 
after 18 months at 50°C, Figure 2. This continuous 
increase in weight in distilled water has been seen 
previously8 and attributed to water entry along the 
fibre-matrix interface as the resin alone in distilled 
water reaches a plateau value The salts in sea water 
may block this path and produce a plateau 
corresponding to that observed in the resin alone. 

While weight gains are interesting, as they 
may provide information on the initiation of 
degradation processes, the important result for the 

Table 2. Initial diffusion rates (M% x thickness in 
mm/root time(hours)) for resins/composites in 50°C 

distilled water (DW) and natural sea water (SW) 
at 20°C and 50°C. 

Figure 1. Weight gain of glass/epoxy panels in 
distilled water, 50000 hours. 
Each curve shows the mean of 5 panels 

Ortho 
poly 
ester 

Iso. 
poly 
ester 

Vinyl 
ester 

Epoxy 

20°C 
Sea 

water 

0.10 
0.09 

0.10 
0.15 

0.09 
0.07 

009 
0.12 

50°C 
Sea 

water 

0.25 
0.17 

0.34 
0.21 

0.21 
0.09 

0.30 
0.20 

50°C 
DW 

0.38 
0.21 

0.34 
0.22 

0.22 
0.08 

0.33 
0.23 

20 



10 20 30 

root(li)/thickness in mm 
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Figure 2. Weight gain (%) of glass/epoxy composite, 
18 months' immersion, sea water (SW) and distilled 

water (DW). 

user is whether or not the property degradation in 
laboratory distilled water tests can be related to that 
in sea water. Figure 3 shows some +/-45° tensile test 
results for glass/epoxy. The shear properties of three 
composites are summarized in Table 3. It is apparent 
that the distilled water aging is consistently more 
severe than sea water. 

Table 3. Change in Shear properties of composites 
after 18 months immersion. 

Material Condition G, GPa T, MPa 
Glass- 
Epoxy 

20°C SW 
50°C SW 
50°CDW 

-8% 
-18% 
-28% 

-9% 
-23% 
-26% 

Glass- 
Iso 

polyester 

20°C SW 
50°C SW 
50°CDW 

-20% 
-43% 
-46% 

-12% 
-32% 
-34% 

Glass- 
Vinyl 
ester 

20°C SW 
50°C SW 
50°CDW 

-12% 
-16% 
-18% 

-10% 
-23% 
-25% 

- Pressure 
Hydrostatic pressure is directly proportional to 
depth. While many applications are limited to a few 
hundred meters some oceanographic equipment must 
spend months or years at up to 6000 meters where a 
hydrostatic pressure of over 60 MPa is acting. 
Considerable work on the design, mechanical 
behaviour and NDE of both glass and carbon 
reinforced composite cylinders for such applications 
has been performed at IFREMER. In parallel with 
the mechanical tests some studies on aging under 
pressure have been carried out. Pressure effects on 
composites were discussed by Fried5 and he noted 
the    difference    between    low    and    high    void 

^ —'       '—--^ket. 

80 - 
fr^      SW 20~°c\       ^ 

60 - 
**DW 50°c\         \\ 

1      SW   1 
50°C 

40 - 

20 - 

0,00 0,05        0,10        0,15 

Shear strain 

Figure 3. Shear stress (MPa)-shear strain plots from 
tensile tests on +/-45° glass/epoxy. 

5 10 
root(t)/thickness 

15 

-20°C -60°C -60°C P 100B 

Figure 4. Influence of hydrostatic pressure on weight 
gain of carbon/epoxy +/-550 samples immersed in 

distilled water for 3.5 years 
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Table 4. Percentage loss in ILSS after immersion in 
distilled water for 3.5 years (tube samples, with 
pressure loading as shown in Figure 4) and 4 years 

(plate samples) 

Material 20°C 60°C 60°C+P 

Tube 
+/-55° 

-7% -16% -14% 

Plate 
(+/-450) 

-1% -11% -10% 

composites. In the study mentioned above on flat 
composite panels the effect of 10 MPa pressure was 
also examined and found to be very small. Other 
authors have also noted rather small effects, both 
increases in moisture absorption ' and no effect 
or decreases in absorption1'' being reported. 
However, recent results at IFREMER for specimens 
taken from cylinders have shown strong pressure 
effects. Figure 4. 

Filament wound composites are particularly 
susceptible to pressure effects as void contents tend 
to be quite high (several percent). Voids influence 
directly the moisture pick-up14. Nevertheless in spite 
of 3 to 4 years' aging at 60°C under pressure the 
interlaminar shear strength of these specimens, cut 
from +/-55° filament wound tubes and of others cut 
from 0/90° plates, decreased very little. Table 4. 

61)00   - 

S^~                            57MI'Q 
5000  - C-—~^—"—~~ 
4000  - 

a 

g   3000  - £■ '      ~~                               38 MPa 

2 

2000  - 

19 MPa 
1000 - 

0 
Time (days) 

50 100 150 

Figure 5. Tensile creep plots for glass 
rovimat/polyester, at three stress levels. Upper curve 

for each stress corresponds to test in sea water. 

- Interaction mechanical loading/ water 
Concern has been expressed in the past over the role 
damage induced by mechanical loading may play in 
the wet aging process. A series of glass/polyester 
specimens was loaded to different strain levels, up to 
1%, and then immersed in water for 6 months, (This 
material shows permanent damage above about 0.4% 
strain). There was no significant influence of this 
damage on the rate of weight gain in distilled water 
at 60°C. The interaction of stress and water can be 
shown to produce increased creep however, as 
shown in Figure 5. These tests were performed in air 
and in natural sea water under different tensile loads. 

On unloading these specimens almost all the applied 
strain was recovered after 3 months. 

3. SEA AGING 

In order to examine the correspondance between 
accelerated laboratory tests and sea conditions a 
series of tests was started in 1996. Panels (125 mm x 
250 mm x 4 mm) of two glass reinforced composite 
materials (rovimat reinforced isophthalic polyester 
and stitched quadriaxial reinforced epoxy) were 
immersed at five meters depth in the Estuary at 
Brest, (temperature range 7 to 17°C over 12 months, 
pH 8, salinity 34 g/1) and panels from the same 
fabrication were placed in thermostatted distilled 
water baths at 20°C and 50°C in the laboratory. 
Some specimens were also immersed at 2500 m 
depth in the Mediterranean. Some of these tests are 
still underway, but results from 3, 6, 9 and 12 months 
sea immersion and 1, 2 and 3 months laboratory 
immersion at 50°C are available. Tensile, interlaminar 
shear and flexural tests were performed. Figures 6 
and 7 show examples of the interlaminar shear 
strength (ILSS) and tensile moduli results obtained. 
It is interesting to note (Figure 7) that for the 
polyester composite the 3 month accelerated test at 
50°C reduces the tensile modulus less than one year 
at sea, while for the epoxy composite the 3 month 
laboratory test is more severe. 

A similar exercise to examine the correlation 
between accelerated and sea aging was performed for 
bonded composite/steel assemblies. Samples were 
placed in tidal zone and immersion sites for up to 12 
months. The results will be presented elsewhere but 
in this case it is interesting to note that corrosion 
effects on the steel make sea aging more severe than 
laboratory tests. 
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Figure 6. Reduction in ILSS values measured on 
composites after sea aging for different periods 
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Figure 7. Tensile moduli (GPa) of glass/isophthalic 
polyester and glass/epoxy samples aged at sea 

and in laboratory (50°C DW) 

4. CONCLUSIONS 

The logical extension of the many current composite 
underwater applications is towards manned deep sea 
submersibles and submarine primary hull structures. 
The feasibility of manufacturing small unmanned 
deep sea submersibles has been demonstrated already 
16'17. Degradation due to aging does not represent a 
major barrier to the development of such applications 
as the composites are very thick (tens of millimetres). 
For shallower water however, the optimization of 
wall thickness may require attention to be given to 
reducing current safety factors. 

For future uses of composites in more critical 
underwater applications key issues are defect 
detection and damage tolerance of thick composites 
and work is underway to improve understanding of 
these aspects. 
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Fluids effects in polymeric composites - An overview 

Y.J.Weitsman 
The University ofTennessee, Department ofMechanical and Aerospace Engineering and Engineering Science, 
Knoxville & Division of Engineering Technology, OakRidge National Laboratory, Tenn., USA 

ABSTRACT: This article provides a brief overview on several sorption processes of fluids in polymeric 
composites, and their effects on the mechanical response of those materials. Some emphasis is placed on recent 
studies regarding immersed fatigue. 

1 INTRODUCTION 

Polymeric composites are a large class of materials, 
consisting of many combinations of filler and matrix 
phases, with interfaces or interphases of various 
properties. In addition to mechanical loads and 
temperature excursions, these materials can be 
exposed to a large variety of fluids. These fluids 
diffuse into the polymeric matrix phase, but may also 
degrade the interface and attack fillers such as glass 
fibers. It follows that the effects of fluids on the 
mechanical response of polymeric composites fall 
within a wide range of qualitative and quantitative 
observations. 

The main issues associated with the mechanical 
performance of composites upon the absorption of 
fluids concern their dimensional stability, strength, 
durability and fatigue response. On the other hand, 
many investigations regarding fluids in composites 
focused on sorption processes and weight-gain 
measurements alone. While fluid weight-gain 
magnitudes are not necessarily associated with the 
absence or presence of detrimental mechanical effects, 
the data exhibit certain characteristics that are 
indicative of irreversible processes within the 
composites. Such processes are related to various 
mechanisms of internal damage, including polymeric 
hydrolysis, micro-cracking at the fiber/matrix 
interfaces, or chemical etching of the fibers 
themselves. All the aforementioned mechanisms, 
which depend on the material system and the stress 
and temperature levels, as well as on the chemistry of 
the absorbed fluid, lead to degradations in mechanical 
properties of the composite material. 

2 SORPTION PROCESSES 

The above mentioned characteristic features of 
weight-gain data are sketched in Fig. 1. In that figure 

LF denotes a "classical", linear Fickian diffusion 
process, while the curves A, B, C, D and S 
correspond to "anomalous", non-Fickian processes. 
Cases A and B, which are frequently encountered, 
correspond to observations where equilibrium levels 
are never reached and to the so-called "two stage 
diffusion", respectively. These circumstances 
typically represent "benign" departures from classical 
diffusion, which do not necessarily cause irreversible 
damage. On the other hand, weight-gain data along 
curve C is associated with severe damage while data 
along curve D corresponds to irreversible leaching out 
of material from the composite into the ambient fluid. 
Weight-gains along curves C and D suggest that the 
composite material at hand cannot accommodate the 
corresponding fluid (under the prescribed levels of 
stress and temperature). It is worth noting that 
weight-gains along curves A and B in Figure 1 can be 
explained by a coupled viscoelastic diffusion theory 
(Ref.l) while weight gains along curve D may be 
attributed to diffusion in the presence of a chemical 
reaction. Measurements along curve C are likely to 
correspond to increased microcracking. 

Although the above suggestions seem to be 
supported by experimental evidence, other 
explanations are also possible. 

Departures from classical diffusion (curve "LF" in 
Fig. 1) can be noted also during desorption tests. 
While classical diffusion predicts identical forms for 
weight-gain and weight-loss upon drying of saturated 
specimens, the most commonly observed behavior 
exhibits hysteresis-like loops as shown in Figure 2 
for sorption and desorption under constant loads. 
(Ref. 2) Note that for comparison purposes weight- 
gains during exposure as well as weight losses during 
drying are drawn in the upward direction in Figure 2. 
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Fig. 1. Schematic curves of non-Fickian weight-gain 
sorption data in polymers and polymeric composites. 
The solid line corresponds to linear Fickian diffusion. 

M(t*)/M(°°) is relative weight gain,    f* = DtlL2 is 
the nondimensional time; D is the diffusion 
coefficients is a length and t is the time variable. 

>/!{! in hour«) 

Fig.2(a)Superimposed values of moisture content 
vs.Vt.Unstressed,unidirectionally reinforced 
AS4/3502 coupons during absorption (at Rh = 97%) 
and desorption (at Rh = 0%) at T = 40°C. (Ref. 2) 

3 MECHANISTIC EFFECTS 

In many respects fluid effects on the mechanical 
response of polymeric composites resemble the 
influence of temperature. In analogy with 
temperature, fluid sorption is accompanied by 
expansional strains, which give rise to micro-level 
and ply level residual stresses. In typical fiber- 
reinforced epoxy resin composites the expansion due 
to a 1% relative weight-gain of water is approximately 
equivalent to the expansion under a temperature 
excursion of 100°C. Consequently, water absorption 
alleviates the level of residual stresses initiated during 
post-curing thermal cool-down. Fluids also accelerate 
time-dependent material response, such as creep and 
relaxation, of polymeric composites, as shown in 
Figure 3. (Ref. 3) This enhancement, caused by the 
mechanism of plasticization, may be accounted for by 
a time-moisture shift factor function aH(m), again in 
analogy with the temperature dependent a-rOD- (Ref. 
4) 

In realistic circumstances the analogy with 
temperature could be rather misleading, because 
moisture diffusion occurs on a time scale that is four 
to five orders of magnitude slower than that of 
thermal diffusion. This disparity results in the 
coupling of moisture diffusion and mechanical creep 
as well as in long lasting transient, non-uniform, 
moisture profiles across the thickness of composite 
material layers, both in contrast with the case of 
temperature. Consequently, when performing 
viscoelastic stress analyses in the presence of 
moisture both spatial and temporal variations in the 
moisture content m must be considered. These 
variations affect the residual stress as well as the shift 
factor function aHMi-0), resulting in time varying 
inhomogenity of the material response. Illustrative 
results concerning interfacial tractions in an adhesive 
layer of thickness a exposed to moisture at x=o, are 
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Fig. 2(b) Superimposed values of moisture content 
vs.   Vt in unidirectionally reinforced AS4/3502 
composite coupons during absorption (at flj, = 97%) 
and desorption (at «h = 0%) at T = 40°C. Coupons 
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shown in Figures 4 and 5, where elastic predictions 
are provided for purpose of comparison. (Ref. 5) 

Sorbed fluids were noted to degrade the strength 
of epoxies and the transverse strength of uni- 
directionally reinforced fibrous composites, with 
reductions of up to 80% in extreme cases. In some 
composites the reduction of strength increases with 
exposure time. The specific causes' for these 
degradations vary with the material system. It was 
also noted that, in some circumstances, the critical 
energy release rates for transverse cracking and 
delamination can be reduced by about 30% due to the 
presence of moisture. (Ref. 6) 

4 EFFECTS ON FATIGUE LIFE 

Fatigue life under immersed condition was observed 
to be shorter than that of the dry case by up to one 
order of magnitude, as demonstrated by the S-N 
curves for [0790§]s AS4/3501-6 gr/ep coupons 
shown in Figure 6. 

Immersed and dry fatigue also resulted in 
consistently distinct failure mechanisms. Specifically, 
failure under dry fatigue corresponded to a higher 
density of transverse cracks in the inner 90° ply group 
and a substantially reduced delaminations between the 
0° and 90° plies, when compared to failure at 
immersed fatigue. Typical observations are shown in 
Figure 7. 
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Fig. 4. Elastic and viscoelastic values of the non- 
dimensional tangential interlaminar traction st at x = 
X/a = 0.01 vs. log t (t in seconds). Heavy lines- 
viscoelastic, thin lines-elastic. Solid lines-exposure to 
a constant ambient R.H., dashed lines-exposure to 
fluctuating ambient R.H. 
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Fig.5. Elastic and viscoelastic values of the non- 
dimensional normal interlaminar traction sn at x = X/a 
= 1 vs. log t (t in seconds). Heavy lines-viscoelastic, 
thin lines-elastic. Solid lines-exposure to a constant 
ambient R.H., dashed lines-exposure to fluctuating 
ambient R.H. 

The latter observations can be explained by the fact 
that under immersed circumstances the transverse 
cracks serve as channels that expose the composite to 
capillary action. Experiments have shown that in the 
coupons at hand the time for capillary motion, though 
4 orders of magnitude shorter than moisture saturation 

Fatigue Lile of GR/EP Laminate Composites 

*    a-,CHID 

-»DiyH=0.1 
-•Sat. FbO.1 

a Dry R=0.3 
»Sat. n»0.3 

10* 101 

Fatigue We (cycles) 

Fig. 6. A semi-Logarithmic Plot of amax/au\t Vs. 
Number of Cycles to Failure Nf for IXWOjls for 
AS4/3501-6 Graphite/Epoxy Coupons: 
(a) Saturated Immersed with R = 0.1 
(b) Dry with R = 0.1 
(c) Saturated Immersed with R = 0.3 
(d) Dry with R = 0.3. 
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(a)    Dry Fatigue, Specimen A3-72-9 

0 degree 
ply group 

(b)    Saturated Immersed Fatigue, Specimen A3-34-3 

Fig. 7.  Typical Observations of Distinct Forms of Failure that occur in 
[079O3L AS4/3501-6 coupons under (a) Dry Fatigue and (b) Saturated 
Immersed Fatigue.  Note the comparatively extensive amount of 
peeled-off 0° plies, indicating delamination, in the Immersed Case 
and the higher density of Transverse Cracks in the Dry Case. 
R=0.01,om„/oui,=0.8. 

time, is still about 4 orders of magnitude longer than 
the fatigue cycling time. (Ref. 7) Consequently, once 
the transverse cracks are filled with water, which 
penetrates them by capillary action and through a 
random walk process, this water cannot escape during 
the down loading stages of the fatigue cycle and gets 
squeezed into the interlaminar regions. This explains 
the extensive delaminations observed in Figure 7(b) 
which are substantially smaller under fatigue in air. 

A typical configuration of "H" shaped cracks, with 
delaminations emanating from the tips of a transverse 
crack is shown in Figure 8. Computations of 
comparative energy release rates for the competing 
mechanisms of transverse cracking and delaminations 
were performed employing finite element analysis. 
(Ref. 8) In the case of immersed fatigue the 
delamination fracture energy was evaluated at the 
minimal level of the applied stress, namely at the 
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Fig. 8. Geometry of delaminated crack assumed in 
finite element model. 

downloading stage, when water pressure within 
cracked regions is largest. Results are shown in 
Figures 9(a), (b), (c) for the [0°/90§]s specimens at 
hand with amM=450 MPa and 0,^=45 MPa (i.e. an 
R ratio of 0.1). In this figure surfaces of 
Gavaiiabie/Grequired are drawn for transverse cracking 
and delamination. The amounts of Grequired were 
adjusted to accommodate Gj/Gn ratios which increase 
with delamination length. (Ref. 9) For added clarity, 
the intersections of the pairs of surfaces in Figs. 9 are 
re-drawn in Fig. 10, exhibiting the switching from 
further transverse cracking to delamination. Note that 
the various curves in Fig. 10 emanate from disparate 
levels of transverse crack densities. 

Fig. 9(a). Available Fracture Energies, scaled by the 
required levels, for Transverse Cracking and for 
Delamination at the maximal stress level 
o=450 MPa) of Dry Fatigue, vs.Density of 
Transverse Cracks and Delamination Lengths in a 
[0790§]s gr/ep coupon. 

Fig. 9(b). Available Fracture Energies, scaled by 
the required levels, for Transverse Cracking and for 
Delamination at the maximal stress level 
((o=450 MPa) of saturated coupons fatigued in air, 
vs. Density of Transverse Cracks and Delamination 
Lengths in a[0°/903]s gr/ep coupon. 

Fig. 9(c). Available Fracture Energies, scaled by 
required levels, for Transverse Cracking and for 
Delamination at the Downloading stage 
((o=45 MPa) Of Immersed Fatigue vs. Density of 
Transverse Cracks and Delamination Lengths in 
[0°/90||s gr/ep coupons. 

5 CONCLUDING REMARKS 

As noted earlier, it is important to realize that the 
effects of fluids on the response of composites vary 
most substantially with the specific circumstance at 
hand. Nevertheless, there exists an overall 
commonality in general trends that should be useful to 
investigators in this area. 

This abbreviated review is based upon Report 
MAES 95-1.0CM "Effects of Fluids on Polymeric 
Composites - A Review", prepared under ONR 
Contract N00014-90-J-1556 (July 1995). An 
updated version of the review is expected to be 
published in Volume 2 of "Comprehensive 
Composites", Elsevier. 
The results clearly demonstrate the preference for 

delamination in the immersed case. 
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Fig. 10. The Intersection Curves of the surfaces 
shown in Figs.9(a),(b),(c), indicated by DIA ("Dry 
in Air"), SIA ("Saturated in Air"), and SI 
("Saturated Immersed"), respectively. These 
Curves exhibit the trends towards increasing 
delaminations upon switching from failure by 
transverse cracking. Note that the above curves 
emanate from distinct values A.B.C of transverse 
crack density.    Also, Delamination Arrest is 

predicted for the DIA and SIA cases when G/GC<1, 
while no arrest is predicted for the SI case. 
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laminates 
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ABSTRACT: The results of an experimental program on the effects of moisture and loading mode (quasi-static 
and impact tensile loading) on the transverse cracking in crossply GFRP laminates are presented. It was found 
that the impact loading increases the first ply failure stress, the rate of transverse cracking growth and the crack 
density at the characteristic damage state. It was also observed that for the quasi-static loading the absorved 
moisture reduces the first ply failure stress, leaving unchanged the rate of transverse cracking development and 
the final crack density. However, the extent of axial stiffness reduction depends on the moisture content. This 
moisture effects are only partially reversible. The Talreja's continuum damage theory was used to analyze the 
stiffness loss and a close agreement between predictions and measurements was found. 

1 INTRODUCTION 

Transverse matrix cracking in off-axis plies, removed 
from concentrated loads and free edges, is the initial 
damage mode that occurs in continuous fiber 
composite laminates under mechanical and 
hygrothermal loads. The matrix cracks does not lead 
necessarily to structural failure of a composite part. 
But its presence affects the laminate mechanical and 
physical properties, with severe implications for the 
durability of high performance applications. Although 
extensive experimental and theoretical work has been 
devoted to this damage mode, its growth law and its 
influence on the laminate properties are not 
completely understood. 

Two important discoveries on the transverse 
matrix cracking process are the in situ transverse 
strength of a ply in a laminate (Parvizi et al. 1978, 
Crossman & Wang 1982, Flaggs & Kural 1982) and 
the characteristic damage state (CDS) (Reifsnider & 
Talug 1980, Masters & Reifsnider 1982). The stress 
or the strain at the onset of matrix cracking is not a 
ply property but is dependent on its thickness as well 
as on the constraining effect of the adjacent plies 
(Parvizi et al. 1978, Crossman & Wang 1982, Flaggs 
& Kural 1982, Xu 1995). As the loading continues 
the matrix cracking growth until eventually reaches a 
final regular crack pattern, called characteristic 
damage state (CDS). The CDS depends on the 
material properties and laminate construction, but it 
seems to be insensitive to the hygrothermomechanical 
loading history (Reifsnider & Talug 1980, Masters & 

Reifsnider 1982, Kriz & Stinchcomb 1982, 
Rothschilds et al. 1988, Reifsnider 1990, Xu 1995); 
however, the rate at which it is attained is related to 
the loading history. 

Several models for transverse matrix cracking are 
now available, each of which has its own advantages 
and limitations. They can be grouped in two main 
categories: the models based on the analysis of stress 
and strain fields near the cracks and the models based 
on the continuum damage mechanics. To the first 
category belongs the different forms of shear-lag 
approximations (Highsmith & Reifsnider 1982, 
Fukunaga & Chou 1984, Lim & Hong 1989, Lee & 
Daniel 1990, Tsai & Daniel 1993, Xu 1995), the 
variational methods (Hashin 1986, Nairn & Hu 
1992), the self-consistent scheme (Dvorak et al. 
1985) and several other approximative analytical 
methods and finite element analysis (Nuismer & Tan 
1988, Tan & Nuismer 1989, Gudmundson & 
Östlund 1992a,b, Guild et al. 1993, Shahid & Chang 
1995). The continuum damage models, developed in 
the framework of thermodynamics with internal 
variables, ignore the details of the stress and strain 
fields in the vicinity of the cracks, modelling the 
representative volume element experimentally (Talreja 
1987, Allen & Harris 1987a,b, Weitsman 1987, 
Talreja 1990). 

In this paper we shall present the results of an 
experimental investigation on the effects of moisture 
and loading mode (quasi-static and impact tensile 
loading) in the onset and development of transverse 
cracks. The continuum damage theory developed by 
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Talreja (1987, 1990), will be used as a basis for 
analyzing the test data. 

2       MATERIAL 
PROCEDURES 

AND       EXPERIMENTAL 

The material system used in this work was a quasi- 
unidirectional glass/epoxy composite, with 7% of the 
fibers in the transverse direction, supplied by PPG in 
a prepreg form, under the trade name PV245®. 
Laminate plates were fabricated in a hot press 
accordingly to the manufacturer's cure schedule, with 
the following layups: [0/903]s, [02/902]s> and [0/90]2s. 
The temperature drop between the maximum cure 
temperature and the ambient temperature was -105°C. 
The ply properties of the dry and wet material 
(0.792% and 1.777% equilibrium weight moisture 
content) are given in table 1 (Morais, in prep.). 

Tensile coupons, 20mm wide and 220mm long, 
were cut from the plates using a diamond saw and the 
edges were prepared for microscopic examination, 
with l(xm diamond paste in the last polishing step. 
The ends of the specimens were reinforced with 
aluminum-alloy tabs, leaving a free length of 140mm. 

In order to ensure an initially dry state, all 
specimens were desiccated at 75°C over silica gel, in 
an air circulating oven. The specimens were 
immediately placed in dessicated containers and 
maintained at room temperature until tested, except 
some [O/9O3L specimens which were exposed to 
moisture environments. The moisture conditioning 
was done at 75°C for two relative humidities (73% 
and 92%), until reaching an apparent equilibrium 
weight gain (0.792% and 1.777%, respectively). A 
number of specimens previously in equilibrium at 
73% relative humidity and 75°C were subsequently 
dried at the same temperature, before testing. 

The quasi-static tensile tests were conducted in an 
Instron Model 4208 universal testing machine at a 
crosshead displacement rate of 0.25 mm/min. Each 
specimen was initially loaded to an estimated value 
when transverse cracking may initiate, unloaded and 
reloaded to a higer preselected stress level (Figure 1). 
The procedure was repeated until the CDS was 
achieved. The axial strain was measured using an 
Instron clip-on type extensometer, with a 50 mm 
gauge length. The unaged [0/903]s specimens were 
also instrumented with a CEA-13-250UW-350 strain 
gages, from Measurements Group, Inc. 
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Figure 1. Repeated progressive loading of a [0/903]s 

dry specimen. 

Table 1. Ply properties. 

Property 
Value 

Dry Wet Wet 
(0.792%) (1.777%) 

40.83 
19.52 15.87 14.22 
0.24 
1063 
103 62.0 48.5 
7.4xl0"6 

23.3xl0"6 

0.164 

Longitudinal modulus, Ei (GPa) 
Transverse modulus, E2 (GPa) 
Poisson's ratio, v12 

Longitudinal tensile strength, X+ (MPa) 
Transverse tensile strength, Y+ (MPa) 
Longitudinal thermal expansion coefficient, oti (K"1) 
Transverse thermal expansion coefficient, cc2 (K

1) 
Ply thickness, t (mm)  
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Figure 2. Recorded stress-time curves of a [0/903]s 

dry specimen repeatedly impacted under sucessive 
higher energies. 

The transverse crack development during the 
repeated progressive quasi-static loading was 
recorded by edge replication. The edge replicas were 
obtained by pressing against specimen edges 
cellulose acetate tapes sofftened by acetone. The 
number of transverse cracks over a 60 mm gauge 
length, in both edges of the specimens, were counted 
using an optical microscope. The accuracy of this 
technique was evaluated by di-iodobutane enhanced 
X-ray radiography, performed on selected specimens 
of each laminate type by means of a SEIFERT point 
source X-ray chamber and an Agfa D4 type film. 
Acoustic emission technique was used to identify the 
onset of transverse cracking. The acoustic emission 
was monitored on a simple basis of event counting, 
with the aid of a LOCAN 320 (by Physical Acoustic 
Corp.) acquisition system and two piezoelectric 
transducers with 150 KHz central frequency. 

Tensile impact tests were performed on unaged 
specimens, using a Rosand Type 5 instrumented 
falling-weight impact system. The specimens were 
successively impacted at higher energies, keeping 
unchanged the impact velocity. The basic 
experimental information arising from the impact tests 
was the stress-time curves (Figure 2). Before impact 
test and after each one, the quasi-static stress-strain 
response was determined, to a stress level which 
doesn't introduce additional damage. These quasi- 
static tests were run on an Instron Model 4208 testing 

machine at a controlled displacement rate of 0.25 
mm/min. The respective damage state was 
documented by edge replication. 

3 CONTINUUM DAMAGE MODEL 

A continuum damage model has been developed by 
Talreja (1987,1990), wherein the transverse cracking 
and delamination damage modes in composite 
laminates are described by second-order tensor valued 
internal state variables. These damage variables are 
assumed as continuous fields throughout the cracked 
laminate, representing at each material point the 
average effect, on a macroscale level, of 
discontinuous damage inside the surrounding 
representative volume element (RVE). The actual 
mechanical response is determined by the internal 
state variables, along with the thermomechanical state 
variables, via constitutive relationships. We shall 
review the damage variables associated with 
transverse cracking, the inplane constitutive 
relationships for crossply laminates, and the 
methodology of model identification. Let us consider 
a RVE of a crossply laminate (Figure 3), of a volume 
V and containing a parallel array of k transverse 
cracks, with a uniforme crack space s. The tensor 
damage variable proposed by Talreja (1990), has the 
following general form, for non-interactive damage 
mode entities (cracks): 

»,4ia<w4 (i) 

where S is the surface of each crack in the RVE and a; 
is the activity vector at a point on S with a unit 
outward normal n^. For transverse cracking in 
composite laminate of a brittle matrix it is assumed the 
vector a; is given by (Talreja 1990): 

:»,n.v (2) 

where tc is the thickness of the cracked plies and K is 
a constant introduced to account for the constraining 
effect of the adjacent plies on the crack surface 
displacements. Thus, in the case of a crossply 
laminate, the damage tensor, referred to the 
coordinate axis of Figure 3, has only one non-zero 
component: 

A.= St 
(3) 

where t is the laminate thickness. 
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Figure  3.   A representative  volume   element   for 
transverse cracking of a crossply laminate. 

other engineering constants, the material constants are 
given by (Talreja 1987, Talreja et al. 1992): 

K-C3=^(2v1
0

2v2
0
1-l)-2A3£2

0v1
0
2 

^8=A(v2°1)
2-2A3£2V2

0
1 (5) 

KC16 = 2Axv°2(v2°, f - 2A,E° (1 + v,°2 v°,) 

where 

fg," 1 -£,/£," 

(6) 
tvr. I-V.2/V.2 

2ta-V>n) V 

and 77 = 1/5 is the transverse crack density. 

Following the Coleman-Gurtin (1967) treatment of 
a thermodynamics with internal variables, Talreja 
(1990) derive the relationships between the damage 
tensor and the residual elastic properties of a 
composite laminate with transverse cracks, restricted 
to the isothermal loading and small damage. The 
inplane engineering elastic constants of a cracked 
crossply laminates are (Talreja 1987): 

E, = E + 2^-[c3+c8(v1°2)
2-c16v1

0
2] 

. Mf. 
E = El + 2^[c8 + C3(v,0

2)
2 - c,yn] 

(4) 

0      »? 
Vl2=V,°2+-£- 

ts 

"1- v°v°" 
E° E2 

G12 =G12+-f- ts 
C13 

(c16-2cgv,0
2) 

The elastic response associated with a given damage 
state is thus determined by the initial undamaged 
elastic constants (£°, £2, vf^, v21,and G,°2) and by 
a new set of material constants: kc3, kc8, kci3, and 
kcn. 

The identification methodology of material 
constants involves the use of equations (4) along with 
the experimental results on engineering constants 
reduction obtained by testing a particular crossply 
laminate (Talreja 1987, Talreja et al. 1992). 
Assuming the invariance of the transverse Young's 
modulus E2 with transverse cracking and excluding 
the shear modulus G12, which is independent of the 

4 TRANSVERSE CRACKING PROCESS 

4.1 Unaged laminates 

The results of crack density development in unaged 
laminates, under quasi-static and impact loading 
conditions, are shown in Figure 4 as a function of 
laminate axial stress. The matrix crack growth 
process revealed by the figures, namely for the quasi- 
static loading case, has the typical appearence 
reported widely in the literature (Highsmith & 
Reifsnider 1982, Masters & Reifsnider 1982, Talreja 
et al. 1992, Shahid & Chang 1995, Xu 1995): after 
the onset of transverse cracking, the cracks 
accumulate at a high rate which decreases gradually 
until a final CDS is achieved. It also can be seen that 
the loading mode affects all the specimen features of 
T|-o curves: the initiation, the accumulation and the 
CDS. 

The laminate stress at the onset of transverse 
cracking, oF, can be obtained by fitting a polynomial 
through the Ti-o test data, by polynomial regression 
analysis; the first ply failure (FPF) stress is then one 
of the roots of the resulting polynomial. The 
reliability of this procedure was examined by 
comparison with the stress at the knee-point in the 
stress-strain curves, identified as illustrated in Figure 
5a, and at which is believed the matrix cracking 
initiates. Another comparison test is based on the 
cumulative acoustic emission counts versus stress 
curve (Roubini & Solomons 1995), as shown in 
Figure 5b: CJF is the intersection with the o-axis of a 
tangent line to the curve, where it is almost 
asymptotic to the vertical axis. The results of those 
identification methods of FPF stress are summarized 
in Table 2, where their consistency can be 
appreciated as well as the lamination construction 
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effect. Despite some objections about the physical 
situation corresponding to the FPF stress (Reifsnider 
& Talug 1980, Reifsnider 1990) it is an usefull 
operational concept, widely used by the composite 
materials community. 
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Figure 4. Transverse crack density plotted against 
laminate axial stress, under quasi-static and impact 
loading, for (a) [0/903]s, (b) [O^L, and (c) 
[0/90]*. 
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Figure 5. First ply failure stress identification of a 
[0/903]s laminate by (a) the stress-strain curve and (b) 
by the cumulative acoustic emission counts versus 
stress curve. 

Table 2. First ply failure stress of unaged laminates, 
cF (MPa). 

Laminate [0/903]s [O2/9O2L [0/90]* 

t|-cr curve 
Impact loading 

115.6 185.3 197.7 

r|-o curve 
Static loading 

105.3 149.7 158.0 

o-e curve 105.6 140.6 158.2 
Acoustic 
emission 

107.5 133.6 149.0 

4.2 Aged [0I903]S laminates 

The evolution of transverse crack density with the 
laminate axial stress for [0/903]s laminates aged under 
different environmental humidities, are presented in 
Figure 6 and compared with the unaged laminate. It 
can be seen that moisture shift the r\-a curves 
horizontally to the low stresses, as much as the 
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percent weight moisture content is high. Thus, the 
only effect of absorbed moisture is the reduction of 
r/ (Table 3), whereas the rate of crack development 
and the CDS density remain unchanged. This 
hygrothermal effect is only partially reversible. 

Careful examination of specimen edges after 
environmental conditioning doesn't reveal any 
induced moisture defects. The observed behavior is 
attributed to the changes in ply properties and in the 
laminate stress state due to the matrix plasticization 
and expansion promoted by absorbed moisture 
(Morais, in prep.). 

5.1 Unaged laminates 

First the material constants are derived using the 
experimental data for unaged [0/903]s laminates. The 
initial undamaged moduli are given in Table 4. Figure 
7 shows the quantities (1 - E, / £,°) and (1 - V[2 / V,°2) 
plotted against the crack density. By linear regression 
analysis straight lines are fitted through these test 
data, forcing them to contain the origin. The slopes of 
the straight lines and the initial moduli values are then 
entered in Equations 6 to calculate the material 
constants (Equations 5): 

Table 3. Moisture effect on the first ply failure stress 
of [0/903]s laminates, determined by the J\-a and 
o-e curves. 

o*"' (MPa) 
Moisture content (%) x\-a       a-e 

curve       curve 
0 
0.792 
1.777 
0.792-0 

105.3       105.6 
67.9         63.6 
42.2         46.1 
79.6         85.6 

5 ANALYSIS OF STIFFNESS REDUCTION 

We now turn our attention to the stiffness changes 
arising from the matrix cracking process. The 
methodology of data analysis developed by Talreja et 
al. (1992) will be followed. 

Kc3=5.157GPa 

Kc8=0.304GPa, 

Kc16=2.895GPa. 

(7) 

Table 4. Experimental values of initial undamaged 
moduli of unaged laminates. 

Laminate [0/903]s VhMd. [0/90]2s 

£°(GPa) 24.83 30.67 30.49 

v° M2 0.143 — — 
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Figure 6. Transverse crack density plotted against axial stress for aged and unaged [0/903]s laminates. 
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Figure 7. Changes in the axial Young's modulus (a) 
and Poisson's ratio (b) against the transverse crack 
density of unaged [0/903]s laminates. 

The material constants allow us to predict the 
reduction of axial modulus as a function of the 
laminate stress, for all laminates tested under quasi- 
static or impact loading conditions. To achieve this 
goal the T|-a polynomials of Figure 4 are 
substituted in the second of Equations 4, along with 
the initial moduli (Table 4), the material constants 
(Equations 7) and the ply thickness (Table 1). 
Figure 8 provides a comparison between the 
predictions of normalized modulus (El / E°) and the 
experimental data. It can be seen that the predictions 
overestimates the damaged modulus for high crack 
densities. However, the predictions and the 
measurements are fairly in good agreement over the 
entire experimental range. 
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Figure 8. Measured and predicted normalized 
modulus reduction, under quasi-static and impact 
loading, for (a) [0/903]s, (b) [O^OzL, and (c) 
[0/90]2s. 
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5.2 Aged [0/903]s laminates 

The undamaged axial moduli of aged [0/903]s 

laminates are summarized in Table 5. With the 
multiplication of transverse cracks the axial modulus 
decreases as can be appreciated in Figure 9. In this 
Figure the experimental values of (1 - £, IE*) are 
plotted versus the crack density and compared with 
the analytical representation of unaged laminates 
data (Figure 7a). Although the absorbed moisture 
reduces slightly the values of the modulus, its 
dimensionless variation (1 - E, / E°) seems to obey 
the same law of the crack density as it does the non- 
aged laminates. So, the material constants obtained 
by testing the unaged laminates (Equations 7) are 
able to express the relationship between the aged 
modulus and the crack density. 

Table 5.  Moisture effect on the axial Young's 
modulus of aged [0/903]s laminates. 

Moisture 
content (%) 

0.792    1.777    0.792-0 

£°(GPa)       24.83    22.21    21.16   24.92 

0.40 

0.35 

0.30 
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§ 0.20 
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0.00 
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 

Crack density (1/mm) 

Figure 9. Changes in the axial Young's modulus of 
aged [0/903]s laminates against the transverse crack 
density. 

moisture, even though similar crack densities were 
observed at this limiting state. 
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Proceeding in the same way as was done 
previously for the unaged laminates, the 
relationships between the normalized modulus and 
the applied laminate stress were predicted, based 
upon the material constants of Equations 7. Those 
predictions are plotted in Figure 10 together with the 
test data. For comparison purposes the results of the 
non-aged laminate are also shown in Figure 10. 
Again Figure 10 demonstrates a reasonably 
agreement between predictions and measurements, 
although the predictions underestimates the 
damaged modulus. Examination of the data also 
reveals a remarkable feature: the normalized 
modulus at the CDS increases with the absorbed 

6 CONCLUSIONS 

1. Three different methods were used to identify 
the FPF stress, which give consistent results: the 
crack density versus stress curve, the stress versus 
strain curve, and the cumulative acoustic emission 
counts versus stress curve methods. 

2. Compared to the quasi-static loading, the 
impact loading increases the stress at the onset of 
transverse cracking, the rate of crack development, 
and the crack density at the characteristic damage 
state of the unaged laminates. 
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Figure 10. Measured and predicted normalized modulus reduction of the aged [0/903]s laminates. 
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3. The absorption of moisture reduces the FPF 
stress under quasi-static loading, leaving unaffected 
the rate of transverse cracking progression and the 
crack density at the characteristic damage state. 

4. The normalized Young's modulus (El IE°) at 
the characteristic damage state increases with the 
percent weight moisture content, even though the 
CDS density remains unchanged. 

5. The moisture effects are only partially 
reversible probably due to the viscoelastic nature of 
polymeric matrix composites. 

6. The continuum damage theory developed by 
Talreja has been demonstrated to be accurate in 
predicting the residual axial stiffness of several 
crossply laminates, after quasi-static and impact 
loading damage. This model is also adequate to 
model the damage stiffness of previously moisture 
equilibrated [Qß(h]s laminates. 
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Flexible risers with composite armor for deep water oil and gas production 

M. D. Kaiman & J. R. Belcher 
Wellstreamlnc, Panama City, Fla., USA 

ABSTRACT: This paper discusses the development of a light weight high strength flexible pipe for the 
conveyance of oil and gas from deep water subsea wells to floating production vessels. Flexible pipe is a 
multilayer structure of helically wound metallic strips and tapes and extruded thermoplastics. The tensile 
armor layer in conventional pipe consists of high strength steel rectangular wires wound in opposing 
directions to provide torque balance. The light weight design incorporates carbon fiber/polymer thermoplastic 
composite strip to replace the steel armor. A weight reduction of 30% is expected for a pipe designed to meet 
the same performance requirements. The results of tests conducted to qualify the composite armor material 
and pipe structure and initial efforts to develop a composite armor layer service life model are presented 
herein. 

1. INTRODUCTION 

Non-bonded flexible pipe has been applied in the 
offshore oil and gas industry for about 20 years. It is 
used for dynamic risers connecting seabed flowlines 
to floating production facilities, and for static seabed 
flowlines where it is more cost effective to install 
than rigid pipe, such as in harsh environments, or it 
is desired to recover the flowline for reuse after a 
short field life. The basic pipe design (Figure 1) 
consists of a stainless steel internal carcass for 
collapse resistance, an extruded polymer fluid 
barrier, a carbon steel interlocked hoop strength 
layer, helically wound carbon steel tensile armor for 
axial strength, and an extruded watertight external 
sheath. For dynamic applications extruded polymer 
or tape polymer antiwear layers are applied between 
adjacent steel armor layers. For extremely high 
pressure applications, an additional layer of 
rectangular shaped helical reinforcement over the 
interlocked hoop strength layer, or a second set of 
tensile armor layers, may be applied. 

Offshore exploration for production of oil & gas 
is currently expanding to deeper water environments, 
with some fields being developed in water depths in 
excess of 2000 meters. In a floating production 
application, the installation and operating vessel as 
well as the top section of the pipe itself, must 
support the hanging weight of the remainder of pipe 
with dynamic loading. It is desirable to reduce the 
weight of the pipe to minimize stress on the pipe and 
hangoff structure.   It is also desirable to reduce the 

vessel deck loads so that buoyancy requirements are 
reduced or payload capacity increased. 

To reduce the weight of the flexible pipe, 
composite materials have been developed to replace 
the steel reinforcement layers. The initial 
application is to replace the rectangular tensile armor 
members since strength is only required in the wire 
direction. Figure 2 presents the pipe design and 
capabilities of the composite armor relative to the 
steel material currently being used. A pipe weight 
reduction of about 30% can be achieved by the steel 
to composite tensile armor substitution. In addition 
the composite armor offers the advantage of being 
essentially inert to corrosion, hydrogen induced 
cracking and sulfide stress cracking, all potential 
mechanisms for reducing the service life of a 
flexible pipe. 

The main technical barriers to overcome in 
achieving the steel to composite material substitution 
are: 

1. Composite armor material selection and 
verification 

2. Termination of the composite armor in the 
flexible pipe end termination 

3. Development and verification of the composite 
pipe structure 

4. Development and verification of the service 
life model for the composite armor material 

This paper describes the work which has been 
conducted to date by Wellstream to overcome these 
technical barriers. Much of this effort was funded by 
the U.S. Department of Commerce National Institute 
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of Standards Advanced Technology Program. 
Technical support was obtained through subcontracts 
with Virginia Polytechnic and State University and 
College ofWilliam & Mary. 

There are numerous vendors and combinations of 
polymers and fibers which could be considered for 
the composite armor application. The material of 
choice must be sufficiently flexible, maintain the 
required mechanical properties over the service life 
under severe environmental and alternating stress 
loading, and be economical relative to competing 
technologies. A comprehensive screening of 
available materials was conducted against these 
criteria to determine the most suitable choices for 
consideration. This paper describes the material 
evaluation tests which were conducted to verify that 
the target allowable stress utilization factors of the 
material are met. 

In flexible pipe, each layer must be terminated in 
a steel housing outfitted with a transition flange for 
termination to subsea or topside piping. The end 
fitting must maintain internal and external fluid 
containment and structural integrity over the service 
life. The tensile load transfer to the end fitting is 
obtained by adhesion and mechanical anchoring of 
the tensile armor layer in an epoxy wedge.    In a 

conventional flexible pipe with steel armor, the steel 
is plastically deformed into a hook or wave pattern 
to provide the mechanical portion of the anchoring. 
With composite armor, elongation after yield is 
negligible, and plastic deformation is not possible 
without destroying the material. The anchoring of 
the composite strip must be sufficient to prevent 
pullout from the end fitting over the service life. 
Tests which were conducted to verify the method 
selected for terminating the composite armor are 
presented in this paper. 

A 4-inch ID prototype pipe complete with end 
fittings was designed and built. Burst test and failure 
tension tests were successfully completed with 
failure values within 5% of predicted values. The 
design of the pipe structure and results of the tests 
are presented. 

Composite materials which may be suitable for 
this application were unproven at the start. 
Verification of the service life under the combined 
environmental and alternating stress loading requires 
long term testing to simulate the loading. The test 
methods which are being employed and their 
relevance in developing a service life model for the 
composite armored flexible pipe are presented. 
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Figure 1. Conventional non-bonded flexible pipe construction for dynamic applications 
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MATERIAL FUNCTION 
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Figure 2. Non-bonded flexible pipe structure employing composite materials 

2.   MATERIAL SELECTION AND 
VERIFICATION 

There are numerous polymer/fiber material 
combinations which may be suitable for the flexible 
pipe tensile armor material application. In the initial 
screening, the following criteria were established: 

Initial Strength 
Flexibility 

Allowable Utilization- 
Static 
Allowable Utilization - 
Dynamic 
Density 
Temperature Range 
(pipe annulus) 
Environment 

Cost 

180ksi 
1 mm minimum 
thickness bent to a 152.4 
mm bend radius with no 
damage 
50% of UTS 

40% of UTS 

1.6 S.G. 
-40°C to 93°C 

Seawater 
5000 ppm H2S in pipe 
bore 
5% CO2 in pipe bore 
Finished pipe cost no 
more than 25% greater 
than conventional pipe of 
same size/strength  

The  most   severe  of the  requirements  is   the 
exposure to the high temperature water.  It is known 

that thermoplastic composite materials can suffer 
significant loss of strength due to disbondment of the 
polymer from the fiber. Disbondment can result from 
stress corrosion of the fibers themselves, aging of the 
polymer material, breakdown of the sizing between 
the polymer and fiber, and even differences in thermal 
expansion coefficient between the polymer and fiber. 
Disbondment results in non-uniform load application 
on the fibers. Since the elongation at break of the 
fibers is relatively low compared to the polymer, the 
unequal load sharing results in breakage of the fibers 
taking the highest portion of the load. Once these 
fibers break, the remaining fibers become overloaded 
resulting in ultimate failure of the composite strip. 
All of the standard fibers which are normally 
considered in polymer composite manufacture were 
evaluated: glass, aramid and carbon fiber. 

The following polymer matrix materials were 
considered after an initial screening to rule out the 
most unlikely candidates. Materials were ruled out 
because it was known that they would be subject to 
degradation in the specified environment. 

1. Polyurethane (PU) 
2. Polyphenyline sulfide (PPS) 
3. Polyvinylidene fluoride (PVDF) 
Initial   tests   were   conducted   on   ___   _     

reinforced/ polyurethane matrix and a carbon fiber 
reinforced/polyurethane matrix. Samples were 
exposed to seawater at the design temperature of 
93°C.    The results of these tests verified that the 

E-glass 
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E-glass   was   not  a  suitable   fiber  and   that  the 
Polyurethane was not a suitable polymer. 

Aramid fiber was ruled out because it was only 
slightly more economically attractive relative to 
carbon fiber considering strength, and density of the 
finished product. In addition, the tensile modulus of 
carbon fiber composites is higher than that of aramid 
fibers. It is desirable to have a high axial stiffness so 
as to minimize the pipe elongation under combined 
internal pressure and tensile loading. 

The initial strength and density target was achieved 
with a carbon fiber reinforced/polyurethane composite 
strip. The material strength was retained after 70 
days. However after longer term exposure, significant 
loss of strength and disbondment between the 
polymer and fiber was noted. Subsequent 
investigation revealed that the polyurethane was 
suffering from loss of molecular weight in the 93°C 
test solution. 

Based on the results of these tests and a review of 
the technical data which was available, it was 
determined that carbon fiber in a PPS or PVDF matrix 
were the most attractive materials for continued long 
term testing. 

Through a screening process, three material 
vendors were identified who could provide the most 
suitable products. Two of the vendors preferred to 
employ PPS for the polymer because their processes 
were not set up for PVDF. One vendor preferred 
PVDF, but at the time of the development program 
was unable to supply samples within specification. 
Thus carbon fiber/PPS polymer thermoplastic 
composite strips from two vendors were evaluated in 
the material qualification test program. 

Material performance for this application is 
evaluated in terms of resistance to loss of strength 
resulting from environmental degradation and fatigue. 
Environmental degradation results from exposure to 
permeated gases and seawater (if the flexible pipe 
outer sheath is damaged) at operating temperatures. 
Fatigue is a result of time dependent bending and 
tension loading in the flexible pipe in dynamic 
service. 

The allowable utilization must be determined 
based on the residual static strength and the fatigue 
resistance of the material after long term 
environmental exposure. Full scale static and 
dynamic testing must be conducted on the pipe 
structure to verify the target material stress utilization. 

3.      MATERIAL TEST PROGRAM 

The material test program was developed through 
consultation with NIST, Virginia Tech and College of 
William & Mary experts. The main objectives were 
to verify the performance of the material under 
environmental and mechanical loading conditions 
which would simulate performance in service and 

Table 1. Tests conducted to evaluate the performance 
of thermoplastic composite strip  
Environments   Temp     Samples 
Simulated 
seawater 
saturated with 
C02 at 50 psi 

Air 

90°C      10 Unstressed Polymer 
Strips each exposed 1, 10, 
30, 100 days 

10 Unstressed Composite 
Strips each exposed 1,10, 
30, 100 days 

40 Composite strips 
exposed 100 days to no 
failure with maximum 
bending stress 

Simulated 120°C    10 Unstressed Polymer 
seawater 
saturated with 
C02 at 50 psi 

Air 

Strips each exposed 1,10, 
30, 100 days 

10 Unstressed Composite 
Strips each exposed 1,10, 
30, 100 days 

40 Composite strips 
exposed 100 days to no 
failure with maximum 
bending stress  

provide baseline data for development of a service life 
model. 

The "100 days to no failure" bending stress was to 
be determined by short term aging tests at decreasing 
bend radii until the no failure condition was achieved 
at 100 days. (Failure defined as bending stress 
rupture.) Molecular weight measurement and SEM 
observations were made as necessary to identify the 
modes of failure. The number of days exposure vs. 
bend radius was recorded. 

Torsional DMA testing was conducted on 
unstressed polymer strips and unstressed composite 
strips on unexposed samples and samples exposed for 
1, 10, 30 and 100 days to each environment at each 
temperature. 

Uniaxial Tensile Strength tests were conducted on 
unexposed and exposed samples to determine the 
strength as a function of temperature and exposure. 

Uniaxial Fatigue Tests were conducted at room 
temperature and at 90°C on unexposed samples and 
samples exposed 100 days in seawater to no failure in 
bending @ 90°C. S/N curves were prepared for both 
the unexposed and exposed material. 

Weight loss, thickness and crystallinity evaluation 
were conducted to certify the stability of the material 
during aging tests. Changes were quantified in terms 
of percent change relative to unaged PPS. 

44 



4.  MATERIAL TEST RESULTS 

The results of tests conducted on only one of the 
vendor's materials is provided herein. The second 
vendor's material behaved similarly, and the data 
presented herein can be considered representative for 
carbon fiber/PPS polymer thermoplastic composite 
strips. Similar tests are recommended to qualify a 
strip manufacturing process for this application. 
These tests were conducted at Virginia Tech 
(Reifsnider et al. 1997). 

4.1 Quasi-static tension tests 

Life (seconds) 

Figure 3.   Normalized applied maximum stress vs. 
Fatigue Life at room temperature, R = 0.1, f=10 Hz. 

Table 2 provides a summary of the quasi-static 
tension tests conducted on unaged and aged samples 
in air. 

Table 2.    Results of quasi-static tension tests at 
temperature-aged and unaged samples 

Modulus Strength Strain 
Msi Ksi to 

Failure 
% 

Quasi-Static 
Tension Tests 

23°C 14.3 ± 186± 1.41 ± 
(10 replicates) 0.13 5.5 0.033 
90°C 13.6 + 188 ± 1.46 ± 
(5 replicates) 0.26 8.4 0.061 
120°C 13.2 ± 174 ± 1.37 ± 
(5 replicates) 0.36 7.8 0.081 

Quasi-Static 
Tension Test of 
Aged Specimens 

1 Day @ 90°C 14.3 ± 197 + 1.41 + 
(10 replicates) 0.44 14.4 0.13 
10 Day @ 90°C 14.2 + 199 ± 1.44 ± 
(10 replicates) 0.33 8.4 0.054 
30 Day @ 90°C 14.2 + 194 ± 1.46 ± 
(10 replicates) 0.20 6.7 0.072 
100 Day @ 90°C 14.3 ± 194 ± 1.41 + 
(4 replicates) 0.70 11.6 0.061 

1 Day @ 120°C 14.3 ± 209 + 1.55 + 
(10 replicates) 0.27 6.3 0.042 
10 Day @ 120°C 14.0 + 199 ± 1.50 ± 
(10 replicates) 0.48 12.4 0.062 
30 Day @ 120°C 14.4 ± 202 ± 1.47 ± 
(10 replicates) 0.26 5.4 0.053 
100 Day @ 14.5 ± 194 ± 1.44 ± 
120°C 0.66 5.1 0.096 
(10 replicates) 

The results indicate little change in the behavior 
of the material as a function of temperature and 
resulting from aging in air. Results for tests 
conducted with exposure to seawater are similar 
(Kranbuehl et al. 1997). 

4.2 Fatigue resistance 

Fatigue tests were conducted at both room 
temperature and at 90CC. The tests were conducted 
with a frequency of 10 Hz and a stress ratio of 0.1. 
The results of the fatigue tests are provided in 
Figures 3 and 4. Open symbols indicate runout, 
taken as 3 million cycles. 

4.3 Stress rupture 

Stress rupture tests were conducted at elevated 
temperatures to evaluate the performance of the 
material under combined stress and environmental 
loading. After experimenting with several types of 
loading, a fixed-length bend-compression loading 
condition was chosen as the method of testing. This 
loading provides a condition where the matrix 
behavior contributes directly to the behavior of the 
composite system. The loading fixture is also 
uncomplicated and can accommodate large numbers 
of specimens in a wide variety of environments. 

The test fixture design is presented in Figure 5. 
The outer fiber maximum tensile strain and inner 
fiber maximum compressive strain were determined 

100 1000 1e+4 
Life (seconds) 

Figure 4.   Normalized applied maximum stress vs. 
Fatigue Life at T = 90°C, R = 0.1, f = 10 Hz. 
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Figure 5. Compression-bend fixtures. 

analytically using the solution for a pinned beam 
deflection with end loading. Validation of the 
analytical solution was conducted on material 
samples outfitted with strain gages at mid-span 
subject to bending in the fixture. Figure 6 provides a 
comparison of the analytical solution and measured 
strain for various end to end distances in the fixture. 

The calculated values and measured data match 
quite well; the average error is about 6%. The 
calculated strains seem to provide an upper bound to 
the measured values. The error can largely be 
explained by the fact the strain gages averaged the 
strain around the point of maximum strain and do 
not report the actual maximum strain. Also 
contributing to the error, the previous equations 
assume a constant and uniform bending modulus. It 
is possible that the compressive and tensile bending 
moduli differ slightly so that the e=0 at t/2 
assumption is no longer exact. From the behavior of 
the data and the small error compared to theoretical 
expectations it is obvious that these fixtures allow a 
good axial loading and reproducible data. 

Figure 7 and 8 show representative results for the 
stress rupture data collected for the two materials, at 
90 and 120°C, respectively. At 90°C, the time to 
rupture  in  bending,  as  a function  of maximum 

0.9 S 
0.8 u » 
0.7 ■ • 
0.6 ■ V 
0.5 in 
0.4 

0.3 
0.2 

0.1 

0 

\ 
O calculated strain 

■ measured strain 

4 4.5 5 5.5 

Bid to end distance (Inches) 

Figure 8.    Applied maximum strain vs. observed 
time for rupture at 120°C. 

applied strain level, becomes large below about 60 
percent of the ultimate strain. For 120°C, the rupture 
times are all very short, as expected, since this is 
above the glass transition temperature of the matrix 
material. 

4.4 Long term stress aging in bending 

One material sample was aged at 90°C in the end 
loaded bending condition with the maximum strain 
at 30% strain at failure at room temperature. No 
failure was observed in this sample for 100 days. 
Residual strength tensile tests were performed to 
determine the reduction in strength due to stress 
aging. Results from this sample along with data for 
comparison are presented in Table 3. 

Table 3. Results of quasi-static tension tests of 
stress-aged Baycomp material.  
Condition Strength 

JM  
Modulus 
(Msi) 

Figure 6. Normalized strain vs. fixture length. 

Aged in bending 181.6 
30% ef at 90°C for 
100 days 

Aged unstressed at      193.8 
90°C for 100 days 

Unaged 186.6 

14.3 

14.3 

14.2 
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4.5 Tensile stress rupture vs. bending stress rupture 

In the actual service condition, this material will be 
mainly subject to tensile loading, with small 
compressive loads due to curvature changes. A 
detailed examination of the bending stress rupture 
samples indicated that they had failed from 
microbuckling resulting from compressive stresses 
on the inside of the bend. A smaller number of 
tensile stress rupture tests were conducted to verify 
that the compressive loading indeed resulted in the 
premature failure. The resulting tests and detailed 
analyses were conducted to establish a tensile stress 
rupture design curve for a 90°C design temperature 
and the maximum allowable compression load in 
service. 

4.6 Initial service life curve 

Based on the results of the tests conducted to date, 
an initial model has been developed by Virginia 
Tech for use in service life prediction (Figure 9). 
The service life curves will be encoded into a 
subroutine for integration into Wellstream's design 
codes for prediction of the service life of the 
composite armored flexible pipe. 

5.   PIPE STRUCTURE DESIGN AND 
MANUFACTURE 

Two 4-inch ID, 6 m long prototype sections were 
manufactured by stripping down a conventional pipe 
to the Flexwear over Flexlok layer. The composite 
armor material was then laid on the pipe using a 
manual process. The armor material was taped to 
hold it in place. A heat shrink wrapping tape was 
used for the outer sheath, since the short lengths 
precluded the normal extrusion process for this 
layer. 

The pipe designs were prepared using 
Wellstream's proprietary computer program 
PipeMaker™.       The   tensile   armor   mechanical 
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Figure 9. Applied maximum stress vs. Life at T = 
90°C,R = 0.1,n = 10Hz 

properties (strength, tensile modulus) were modified 
based on the minimum specified properties of the 
composite tensile armor material at 23°C. 
PipeMaker™ provides a prediction of the burst 
pressure, collapse pressure, failure tension, bending 
stiffness, weight per unit length, and other primary 
mechanical properties of the composite pipe 
structure. 

6.   END FITTING DESIGN 

One of the main focuses of the design effort is the 
composite armor termination in the end fitting. 
Quoting API Specification 17J for unbonded flexible 
pipe: 

"The end fittings shall be designed for reliable 
termination of all pipe layers, such that leakage, 
structural deformation, or pull-out of wires or 
extruded layers does not occur for the service life of 
the pipe." 

The main area to address with composite armor, 
is prevention of tensile armor pullout over the life. It 
is not feasible to terminate the composite armor in 
the end fitting without some resulting stress 
concentration. With steel armored pipe, successful 
failure tension tests always results in breakage of the 
wire adjacent to the end fitting. As long as the 
resulting failure tension is above the predicted value, 
this is acceptable. With the composite armored pipe, 
the same result must be achieved. There can be no 
premature failure resulting from composite armor 
pullout or failure significantly below the material 
tensile strength. Otherwise the allowable utilization 
of the material is significantly impacted. 

A typical end fitting design for composite armor 
is presented in Figure 10. The tensile strength of the 
end fitting results from the anchoring of the strip in 
the tapered section between the end fitting body and 
jacket. After assembly, the tapered section is filled 
with epoxy to anchor the tensile layer. A proprietary 
method for effectively tabbing the composite armor 
in high volume production has been established. 
The end tab results in an increase in cross sectional 
area at the strip end, which prevents pullout of the 
strip from the epoxy. The method was verified by 
conducting single strip pull tests. A termination 
method was considered acceptable if the strip broke 
at or near its known tensile strength before pulling 
out. 

Special attention must also be paid to the 
transition of the composite armor into the end fitting. 
Tight bends and designs resulting in loading on the 
strip in directions other than along its length must be 
avoided    to    result    in    a    successful    design. 
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Figure 10. Typical end fitting design for composite armor 

7.   STATIC QUALIFICATION TEST PROGRAM 
AND RESULTS 

One of the pipe samples was subject to a burst test 
and one was subject to a failure tension test. Prior to 
conducting the tests, each pipe sample was subject to 
a factory acceptance hydrostatic test to 310 barg (1.5 
times the design pressure) with a 24 hour hold 
period. The results of the testing are summarized in 
Table 4. 

Pressure elongation measurements were made on 
the burst test sample and tensile elongation measure- 
ments were made on the failure tension test sample. 
These results are being used for calibration of 
analytical models for pressure elongation and axial 
stiffness. 

8.   FUTURE WORK 

The following work is in process or being planned to 
commercialize the composite armored composite 
flexible pipe. 

Aging and stress rupture tests with up to 600 days 
exposure are being conducted to provide comprehen- 
sive data to finalize the material service life model. 

The friction coefficient and wear resistance of the 
composite armor against the adjacent anti-wear tape 
layer is being measured. 

The service life model will be updated based on 
the results of the long term tests and incorporated 
into Wellstream's computer programs. 

A larger diameter, longer length full scale pro- 
totype pipe will be manufactured using an armoring 

Table 4. Static Test Results 
Test Actual 

Value 
Predicted 
Value 

Actual/ 
Predicted 

Burst Test 
Failure 
Tension Test 

711 bar 
1583 kN 

706 bar 
1528 kN 

1.01 
1.04 

work center specifically designed for application of 
the composite armor on a production basis. Pipe 
samples will be subject to the burst and failure 
tension static qualification tests. In addition, a full 
scale dynamic test will be conducted to simulate the 
mean and alternating stress levels experienced by the 
composite armored pipe in service. 

9.   CONCLUSIONS 

The feasibility of using thermoplastic composite 
strip for the tensile armor layer in unbonded flexible 
pipe has been established. 

Material testing has verified that carbon fiber/PPS 
polymer thermoplastic strip is suitable for this appli- 
cation in high temperature and deep water service. 

An initial service life model has been established 
based on the material qualification testing. The fail- 
ure modes of stress rupture due to combined envi- 
ronmental and static loading and fatigue due to 
alternating stress loading have been incorporated 
into the model. 

The pipe structure design and end termination 
design has been verified to be suitable based on a 
full scale burst test and failure tension test. The pipe 
design software predicts the failure values with 
acceptable accuracy. 
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2 Physical and chemical aging processes in high temperature applications 
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ABSTRACT: Glass forming materials, including thermoset and thermoplastic resins commonly used in 
polymer matrix composites for high performance applications, undergo structural relaxation when they are 
cooled through the glass transition region, due to the glassy non equilibrium state. The process towards the 
equilibrium follows complex paths deriving from its inherent nonlinear and nonexponential character. In this 
paper sub-Tg annealing studies have been carried out with both neat PEI and its carbon fiber composites. 
The in-situ resin (i.e. the resin constrained into the fibers lattice) showed a marked decrease of the glass 
transition temperature. The comparison between the plain and the in situ matrix was done on the basis of the 
same degree of undercooling (i.e. the same distance from Tg). It was found that the composite aged faster 
than the plain matrix. 
The macroscopic effects of structural relaxation on PEI based composites were analyzed by fatigue tests in a 
four-point bending geometry at different level of stress ratio R (the ratio of the minimum to the maximum 
stress). The aged samples showed an higher characteristic strength which resulted in a correspondingly 
higher fatigue life compared to the as manufactured materials. 

1 INTRODUCTION 

An amorphous polymer (or the amorphous portion 
of a semiciystalline polymer) above its glass 
transition temperature is a viscoelastic rubber in 
thermodynamic equilibrium. When such a material 
is cooled below its glass transition, a nonequilibrium 
glass is obtained. This is a direct consequence of the 
considerably longer time scale of molecular 
relaxations within and below the glass transition 
region compared to the experimental time scale of 
the applied signal. In other words, even the slowest 
experimentally attainable cooling rate is much too 
fast for the polymer chains to relax to equilibrium 
while undergoing a rubber to glass transformation. 
The ensuing nonequilibrium structure first 
experience an abrupt contraction and then undergoes 
a time-dependent rearrangement toward the 
equilibrium state. The elastic (instantaneous) 
contraction results from the vibrational relaxations 
that originate in the response of the atomic bonds 
and whose characteristic relaxation times are 
extremely      fast.      The      subsequent     gradual 

rearrangement of the nonequilibrium structure is 
much slower and is referred to as structural 
relaxation. 
Experimentally, structural relaxation is followed by 
monitoring the variation in some structure sensitive 
property, such as enthalpy or volume. The most 
widely used experimental technique is differential 
scanning calorimetry (DSC), which measures the 
recovery of enthalpy during structural relaxation. 
Simultaneously, as the nonequilibrium structure 
spontaneously evolves towards equilibrium, 
mechanical properties of the glass also change and 
this has come to be know as physical aging. 
The aging rate depends on the annealing 
temperature or, more precisely, on its distance from 
the glass transition temperature, Tgo. Upon 
decreasing this distance molecular mobility will 
increase, accelerating the relaxation, while the 
driving force, defined as the entire path to cover 
(Fig.l), will reduce. 
Over the years many authors have contributed to the 
understanding of structural relaxation and physical 
aging, as described in several book and key reviews 
(Kovacs 1958, Struik 1978, Ngai et al. 1985, Sherer 
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temperature. 

1988, Matsuoka 1992). The most complete account 
of enthalpy recovery during structural relaxation is 
given in the review by Hodge (Hodge 1994), which 
offers a comprehensive discourse on the theoretical 
and  experimental aspects of the problem, presents 
an     incisive     analysis     of    its     fundamental 
characteristics, and point out how the incorrect 
handling   of   nonlinearity   (that   has   frequently 
appeared   in  the  open   literature)   leads  to  the 
unreliable treatment of enthalpy recovery. 
The two principal features of structural relaxation 
are       nonexponentiality       and       nonlinearity. 
Nonexponentiality implies that structural relaxation 
is subdivided into a number of processes, each 
characterized by its own relaxation time. Thus a 
distribution of relaxation times must be known to 
fully describe the nonexponential character    of 
structural  relaxation.  Nonlinearity,  on the  other 
hand, signifies a dependence of structural relaxation 
on the direction and magnitude of the applied 
perturbation (i.e. temperature jump). A major early 
contribution to the development of the theory of 
structural relaxation in the glassy state was the 
introduction of the concept of Active temperature by 
Tool    (Tool    1946),    who    recognized    that    a 
nonequilibrium glass could not be described by 
temperature and pressure only and suggested that the 
characteristic relaxation time must also be a function 
of the evolving structure, the latter being described 
by a parameter termed Active temperature. Detailed 
discussion of nonexponentiality, nonlinearity and 
fictive temperature can be found in the above cited 
references. 
The effect of physical aging on mechanical 
properties of neat polymers have been reported in a 
number papers dealing with several technique from 

which it has been demonstrated that the modulus 
and the strength increases , while the fracture energy 
or toughness decreases with increasing aging time 
(Struick 1978, Yang et al. 1996). However, the 
effect   of   physical   aging   on   polymer   based 
composites has been rarely investigated. Indeed the 
mechanical    properties    of    high    performance 
composites are fiber dominated and even the in situ 
matrix undergoes physical aging subtle changes of 
mechanical properties are expected.(Dil!ard 1991). 
Further, it is to be recognized that during the 
manufacturing process of thermoplastic composites 
having a high  fiber content,  the  fibers  lattice 
function as a three-dimensional constraint to the 
matrix collapse subsequent to the cooling processes, 
and upon cooling through the glass transition region 
a  latent state  of stress  will  be  frozen-in.  The 
complex state of stress arising from the processing 
stage is dominated by either the overall geometry of 
the fibers ( i.e. the stacking sequence of laminates 
etc.)    and    by    local    innhomogeneity    factors 
contributing to the formations of clusters of fibers as 
well as resin-rich areas (Asp 1996) 
In such conditions the local stress state will vary 
between    nearly    shear    dominated    to    nearly 
hydrostatic. Thus the same given matrix will be 
predisposed to different deformation and failure 
modes in different regions of the composite. In 
addition to this remarkable assumption it has to be 
mentioned that the state of stress of the in-situ resin 
is the source of the glass transition temperature 
variations. It is well known, in fact, that while the 
pressure increases the Tg (Ferry 1980) tensile and 
shear stress decrease it. Chow (Chow 1984) derived 
a theoretical expression for the Tg   variation as a 
function of the stress state. Indeed a given decrease 
of Tg can be associated to either a shear or a tensile 
state of stress. The measure of the in-situ Tg is then 
an indirect measure of the overall stress state. 
In this paper the multiparameter model based on the 

Narayanaswamy   approach,   which    is   able   to 
correctly predict the nonexponential and nonlinear 
character of structural relaxation, is adopted. The 
model   doesn't take into account the actual stress 
state particularly in the constitutive equation for the 
structural relaxation time. Qualitatively it can be 
argued that, upon annealing in the sub-Tg region a 
composite    sample,    two    main    effects    occur 
simultaneously acting in opposite directions : a) the 
structural relaxation b) the stress relaxation. The 
structural relaxation would increase the stress state 
as the fiber lattice function as a three-dimensional 
constraint to the volume contraction  while, on the 
other hand, the stress relaxation would decrease the 
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Tg depression originated during the cooling process. 
The manner the two phenomena interact is the 
subject under study in our laboratory. However, as 
a general rule, a correct constitutive equation for the 
structural relaxation times should include the effect 
of stress state when the presence of a superposed 
state of stress into the material is recognized. The 
anomalous results presented in the following 
concerning the calorimetric characterization of the 
in-situ resin are debited to the both unknown level 
of stress state and complex interaction between the 
two phenomena. The complex interaction of stress 
and structural relaxation occurring in the sub-Tg 
region influence the mechanical properties of the in- 
situ resin as well as those of the composite system. 
The composite under study is a quasi-isotropic 
laminate having a carbon fiber volume content of 
about 51% (58% by weigth). Thus the in-plane 
moduli are completely fiber dominated and even the 
highest change of matrix modulus due to the 
physical aging results in a negligible effect on the 
composite elastic properties. The strength of a 
composite, on the contrary, is dominated by the 
statistical distribution of defects. For this reason a 
two parameters Weibull distribution is generally 
invoked for a correct description of such property. In 
this respect clusters of fibers as well as resin-rich 
areas (where the local stress state will vary between 
nearly shear dominated to nearly hydrostatic) act as 
the source of defects. The higher the level of stress 
(or strain) originated during cooling the lower the 
critical stress (or strain) to failure of the in-situ resin. 
Among the micromechanical events (fiber rupture, 
debonding, fiber buckling, matrix failure) 
determining the strength degradation in service life 
of a composite structure the role of the matrix aging 
can be observed by comparing the mechanical 
response of samples cut from the same composite 
tile and subjected to different sub-Tg annealing. In 
this paper mechanical as well as fatigue response of 
as manufactured and aged samples were compared. 
The aging time and temperature were selected, 
according to the calorimetric characterization, in 
order to test samples which experienced almost the 
overall relaxation process. 
The durability of organic resin matrix composites 
(especially those used as component in many critical 
applications such as aerospace vehicles) is mostly 
related to both critical environments and extreme 
temperatures. In this conditions the fatigue life is 
highly affected by irreversible physical and 
chemical degradations. Instead, physical aging is a 
reversible phenomenon that can induce macroscopic 
change on mechanical properties of neat polymer 

while its effect on composites is highly masked by 
fiber dominated properties. 
In this work the property used to study structural 

relaxation is the enthalpy. This preference was 
established during the past decade, primarily as a 
result of the advancements in differential 
calorimetry (DSC) and subsequently of consolidated 
procedures for a correct measure of enthalpy 
relaxation (McKinney et al. 1967, Richardson 1972, 
Richardson & Savil 1975, Gilmour & Hay 1977, 
Kemmish & Hay 1985, Carfagna et al. 1986) by 
monitoring the continuous decrease of polymers' Tg 
(Richardson & Savil 1977). The Narayanaswamy- 
Moynhiam (NM) approach was utilized as the 
analytical tool for both the long term prediction for 
structural relaxation and the selection of a 
characteristic time at a given temperature needed to 
compare the mechanical behavior of aged and 
unaged sample. 

2 EXPERIMENTAL 

2.1 Materials 

The composite used in this investigation was a 
continuous graphite fibers reinforced matrix of PEL 
The prepreg utilized was a 5H satin 285g/m2 having 
a nominal fiber content of 58% by weigth (51% by 
volume). 
The laminate composite tiles were manufactured in 
a mold with a hot-plates hydraulic press. The mold 
is made of two parts. The bottom one is a still plate 
onto which four ridges are bolted to form a square 
area measuring 20x20 cm. , where the sheets of 
composite are set. The upper section of the mold is 
another steel plate that fits exactly over the square 
area. The mold surfaces in contact with the 
composite material are linked with a kapton film. 
The kapton film and the mold are preconditioned 
with a mold releasing agent. The previously cut-to- 
size sheets of composite are layered according to the 
required specifications and sandwiched with the 
kapton film in the mold. The mold-kapton film- 
composite sheet assembly is heated in the press to 
608°F operating temperature. Once this temperature 
is reached a force of 12.4 Klbs is applied and 
maintained for the duration of the rest of the 
process, which consists of 10 min. at 608 °F and 
then cooling down to room temperature. At this 
point the mold is removed from the press and 
opened to extract the newly made composite tile. 
Eight-ply quasi-isotropic laminates were fabricated 
from prepregs. 
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2.2 Differential Scanning Calorimetry 

Thermal analysis was carried out on both neat resin 
and composite samples cut from the laminate using 
a DSC 30 by Mettler: The measured Tg of the unged 
materials were 214°C for PEI and 183°C for its 
composite. 
Our study focused on three different aging 
temperatures: Tg-30, Tg-20 and Tg-10°C. 
The experimental path for each calorimetric test 
carried on pure matrix was selected according to the 
following scheme: an isothermal annealing above 
Tg to erase all previous thermal histories, a quench 
to aging temperature holding the temperature 
constant for an assigned time. Then the sample was 
cooled to room temperature and finally reheated, at 
fixed rate (10°C/min.), up to a temperature well 
above Tg. 
Composite samples were aged the at Tg-20 and Tg- 
10°C after heating up from room temperature (at a 
heating rate of 10°C/min). This procedure avoid to 
erase the thermal history suffered during the 
manufacturing process. 
The main effect of physical aging on calorimetric 
results is an endothermic peak in the glassy 
transition region. Petrie (Petrie 1972) drew the 
fundamentals for the study of enthalpy relaxation by 
differential scanning calorimetry. He considered the 
energy absorbed during heating be equivalent to the 
enthalpy relaxed during the previous annealing 
towards the equilibrium conditions (the lowest level 
of internal energy). However, it must be pointed out 
that calorimetric results are strictly dependent on the 
heating rate selected: two samples subjected to the 
same aging time and then heated at different rates 
give rise to two endothermic peaks characterized by 
different areas. This means that polymers restructure 
their internal configuration in accordance with the 
thermal path (Lagasse 1982) 
These arguments confirm that even if the peak 
temperature is a quasi linear function of both aging 
temperature and log of annealing time, when the 
glass is not too close to equilibrium (Hodge 1983), it 
is not simple to correlate the peak area to the aging 
time. 
In order to avoid estimation errors, the Cp-T curves 
will be transformed in the H-T curves following the 
procedure proposed by Richardson and Savil 
(Richardson & Savil 1977, Richardson & Savil 
1979). Only this way a correct value of Tg can be 
determined (even during aging) as the intersection of 
the liquid and glassy asymptotes. The evaluation of 
Tg is not possible in the Cp-T diagram because the 
endothermic peak masks the glass transition region. 

According to the "building block approach" scheme, 
the simplest thermal effect on selected material was 
considered. It consisted of an isothermal annealing 
that will be modeled within the frame of the 
isothermal approach described below. Then the 
experimental results obtained have been modeled by 
the Narayanaswamy-Mohynian theory which has 
come to be known as the dynamic approach. In both 
cases predictive models gave quite fair results. 

2.3 Mechanical characterization 

The specimens for static and fatigue tests were cut 
from rectangular plates, about 200 mm in length and 
width, and 2.2 mm in thickness, made of woven 
fabric carbon fiber reinforced Polyetheimmide 
(PEI). The dimensions of the samples were 80 mm x 
20 mm. The measured fibre content by volume was 
Vf = 51%. Both the static and fatigue tests were 
carried out in four-point bending at room 
temperature, adopting an outer span 1 = 66 mm, an 
inner span a = 22 mm. The testing machine was an 
Instron 8501 servo-hydraulic system in load control 
mode. A sinusoidal waveform was chosen. The 
frequencies used during the fatigue tests were in the 
range f = 2 - 5 Hz, to avoid significant heating of the 
material. The actual frequency was chosen so that 
the same initial stress rate could be applied on all 
the samples. Therefore, higher frequencies were 
used for lower maximum stress levels. The stress 
ratio was varied in the range R=0.1-0.7, and the 
criterion of complete failure was conventionally 
assumed to assess fatigue life. The load levels 
during fatigue were selected in the range 0.4 - 0.9 of 
the mean static failure load. The latter was measured 
in crosshead control, at a crosshead speed of 100 
mm/min, to provide an initial stress rate similar to 
that attained in fatigue. In all, twenty-five static and 
twenty fatigue tests were performed. 

3   RESULTS AND DISCUSSION 

3.1 Enthalpy Relaxation 

The study of enthalpy relaxation of in-situ resin 
cannot be approached separately from the effects 
involved in the manufacturing process . In fact, in 
Figure 2 are reported two Cp-T traces coming out 
from heating scans running from room temperature 
to well above Tg for the in-situ resin. The first scan 
of the as-manufactured composite shows a lower Tg 
(183°C) while the second one gives back the Tg of 
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Fig. 2 DSC traces for the in-situ resin. 

neat resin (214°C). Indeed upon passing through the 
glass transition region the previous thermal histories 
are fade away and an internal unstressed state is 
restored. The data in Figure 2 are a direct evidence 
of the influence of stress state on the calorimetric 
response of the in-situ resin. This is the reason why 
the thermal paths related to the neat and the in situ 
resin (described in the experimental section) are 
somewhat different. 
In this work it has been assumed that the progress of 
structural relaxation of the in situ resin is only a 
little influenced (especially in the early stage of the 
process) by an up quench to the aging temperature. 

PH 
488 

Tg(K)|| 
486 - 
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—©— Tg-30°C 
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0 10° 2 103 4 103 6 103 8 103 1 1041.2 104 

time (min) 
Fig. 3 The absolute progress of Tg (of Tf) with time 
for neat PEL 

3.2 Isothermal Approach 

The isothermal approach consists in monitoring Tg 
decrease towards the aging temperature and its 
scope is to identify the parameters of a simple 
model able to predict the progress of structural 
relaxation in isothermal conditions. 
In Figure 3 Tg versus aging time at three different 
annealing temperatures is plotted for the neat resin. 
As mentioned above the values of the Tg were 
determined converting the Cp-T traces to the 
enthalpy-Temperature plot. Accordingly the 
progress of Tg was measured as the intersection of 
the liquid and glassy asymptotes. The analysis of 
these curves can be misleading due to the 
overlapping of the two competing factors that 
influence the relaxation: upon Ta approaches Tg the 
molecular mobility increases while correspondingly 
the driving force, defined as the entire path to cover 
(see Fig.l), is reduced. 
A rational comparison of the relaxation process at 
different aging temperature Ta can be made by 
introducing a normalized relaxation function <|>(t) 
defined as follows: 

<K0 = i- 
AH(t)  _,    ACp(t)[Tgo-Tg(t)] 

= 1 
AH max ACp     [Tgo-Ta] 

(1) 

where AH(t) is the enthalpy relaxed at time t and 
AHmax represent maximum difference of enthalpy 
content between unaged and equilibrium state at a 
fixed aging temperature; Tgo is the initial Tg and 
Tg(t) its variation during aging; ACp(t) and ACp are 
the differences between the asymptotic values of Cp 
in the rubbery and in the glassy state for aged and 
unaged material, respectively. It is generally 
assumed (Richardson & Savil 1979) that ACp 
doesn't change with aging (i.e. ACp(t)/ACp =1), then 
equation 1 can be simplified as follows: 

<K0 = i 
Tgo-Tg(t) 

Tgo - Ta 
(2) 

Figure 4 shows the trends of the <|>(t) function 
concerning the three temperatures of interest. 
The  experimental  data were  fitted through the 
Williams-Watts (Williams & Watts 1970, Williams 
et al. 1971) equation: 

(|>(t) = exp (3) 
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Fig. 4 The experimental and calculated <|>(t) function 
as obtained from the data of Figure 3. 

where T0 is defined as the characteristic value of the 
relaxation times distribution and ß as its width (a 
real number between 0 and 1). The parameters T0 

and ß were evaluated for the Tg-10°C curve. The 
resulting ß was 0.37. This value was utilized to fit 
the data at Tg-30 and Tg-20°C. 
The above procedure reflected both algebraic and 
physical needs: 
a) the data at Tg-10°C correspond to an almost 
totally relaxed process (the function <|>(t) covers 
roughly 80% of its path). Only in such conditions 
realistic values of parameters of the stretched 
exponential can be obtained 
b) It is postulated that the process in play is 
chemorheologically simple (i.e. its temperature 
dependence is such that the distribution of relaxation 
times suffers only a shift along the time axis 
without changing the shape) 
From Figure 4 it can be seen that after about 10 
min. <|>(t) reach the values of 0.9,0.6, and 0.25 at Tg- 
30, Tg-20 and Tg-10°C, respectively. 

3.3 Dynamic Approach 

The material response to a complex thermal history 
involving stages of heating and cooling at constant 
rates can be modeled considering a series of 
successive steps in temperature, each one of fixed 
length (AT), with intermediate isothermal periods 
reproducing the rate of temperature change . 
Linearization   of  equation   2   can   be   obtained 

introducing   the   reduced   time   (Narayanaswamy 
1971): 

\= Jdt/i (4) 

allowing to apply the superposition principle to the 
response to different steps. 
The already introduced thermal relaxation function 
<(»(t), can be still expressed using the Williams-Watts 
equation referring to an instantaneous temperature 
change as follows: 

<K0 = 
p-p 
 e_ 
P  -P 

o     e 

= exp 
(i 

df/T (5) 

where P0 is the value of property P at time ti (time 
at which the change in temperature occurs) and Pc 

the equilibrium value of P at final temperature. 
Several expressions for the structural relaxation time 
have been proposed, all exponential in form and 
containing temperature and Active temperature as 
variables. In this study we select the 
Narayanaswamy-Moynihan (NM) expression: 

T = Aexp 
AE    .,      , AE 

x + (l-x)  
RT RTf 

(6) 

Here i is the characteristic relaxation time, A is a 
constant (pre-exponential factor), AE is the 
characteristic activation energy. Parameter x 
(0<x<l) partitions activation energy into two parts 
that characterize the relative effects of the 
temperature and structure, respectively, on the 
relaxation time (Narayanaswamy, 1971). The fictive 
temperature, Tf, is the temperature at which a 
nonequilibrium glass at temperature T would be in 
equilibrium. The choice of the empirical NM 
equation over the other more fundamental 
expressions will not debated here; its use is a direct 
consequence of the excellent agreement with 
experimental results generated by our group and by 
other researchers. Numerically the glassy value of Tf 
provides a definition of Tg and corresponds to the 
temperature of intersection of the equilibrium He-T 
curve with a line drawn parallel to the glassy Hg-T 
curve and passing through the actual point (H-T). 
This definition is usually preferred over those given 
in terms of the heat capacity curve measured during 
heating either as the onset or the midpoint 
temperatures when the annealed glasses are 
considered . Mathematically, Tf is defined by: 
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-^dT= j    e P) 

g 
ST 

dT (7) 

where Pe is the equilibrium value of P, Pg is the 
corresponding value in the glassy state, Tr a 
temperature in the equilibrium region and T the 
actual temperature. 
Taking the derivative with respect to the temperature 
of both sides of equation (7) a new equation can be 
obtained in which the temperature derivatives (R) of 
P appear: 

dTf       R(T)-Rg(T) 

^w-yv (8) 

When the investigated property is the enthalpy , R 
represents the specific heat and equation (8 ) can be 
rewritten as: 

C  (T)-C    (T) 
C     (T) = - PS 

P Cn,(T)-C    (T)' (9) 
'Plv Pg 

The CP(T) function is experimentally determined by 
DSC tests assuming for Cpg and Cpl the asymptotic 
experimental values. The normalized function Cp

n 

(T) gives by integration the Tf (T) function. 
On the other side, thanks to the restored linearity 
(eq.4), the net response to a series of temperature 
jumps can be given by their superposition: 

T-=T + 
f      o 1-exp 

't'(T) "\ 

jdt/T 
kt(T> ) 

\dV (10) 

with T0 being the initial temperature. 
Equations (6) and (10) are coupled and can be 
solved by numerical methods (as the Marquardt 
algorithm) to find the optimum set of parameters (x, 
AE, A and ß) that best describes the behavior of the 
Cp of the material in the glass transition region. The 
objective    function    for    the    optimization    is: 

where CpN* is the calculated 
N' N 

the  normalized  specific 
region    and    Cp      its 

heat  in  the 
experimental 

HCP 
value   for 
transition 
counterpart. 
The iterative numerical method requires the input of 
starting values of the parameters.   Their selection 
can be reasonably made in the following way: 

PHagedatT=Tg-20oC 

440     460     480     500     520     540 
Temperature (K) 

Fig. 5a Experimental and calculated (NM approach) 
normalized Cp. 

CaAon / PH aged at T=Tg - 20°C 

420   440   460   480   500   520   540 
Temperature (K) 

Fig. 5b Experimental and calculated (NM approach) 
normalized Cp. 

1) AE can be obtained experimentally from the 
dependence of Tf on the cooling rate, q: plotting 
Log(q) versus 1/Tf a straight line will interpolate 
the experimental points and its slope gives the 
activation energy; in fact it is (Moynihan et al. 
1976): 
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AE 

R 

dLn(q) 

"d(l/Tf) 
(H) 

2)       Ln A is determined from equation 6 by 
assuming that at Tg, T is of order of unity and T = 
Tg = Tf then (Gomez Ribelles et al. 1990): 

LnA = - 
AE 

RTg 
(12) 

3)       input values of x and ß can be chosen 
according to literature data. Their field of variability 
is very limited. 
Usually the computer calculation ends after about 
five or six iterations with the optimized parameters 
which define materials  structure relaxation  and 
allow to predict their behavior until very long times 
when subjected to any kind of previous thermal 

history. 
In this work the dynamic approach was considered 
for neat and in-situ resin. 
In Figure 5 a,b the experimental points and the 
calculated curves are reported. It can be observed 
that the model gives an excellent fitting in all cases. 
However  the   four  parameters   (assumed   to   be 
constant in the NM model)evaluated from each best 
fitting procedure change with aging time (see table 
I). Indeed, the variability of AE/R and Ln A is very 
limited while x and ß suffer more scatter. 

Carbon /PH at T = Tg-20°C 
I   |   I   I   l   |   '   '   '   I   '   '   '   I   '   '   '   |   '   '   '; 

Table I ( PEI aged atT = Tp-20°C) 

x AE/R* 10" Ln A (min) P 
Unaged .28 .225 -459 .489 

2hrs .10 .227 -463 .363 

6hrs .121 .242 -494 .356 

12hrs .144 .288 -464 .358 

24hrs .208 .208 -414 .419 

48hrs .197 .213 -433 .374 

63hrs .22 .219 -447 .416 

120 hrs .252 .222 -452 .512 

Mean      |   .19 .223 -153 .411 

Anyway, the fitting with averaged values still 
returns a good correlation. This result is not 
completely surprising. A number of authors (Plazek 
et al. 1984, McCrum 1984, Prest et al. 1980, Ngai 
1979) found a variability of ß and x with annealing 
time and temperature, in contrast to the theoretical 
prediction. . 
This probably because it should be used a model in 
which the relaxation time spectrum (t,ß) is 
considered to be an explicit function of both 
temperature and annealing time. Anyway, in order 
to minimize the possible errors, the mean values of 
each parameter were considered to define an unique 
set of variables to be used in the further model 
computations to predict CpN - T curves at longer 
aging times (until 6 months). The so obtained 
"virtual" plots (Figs. 6 a,b) were transformed in the 
TrT diagram and the corresponding T<t) estimation 
was done (Fig. 7). 

Carbon /PH at T = Tg-20°C 
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Fig. 6 Long time model prediction (NM approach) 
of normalized Cp. 
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Fig. 7 Schematic plot of Tf versus T. The set point 
is the annealing temperature, Ta. 
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Fig.   8   Experimental  and  calculated   isothermal 
behavior of neat PEL 

From figure 8 it can be pointed out as the difference 
between estimated (by the model) and calculated 
(experimentally) interpolating curves adopting the 
WW equation, are very narrow, especially if we 
look at values reached at very long times. 
A very interesting result came out from the 
comparison of the calculated and the already 
available (from the previous mentioned isothermal 
approach) <|>(t) function of the neat resin. 
On the contrary a very visible difference was found 
in comparing neat resin and composite (Fig. 9) 
because the former seems much more resistant to the 
aging, approaching about the 60% of the relaxation 
after 6 months, while the latter, at the same time, is 
almost totally relaxed. 

3.4 Mechanical Behavior 

From the above calorimetric analysis it was 
concluded that composite samples annealed at Tg- 
20°C relaxes in a characteristic time, T<» of 104 min. 
which roughly corresponds to one week aging. 

3.4.1 Strength Distribution 

From the static flexural tests, the mean strength of 
the materials under concern was calculated through 
the well known strength of materials formulae, 
providing o0= 998 MPa and a„=1076 MPa for 
imaged and aged samples, respectively. 
Mechanical as well as fatigue tests were performed 
at room temperature. 

0      1 104   2 104   3 104   4 104   5 104 

time (min) 

Fig. 9 Comparison of calculated isothermal 
behavior of neat and in-situ resin based on the same 
degree of undercooling, Tg-20°C. 
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Fig. 10   Statistical distribution of measured static 
strength, a0, for both aged and imaged sample. 

It is assumed that the scatter in the static material 
strength, or0, is well represented by a two-parameter 
Weibull distribution. Therefore, the probability to 
find a a0 value < x is given by 

Fo-0(x) = P(a„<x) = 1 - expKx/y)5] (13) 
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where y is the characteristic strength and 8 the shape 
parameter. 
The distributions of the static strength according to a 
two-parameter Weibull distribution are shown in 
Figure 10. The results of the static tests were used to 
evaluate, by the best fit method, the characteristic 
strength y and the shape parameter 8. The values of 
y =1063 Mpa, 8=11.2 and y=l 147 Mpa, 8=12.5 were 
obtained for imaged and aged samples, respectively. 
From figure 10 it is clear that the sub Tg aging 
treatments provoked a net shift of the distribution 
towards higher strength. The above results are 
somewhat in agreement with the hypotheses of a 
concurrent stress relaxation during the aging which 
in fact increases the critical stress to failure of the 
in-situ resin. It is to be underlined that both aged and 
imaged samples came from the same tile. In this 
respect the net shift of the distribution can be 
attributed solely to a change in the matrix behavior. 

3.4.2. Fatigue model 

In this section, the features of a model (D' Amore et 
al. 1996) relevant to the present work are recalled. 
The starting point for the model proposed was the 
hypothesis that, during cycle evolution, the material 
strength undergoes a continuous decay, following a 
power law: 

dn 
-a-n ,-b (14) 

where an is the residual material strength after n 
cycles, and "b" is a positive definite constants, 
dependent on the material under concern, as well as 
on the loading modalities. The constant "a" was 
assumed to linearly increase with stress amplitude 
Aa: 

a = a„ • Acr (15) 

where ao, similarly to b, is a constant for given 
material and load conditions, and ACT is defined as: 

AO" = °max-°'min (16) 

In eq. (16), amax, °"min represent the maximum and 
minimum stress during fatigue cycling, respectively. 
Substituting eq. (15) in eq. (14), the latter was 
integrated, and the constant of integration was 
obtained by the boundary condition n=l -> on=o-o. 
where a0 is the static strength of virgin material. 
Introducing the stress ratio R, given by: 

(17) 
°max 

the following equation was obtained: 

o0-a.=o-a1I11,-0-R)-(n'-l) (18) 

with 

(19') 
1-b 

ß=l-b (19") 

Eq. (18) provided the evolution of strength 
degradation with fatigue cycling. Supposing that the 
fatigue failure happens when the residual material 
strength matches the maximum applied stress, the 
critical number of cycles to failure, N, was 
calculated putting CTn = Omax in eq- (18): 

N = [l+—4r-(-^-l)J/ß 
L     a(l-R)    amax      J 

(20) 

Eq. (20) was rearranged in the following form: 

Vomflx     J 1-R 

According to eq. (21), all the fatigue data should 
converge to a single master curve, irrespective of 

i inij mild timd 

1        100      104 

N 
10° 10°      10 

Fig. 11 - Semi-log plot of the maximum stress, 
o"max> against number of cycles to failure, N. The 
stress ratio is R.=0.1. 
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the stress ratio adopted, when the quantity on the left 
side of eq. (21) is reported against N. Moreover, 
reporting the term on the left side against (NP-1) 
should result in a straight line passing through the 
origin, having slope a. The latter observation was 
used to evaluate a and ß by suitably adjusting the ß 
value until the best fit straight line fitting the 
experimental data actually passed through the origin. 

3.4.3. Fatigue behavior 

The fatigue data obtained selecting the loading ratio 
R=0.1 were reported in figure 11 on a classical S-N 
plot on a semi-log scale. The net shift encountered 
in static test persists in the fatigue data. However, 
as depicted in figure 12, the data become 
indistinguishable when they are normalized to the 
mean strength, Go- The same behavior was observed 
on a different set of data (not shown here) 
concerning a loading ratio R=0.7. For these reasons 
the features of a two parameter model for the 
strength degradation with number of cycles 
accounting for the effect of stress ratio on the fatigue 
life was adopted. 
To test the model eq.3.321 was utilized. According 
to it, all the fatigue data obtained for different R 
values should converge to a single curve, provided 
the term on the left side, indicated by the symbol K 
in the following, is reported   against N. Indeed, 
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Fig. 12 - Semi-log plot of the normalized maximum 
stress, omax/o"o, against number of cycles to failure, 
N. The stress ratio is R.=0.1. 
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Fig. 13 - Plot for the evaluation of the constants a, ß 
appearing in eq.21 

according to eq. 21, plotting K against (Np-1) should 
result in a straight line passing through the origin, 
provided the correct value is used for ß 
This observation was utilized to calculate both ß and 
a. The latter value should be given by the slope of 
the straight line. The previous procedure was 
followed also in this work, and the results reported 
in figure 13 were obtained, putting ß= 0.16. In mis 
figure, no distinction is visible between points 
referring to either different R values or aged and 
unaged materials. It can be seen that, although some 
scatter, all the points actually follow a linear trend. 
From the slope of the best fit straight line, the value 
a=0.130 was calculated. The continuous lines in 
figure 11 and 12 represent the fatigue predictions 
based on the above model, in which the specified 
constant a and ß, where adopted. The agreement 
with experimental data is satisfying. 

4. Conclusions 

The structural relaxation of PEI and its carbon fiber 
composites was investigated for the sake of 
studying the effect of physical aging on mechanical 
and fatigue behavior 
The Narayanaswamy -Moynhian theory for enthalpy 
relaxation was utilized as the analytical tool capable 
to highlight the difference between the systems 
under concern. The different behavior between neat 
and in situ resin is debited to the level of frozen-in 
stresses originated during the processing stage of the 
composites. The effect of stress state on structural 
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relaxation is twofold: a depression of Tg and a 
concurrent stress relaxation which influence the 
progress of structural relaxation. 
The in situ resin aged faster the plain resin. In this 
respect the comparison was done on the basis of the 
same degree of undercooling, i.e. the same distance 
from the proper Tg. The above approach represents 
a rational method for the accelerate evaluation of 
glassy state of polymer based system. The approach 
allowed the selection of a characteristic time for the 
study of the effect of physical aging on fatigue 
behavior of PEI based composite materials. 
Aged materials showed a shift of the Weibull 
distribution function towards higher strength. Since 
the phenomenon is solely attributed to the resin 
relaxation it was argued that the in-situ resin 
undergoes stress relaxation, in fact increasing its 
critical stress or strain to failure. The absolute 
fatigue data suffered the same shift. However aged 
and unaged materials show a complete superposition 
of S-N curves when the maximum stress is 
normalized with respect to the corresponding static 
strength. A two-parameter model accounting for the 
effect of stress ratio was adopted for the description 
of fatigue data. A self consistent procedure was 
utilized for the estimation of model parameters. 
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ABSTRACT: The use of composites in high temperature, long lifetime applications requires a basic 
understanding of composite degradation mechanisms, advances in analytical capabilities, and accurate 
accelerated and scaled tests. To advance all of these goals, models are proposed based on a variety of 
fundamental material mechanisms. Thermal, oxygen, and moisture diffusion, chemical reactions, composite 
micromechanics, modified laminated plate theory, and fracture mechanics based damage models are used. All 
models attempt to stay as simple and fundamental as possible. All are coupled, so that interactions between 
various effects are modeled implicitly. Ongoing efforts at MIT are reviewed here, with some reference to other 
work, but no attempt is made to do a comprehensive review. Mechanism based models are yielding 
understanding of the mechanisms behind observed degradation phenomena, are helping to design accelerated 
tests, and are the first steps towards a predictive capability. 

1 INTRODUCTION 

The next generation of advanced aerospace vehicles 
will require composite primary structural components 
which meet strict performance requirements. 
Vehicles such as supersonic transport aircraft, 
supersonic cruise military aircraft, and reusable 
launch or hypervelocity vehicles are all exposed to 
severe, cyclic environments. Programs to develop 
these vehicles require assurance that composite 
structures can provide lifetime performance in severe 
environments. 

Long term exposure to high temperatures, high 
stresses, moisture, oxidizing environments, corrosive 
substances, etc., are observed to degrade the 
performance of composite structures. These effects 
are magnified by cyclic loadings. Purely empirical 
approaches to these problems are difficult or 
impractical. The many material and configuration 
options available when designing composite 
structures makes testing all possible combinations 
impractical; conversely, locking in material and 
configuration choices before confirming durability is, 
limiting at best, and potentially disastrous. The 
single worst problem is simply the time required. 
Waiting an aircraft lifetime to determine the suitability 
of a new material is not acceptable to most users. 

Much of this complexity could be avoided if the 
degradation processes and their effects could be 

modeled. There are a number of approaches 
available. Models which attempt to directly capture 
the relevant physical phenomena, and derive the 
resulting effects on the composite as a consequence 
of these phenomena, are referred to as mechanism- 
based. Based on gross experimental observations, a 
variety of simple mechanisms are assumed to be 
operating. Each of these can be described using 
fundamental engineering principles. Complex 
observed behavior is then predicted as a consequence 
of the operation and interaction of the simple 
mechanisms. 

Ideally, mechanism-based models would be 
simple, well grounded on fundamental physical 
principles, and result in measures of direct interest to 
analysts and designers. In practice, compromises 
must be made; often the metrics easy to model or 
measure (e.g. weight loss) must be empirically or 
semi-empirically connected with metrics of interest 
(such as material mechanical properties). 

This paper will cover mechanism-based models 
relevant to degradation of polymer matrix 
composites, and a proposed framework in which they 
can yield useful information on laminate behavior. 
The models will be explored by example more than 
by exhaustive review, with emphasis on, but not sole 
consideration of, MIT work. A running example will 
be presented. A thin skin for a supersonic aircraft 
will be used to illustrate each part of the model, with 
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the results building cumulatively until damage is 
(successfully) predicted based only on knowledge of 
the environment and material properties. 

A frank discussion of the successes, failures, and 
difficulties of the models will be included. Finally, 
challenges to the community in the areas of improved 
models, integration, and the incorporation of 
mechanism-based models into practical analytical, 
test, and design methods will be presented. 

2 APPROACH 

Figure 1 schematically illustrates a composite in 
service. Heat from the environment conducts into the 
composite. The composite is observed to gain and 
lose weight in response to changes in the moisture 
environment; diffusion of moisture into the material is 
assumed to be the cause. Degradation is observed; it 
can be quantified in the form of changes in material 
properties, appearance, glass transition temperature, 
and weight, both in a visible surface layer, and 
throughout the composite. It is assumed that 
degradation is due to permanent chemical changes in 
the material, possibly aided by oxygen or other 
substances diffusing in from the environment. At 
any point in the composite, close examination will 
reveal changes in the properties of the individual 
constituents. It is assumed that these changes are 
consequences of their altered chemistry. The 
properties of the composite therefore change, and this 
change is presumed to be responsible for the 
observed changes in behavior at the laminate level, in 
particular the response of the laminate to mechanical 
loads. Observed damage such as cracking is 
assumed to be due to the combined effects of 
mechanical loads and environmental factors. Finally, 
damage affects the degradation process, presumably 
because the cracks allow freer ingress of the 
environment, affecting the diffusion and chemical 
degradation mechanisms. 

Figure 2 shows the proposed mechanism-based 
modeling scheme, given these observed physics. 
Thermal conduction with appropriate boundary 
conditions models the heat transfer; coupled diffusion 
and chemical reaction processes model the invasion 
of degrading substances into the composite and the 
resulting chemical changes. The chemical state is 
presumed to change the properties of the composite, 
and hence its response to loads, and this may lead to 
damage. This in turn can affect the thermal, 
diffusion, and mechanical response of the composite, 
necessitating a coupled model. Note the figure 
illustrates the practical organization of the scheme 
developed here—for example, thermal and moisture 
diffusion processes are mathematically similar, but in 
practice operate at different time scales, and are 
handled by different codes. 

Laminate/ 
Structure 

"Material Composite 

Figure 1. Schematic of events leading to degraded performance. 
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Figure 2. Modeling framework. 
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Figure 3. Geometry 

3 MODELING 

3.1  Geometry 

Shown in Figure 3 is a long, wide, thin plate 
(LxWxh) typical of composite structures. The plate 
consists of composite plies, each composed of fiber 
and matrix materials. An environment, uniform in 
space but time-varying, is applied to one or both 
sides. Temperature Too, relative humidity 4>„o and 
oxygen concentration C0Xoo are specified at the 
surfaces, and loads N and moments M are specified 
at the edges, all as functions of time. The response is 
assumed to be a function only of the depth into the 
material z and time t. 
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3.2 Diffusion 

Heat, moisture and oxygen diffuse into the plate. 
These phenomena are described by similar 
mathematics, but have very different time scales, and 
are handled quite differently in practice. 

3.2.1 Thermal response. The thermal response is 
assumed to be controlled by conduction. 
Conductivity may be affected by degradation 
(charring) or damage (delamination) (McManus & 
Springer 1992a, b). The conductivity of composites 
is anisotropic; it may be fully anisotropic or 
orthotropic. Heat may also be consumed or liberated 
by chemical reactions. The general model for 
anisotropic conductivity with generation is 

dt   dxi 
D; 

v dx 1) 
(1) 

degradation and damage. This model, and a very 
efficient method for implementing it to solve 
problems involving very large numbers of thermal 
and moisture cycles, is fully described in Foch 
(1997), and Foch & McManus (1997). 

The model was applied to a typical high speed 
aircraft cyclic environment, shown in Figure 4. Hot 
dry supersonic flight conditions alternate with cold 
dry subsonic flight, and warm wet ground 
conditions. The results are shown schematically in 
Figure 5. Near the surface, each cycle causes large 
variations in the moisture content. In the interior, a 
quasi-equilibrium level is reached after a few hundred 
cycles. The simple model reveals the essential nature 
of the moisture absorption; it also coincidentally 
yields simple methods for estimating the depth of the 
moisture affected zone and the interior quasi- 
equilibrium level. 

where Dy is the thermal diffusivity (Djj = Ky I cpp) 
and rs represents the effect of reactions. The 
composites considered have in-plane conductivity 
Kxx, and through thickness conductivity K&, with K^ 
typically much greater than Ku. Higher Kxx leads to 
increased heat flow to/from edges. For some 
problems, this may make the simplified geometry of 
Figure 2 inaccurate and require two- or three- 
dimensional analysis (Milke & Vizzini 1991). 
Parametric studies of transient thermal problems 
(Crews, in prep.) indicates that a one dimensional 
analysis will suffice if 

h4^JK^«L,W (2) 

This requirement becomes difficult to meet for typical 
composite thermal conductivities (Kxx < Kzz). This 
requirement also applies to other transport properties 
such as moisture and oxygen diffusivities, which 
may be even more anisotropic. 

For our example problem, a thin plate in typical 
aircraft service, thermal response is so much faster 
than other processes that it is convenient and 
acceptably accurate to assume that the temperature 
everywhere is simply equal to the environment 
temperature. 

3.2.2 Moisture. Moisture ingress is modeled by 
Fickian diffusion. Equation 1 applies, with £>y 
representing the moisture diffusivity, moisture 
concentration cm replacing T, and rs representing 
trapped or reacted water, if required. Saturation 
moisture content is assumed to be a simple function 
of environment relative humidity. The surface is 
assumed to always be in equilibrium with the 
environment. The diffusivity is exponentially 
temperature dependent; it may also depend on 

Temp / <. 

^ time 

-65°F 
(10 min) 

Figure 4. High speed aircraft environmental test profile. 
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Figure 5. Moisture absorption in a cyclic environment. 

3.2.3 Oxygen and other substances. Other 
substances are also assumed to enter the composite 
via anisotropic Fickian diffusion. Mathematically, 
this diffusion is modeled using Eq. 1, with the 
concentration cs of diffusing substance s replacing T 
and consumption by reactions accounted for by the rs 
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term. Diffusion is assumed to be exponentially 
dependent on temperature, and can also be dependent 
on chemical degradation and damage. 

3.3 Degradation 

Temperature, time, and corrosive substances such as 
oxygen can chemically degrade the matrix. The 
actual chemistry of this degradation is very complex. 
Degradation can be modeled by tracking one or more 
degradation metrics a;. These metrics track 
processes such as postcuring, oxidative crosslinking, 
hydrolysis, or mass loss (charring) reactions. Virgin 
material has a; = 0, while a,- = 1 means that chemical 
reaction i has been completed. These metrics must be 
chosen with care; typically one selects metrics that 
correspond to measurable changes such as Tg 

changes (for post-curing reactions or physical aging), 
mass gain (for hydrolytic or oxidative crosslinking 
reactions), or mass loss (for polymer breakdown). 

Typically, reaction rates are calculated from the 
local temperature T, concentration cs of diffusing 
substance s, and previous progress of the reaction or,, 
using an Arrhenius reaction such as: 

f = M,-„)V*eXp(f (3) 

Here, the rate fe;, activation energy £,-, and powers 
msi and n; are parameters of the reaction that must be 
determined experimentally. The concentration cs 

must be calculated by diffusion modeling, and if the 
diffusing substance is consumed by the reaction, its 
concentration will be altered by the reaction. Thus 
the diffusion and reaction models are coupled. 

This kind of modeling has been used extensively to 
model the charring and ablation of carbon-phenolic 
rocket motor liners (McManus 1992), the charring of 
graphite/epoxy composites in fires (Crews & 
McManus 1997), and to model the degradation of 
graphite/polyimide composites in engine applications 
(Cunningham & McManus 1996). 

Use of these models requires accurate values for 
the degradation parameters. Unfortunately, it is often 
the case that an apparently simple degradation 
measurement will actually be a confounded mix of 
diffusion processes (e.g. diffusion of oxygen) and 
the results of several different degradation reactions. 
To untangle this, an analysis-driven test procedure 
has been established (Cunningham 1996, McManus 
& Cunningham 1997). First, the reactions are 
quantified using Thermogravametric Analysis (TGA) 
tests performed on finely powdered specimens in 
both nitrogen and air. Powdered samples eliminate 
diffusion as a consideration. The nitrogen tests allow 
the parameters for the purely thermal reactions to be 
calculated; the air tests, plus the model developed for 

the thermal reactions, allows the backing out of the 
parameters of the additional reactions due to the 
presence of oxygen. Finally, tests performed on 
macroscopic specimens of different geometries can be 
used to back out diffusion coefficients. 

Figures 6 and 7 illustrate the use of a three-reaction 
model to match TGA results for the degradation of 
the matrix of a graphite/polyimide composite. Mass 
loss from a sample heated at a constant rate is shown. 
First, nitrogen TGA results are modeled using two 
reactions (Fig. 6); then oxidative reactions are 
captured using the thermal model along with a single 
additional reaction (Fig. 7). The resulting model 
captures the thermal and oxidative chemistry of the 
matrix. 
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Figure 6.  Two-part thermal reaction model fit to TGA mass 
loss data for powder specimens in nitrogen. 
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Figure 7.  Two thermal and one oxidative reactions fit TGA 
mass loss data for powdered specimen in air. 
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Figure 8 shows sample results from a series of 
isothermal exposure tests carried out on macroscopic 
neat resin and composite specimens of varying 
dimensions. By measuring weight loss and the 
growth of a visibly degraded layer, diffusion 
constants can be determined, completing the model. 

An important general result of the modeling and 
analysis-driven testing is that the degradation process 
is a multi-step process. It can be controlled by the 
diffusion or reaction rates. In the cases studied, the 
usual pattern was that the degradation was diffusion 
limited, with most mass loss occurring near the 
surface. The mass loss from macroscopic specimens 
was therefore a badly confounded metric, as it is an 
average of the mass loss from a badly degraded 
surface area and a relatively untouched interior. 

The coupled diffusion-reaction model has been 
incorporated into the same code, CODSTRAN, used 
in the moisture analysis, and applied to similar flight 
cycles. The results are discussed in Foch & 
McManus (1997) and Foch (1997). Figure 9 shows 
a typical result. Severe degradation takes place near 
the surface, and proceeds slowly into the material 
from both exposed surfaces. 

3.4 Mechanical properties of degraded material 

Given an understanding of the chemical state, it is 
desirable to know mechanical properties as functions 
of the metrics of this state. This can be accomplished 
purely empirically, by testing the composite structure 
in the degraded state of interest, but this lacks 
generality. It is more desirable to measure properties 
at the most fundamental level (i.e. lamina or fiber- 
matrix), as functions of the metrics used to describe 
the degradation state (i.e. temperature and the metrics 
ai). A truly mechanistic model would predict the 
mechanical properties from the chemistry of the 
degradation state, but this sort of capability is at best 
several decades in the future. A semi-emperical 
approach taken here is to measure the properties of 
the matrix or the composite as functions of the 
degradation metrics. 

There are difficulties. Given a uniformly degraded 
test specimen, it is often difficult to isolate the effects 
of test temperature and the various degradation 
mechanisms. Worse, environmental exposure does 
not result in a uniformly degraded specimen. A 
popular method of measuring "material properties" of 
degraded specimens is shown in cartoon form in 
Figure 10. Bending induces a stress gradient; this 
gradient interacts with a severe material property 
gradient if, as is typical, the material degrades non- 
uniformly. What is measured is the response of a 
very complex structure to a moderately complex 
loading, NOT a material property. 

However, analysis-driven test programs can be 
designed, exploiting the understanding gained by the 
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Figure 8.   Diffusion/reaction model captures behavior of a 
macroscopic specimen. 
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Figure 9.   Combined model predicts surface degradation in 
cyclic use environment. 
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Figure 10. Bending test of a degraded specimen puts complex 
loading into a complex structure. 

degradation models, to extract true material properties 
under many circumstances. In ongoing work (Tsuji, 
in prep.), mechanical and thermal bend tests with 
various specimen geometries are used to extract 
material properties from thin degraded layers. 
Another approach (Crews & McManus 1997) is to 
condition the specimens carefully to generate uniform 
desired degradation states. 
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3.5 Thermomechanical analyses 

3.5.1 Micromechanics. Mechanical properties can 
be collected at the lamina level, obviating the need for 
micromechanical analysis. However, it is often more 
practical, and always more general, to collected 
degraded matrix properties, and attempt to predict the 
composite ply properties using micromechanics. 
Also, some degradation mechanics (e.g. matrix 
shrinkage) operate at the micromechanical level, and 
cannot be accurately characterized at the ply level. 
Here, a modified version of an existing set of 
micromechanical relations is used to predict the 
properties of composite plies as functions of the 
properties of the constituent materials, which are 
themselves functions of the degradation metrics. A 
link is thus made from the degradation state to the 
mechanical behavior of the composite. 

A modified version of the micromechanics 
established by Chamis and his group are used 
(McManus 1994, McManus & Chamis 1996). The 
dependence of matrix properties on degradation states 
is handled by fitting a simple power law to data. For 
example, a property P at temperature T and in 
degradation state a could be found from a relation 
such as 

Pn 
?4(1 + ^) (4) 

Here, Tg is the glass transition temperature (which 
may itself be a degradation metric), T0 the reference 
temperature, P0 the undegraded property at the 
reference temperature, and p and q are parameters fit 
to data and provided as input to the code. Another 
complication is the fact that the matrix may shrink as 
it degrades. This is handled as a stress-free strain in 
the matrix, in a way similar to thermal expansion 
strains. In our example problem, Eq. 4 gives matrix 
properties as functions of material state, and the 
fibers are assumed to be stable. 

3.5.2 Composite analysis. Once the properties and 
thermal and shrinkage strains at the ply level are 
calculated, all that is required is a Classical Laminated 
Plate Theory (CLPT) analysis that is slightly 
modified to handle shrinkage strains. Again, the 
treatment is similar to that for thermal expansion 
strains. Stresses and strains are predicted in the 
degrading composite, and any standard ply failure 
criteria can be applied. 

The stress field in a typical degrading composite 
will be complex, with mechanical, thermal, hygral, 
and degradation-shrinkage-induced stresses all 
contributing. Figure 11 shows the stresses 
transverse to the plies of both unidirectional and 
quasi-isotropic laminates exposed to the environment 

shown in Figure 4. These stresses are due to 
degradation (Fig. 9) and moisture (Fig. 5), and are in 
addition to stresses due to mechanical or thermal 
loading. The degradation state is also plotted on this 
figure to illustrate the severe stresses that build up in 
plies that are subject to degradation. 

3.5.3 Implementation. The micromechanical and 
composite analyses have been implemented in a 
modified version of the ICAN code (McManus & 
Chamis 1996). The diffusion and degradation code 
CODSTRAN includes the option of writing ICAN 
input decks for automatic stress analyses at selected 
times during the degradation analysis. 
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Figure 11. Stress due to legra dation and mois ure. 

3.6 Microcracking 

Microcracking is the most obvious form of damage 
seen in degraded composites. It can also arise from 
mechanical loads, or thermal residual stresses, and is 
accelerated by cycling of any of these causes. The 
prediction of microcracking based on shear-lag or 
other stress analyses and simple fracture mechanics 
principles is well established (McManus & 
Maddocks 1996), and modeling of fatigue is under 
development (Park & McManus 1996, Reynolds & 
McManus, in prep.). Microcracking due to 
degradation has been widely observed (e.g. 
Cunningham 1996); moisture and solvents also are 
observed to greatly accelerate microcracking (Dillard 
et al. 1997, Nairn, unpubl.). Given the degradation 
state, properties from previous analyses, and 
empirical knowledge of the effects of degradation on 
the in-situ toughness of the material, microcracking 
can be predicted using tools such as the 
CRACKOMATIC code (McManus & Maddocks 
1996, Michii & McManus 1997). This interface is 
not yet automated, however. 
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Figure 12. Cracks seen at exposed edge. 

iÄtiaKii/i 

Figure 13. Uncracked material far from edges or surfaces. 

Application of microcracking analyses to our example 
predicts severe microcracking in the material near 
exposed surfaces and edges due to both higher 
stresses and lower material toughness in these 
regions. No cracking is predicted in the interior of 
specimens, which are relatively unaffected by 
moisture and degradation, and not sufficiently 
stressed by the thermal cycling to crack. Figures 12 
and 13 show rather dramatic, if qualitative, 
confirmation of the analysis- a polyimide composite 
shows extensive cracking at an exposed edge, but 
none more than a millimeter in from the edge. 

4 DISCUSSION 

Primarily, mechanism-based models aid in the 
understanding of the actual mechanisms that are 
responsible for complex observed behavior-they help 
sort out what is really going on. In our example, 
complex moisture absorption behavior was revealed, 
with a surface layer subject to repeated severe cycles 
and a relatively dry core. Degradation was also 
restricted to a surface layer, although it continued to 
grow and could be a threat over very long times. The 
resulting stress state was complex, with moisture and 
degradation induced stresses interacting with thermal 
and mechanical stresses. Cracking was expected near 

surfaces and edges, due to degraded material 
properties and added stresses, but the interior of most 
materials was predicted not to crack. The complex 
behaviors were predicted by combinations of very 
simple models. 

In all of the above-mentioned cases, the models 
have helped to clarify the fundamental issues behind 
observed problems. They have been particularly 
important for designing tests. Typically, tests of 
degraded laminate properties (such as laminate 
strength) yield results that are dependent on specific 
test conditions, layups, etc. Such tests confound the 
effects of many mechanisms. The use of mechanism- 
based models allows the design of tests to measure 
discrete components of the degradation process (such 
as changes in matrix chemistry). Ideally, laminate 
behavior under specific environmental conditions can 
then be predicted from the models using such data. 

This ideal picture is clouded by a number of 
difficulties. Models of individual phenomena are not 
fully mature. For example, recent work shows that 
full description of microcracking behavior requires 
statistical treatment of flaws and material properties 
(Michii & McManus 1997), and traditional models 
may not be sufficient to predict the effects of 
microcracking on strength. Models may also 
represent trade-offs between accuracy and 
usefulness. Full description of the reactions of 
degradation of polymers would require tracking a 
very complex set of reactions, for example. Models 
may not represent unique solutions-two very 
different sets of fundamental physical assumptions 
may lead to models that describe very similar 
behavior. Finally, existing models may simply be 
insufficient to describe the observed phenomena 
under some circumstances. 

The models of individual phenomena are also not 
fully integrated. Both disciplinary and scale gaps 
stand in the way of integrating existing models. For 
example, reasonable success in determining the 
moisture and chemical degradation state in a complex, 
cyclical environment does not translate directly into 
the desired knowledge of reductions (if any) in 
laminate properties. Extensive data, which is difficult 
to collect, is required to translate changes in hygro- 
chemical state into changes in matrix and interface 
properties. These changes must then be translated via 
micro and ply mechanics into changes in properties 
on the laminate scale. 

Finally, truly mechanistic models can be unwieldy 
for design. Ideally, design methodologies will adapt 
to incorporate added modeling capability, but this 
does not happen overnight (Lagace et al. 1996). 
Mechanism-based models can be used to generate 
understanding, but must be reduced to simpler, more 
practical analysis, test, and design methods if they are 
to be immediately useful. In a similar fashion, the 
test programs designed using mechanism-based 
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models can get out of hand. A complete 
understanding of a material's long term behavior in 
complex environments is likely to require a great deal 
of fundamental testing. Such tests may be fairly 
simple, and their results applicable over wide ranges 
of conditions, but doing them all may not be the 
optimal strategy for collecting the information 
necessary to apply a given material to a given 
situation. In both analyses and tests, mechanism 
based understanding must be used to justify and 
understand the uses of (and limits of) simpler, 
perhaps semi-empirical methods. 
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composites 
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ABSTRACT: Earlier work, which reported relationships between compression properties and elevated tem- 
perature aging times and weight losses, also pointed out the apparent influence of surface layer formation and 
growth on the retention of compression properties during extended aging times. Since that time, studies have 
been directed toward evaluating the growth of the surface layer. This layer was found to change in its composi- 
tion and features as the aging temperature changed. Microcracks and small voids initiated and advanced inward 
at all temperatures. Visible oxidation at the surface occurred only at temperatures above 260 °C. Relationships 
between layer thickness and aging time and temperature were evaluated and empirically formulated. Then, the 
compression properties were graphically related to the surface layer thickness with excellent correlation. The 
surface layer was observed to influence the compression strength of thin samples only. 

1 INTRODUCTION 

Programs are under way at the NASA Lewis Research 
Center to develop advanced propulsion systems for 
21st century aircraft. To do this, it is necessary to 
develop predictive models that describe the durability 
of polymer matrix composite structural propulsion 
components under extreme ambient conditions. 
This paper is aimed toward developing an engineering- 
based description of the thermal and mechanical 
durability of graphite-fabric-reinforced, polyimide, 
PMR-15 composites at temperatures ranging from 
204 to 343 °C. Aging times reached 26,300 h for 
specimens aged at 204 °C. Particular attention was 
given to those chemically induced physical changes 
that have the most influence on the degradation of com- 
pression properties. Results were evaluated by the 
(1) thermal oxidative stability (TOS) of the compos- 
ite, (2) composite compression properties, and (3) 
microstructural changes. 

2 MATERIALS 

The material that was studied was PMR-15 reinforced 
with T650-35,24 by 23,8 harness satin-weave graph- 
ite fiber fabric. The aged specimens measured about 
11- by 9-cm in length and width and were either 4, 8, 
or 20 plies thick. These dimensions were chosen to 
provide nominal cut-edge to total-surface-area percent- 

ages of 3, 5, and 12 percent, where the total surface 
area consisted of both cut and molded surfaces. The 
molded surfaces were those that were in contact with 
the metal mold or vacuum bag during the curing proc- 
ess. The materials were processed at GE Aircraft 
Engines, Inc., in Evendale, Ohio. 

3 TESTING 

The composite materials used were aged in air- 
circulating ovens at temperatures of 204, 260, 288, 
316, and 343 °C, and an air flow maintained at 100 
cm3/min. The laminates were removed periodically, 
allowed to cool in a desiccator, weighed, and either 
returned to the oven or permanently removed for test- 
ing. The aging time was considered to be complete 
when the weight loss exceeded 10 percent. 

All specimens were conditioned at 125 °C for 16 h 
before compression tests were conducted. The com- 
pression tests were performed as specified in Test 
Method for Compressive Properties of Rigid Plastics 
(ASTM D-695M), with a cross-head speed of 1.2 mm/ 
min, a temperature of 23.3 °C, and a relative humidity 
of 50 percent. No end tabs were used. Strain was meas- 
ured with an extensometer, and moduli were measured 
using strains and loads at 500 and 1500 microstrain. 
Surface layer thicknesses were measured from photo- 
micrographs of sectioned specimens. 
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Figure 1. Compression strength of T650-35/PMR-15 
composite specimens as a function of aging time at 
various temperatures. Number of plies, 20. 
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Figure 2. Compression modulus of T650-35/PMR-15 
composite specimens as a function of aging time at 
various temperatures. Number of plies, 20. 

4 RESULTS 

Selected specimens were removed from the aging 
ovens for compression testing at different times dur- 
ing the aging periods. Figures 1-2 (from Bowles et al. 
1995) show strengths and moduli, respectively, of the 
20-ply specimens plotted against aging time. When 
the ordinate variable is aging time, the relationships 
all appear to be separate linear curves with a different 
slope for each temperature. However, the data from 
the 204 and 260 °C tests appear to be identical. When 
percent weight loss is the independent variable, all the 
data except that of the specimens aged at 204 °C 
appear to collapse onto a single curve with the rela- 
tionship In Sc = 4.614 - 10.259 x 10"2 w, where Sc is 
the compression strength in MN/m2 and w is the per- 
cent weight loss. Neither of these two relationships, 
percent weight loss or aging time, produce one weight 
loss curve that accommodates the data at all the tem- 
peratures that were studied. The data from Figure 1 
indicate that the PMR-15 composite material will not 
retain its strength very long at temperatures over 
260 °C. The initial moduli values appear to be retained 
for longer periods at the lower temperatures (Fig. 2). 

As mentioned in the MATERIALS section, the 
fabric-reinforced composites had two types of surfaces. 
For these tests, the majority of surface area was com- 
posed of a resin-rich molded surface that was in 
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Figure 3. Weight loss of T650-35/PMR-15 composites as a 
function of aging time at 316 °C. 

Molded surface layer 

Figure 4. Microcrack and oxidation layer growth during 
isothermal aging 

contact with the autoclave bagging material during the 
processing phase. The cut edges, which contained fiber 
ends and axial fiber surfaces, comprised the second 
type of surface. Previous studies showed that weight 
loss rates are different for these two types of surfaces 
(Bowles & Meyers 1986). This can be illustrated by 
the typical weight-loss versus aging-time plot (at 
316 °C) shown in Figure 3. The plot can be broken 
into three distinct sections: 

(1) The origin to point A shows a rapid weight loss 
that is proportional to the specimen volume. 

(2) Point A to B shows a linear weight loss rate. 
(3) After point B, the weight loss rate is accelerated 

because of cracking and exposed fiber oxidation, 
mainly along cut surfaces. 

Figure 4 shows a schematic of the surface damage 
growth during this period. The depth of cut surface 
damage increased with increasing specimen thickness. 
Because of this, weight loss data cannot be compared 
for specimens of different thicknesses. Also, weight 
losses from cut surfaces exceed those from molded 
surfaces (Bowles & Kamvouris 1995). 

Two different types of surface degradation occur in 
these composites. Aging at the higher temperatures 
(288 to 316 °C) produces a light-colored surface layer 
that grows inward and causes voids and microcracks 
to initiate and grow within the layer, as in Figure 5a. 
The light color is attributed to the formation of solid 
oxidation products at the higher temperatures. At the 
lower temperatures (Fig. 5b), specimens show the same 
advance of voids and microcracks into the surface, but 
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Figure 5. Surface oxidation of T650-35/PMR-15 composite 
specimens aged in air. (a) Aged 1000 h at 316 °C. 
(b) Aged 10,000 hat 204 °C. 
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Figure 6. Adjusted weight loss of composites at 316 °C. 
Number of plies, 8. 
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Figure 7. Surface layer thickness as a function of aging time 
at various temperatures. 

the oxidized light band of matrix material is not 
visible. The two degradation mechanisms that are 
operating during isothermal aging are surface oxida- 
tion and bulk thermal degradation. Results of com- 
pression testing of composite layers that were 
machined parallel to the molded surface layer show 
that after aging was completed at 204 °C for 26,300 h 
the compression strength of the visibly damaged layer 
was one half that of the apparently less damaged cen- 
tral core material. This leads one to believe that the 
growth of the cracked surface layer contributes to the 
degradation of the mechanical properties of PMR-15 
composite material. 

Because the measured weight loss includes the cut- 
edge weight loss, it does not represent the material 
that was machined into the compression test speci- 
mens. Consequently, an estimate of the cut-edge 
weight loss was determined. Cut edges were trimmed 
off some of the aged 11 - by 9-cm panels. These pieces 
were dried and weighed, and their dimensions were 
measured with calipers. The density of the central piece 
and each edge piece was calculated and compared with 
the calculated densities of the pristine laminate, and 
new (adjusted) percent weight loss values were calcu- 
lated from the changes in densities. A sample of the 
results are shown in Figure 6. These data appear to lie 

on or near an extrapolated extension of the AB section 
of the weight loss curve, showing that the actual weight 
loss is much less than that measured during the iso- 
thermal oven tests. It is obvious that another means of 
evaluating composite damage should be investigated. 

The thickness of the surface layer grows during the 
isothermal aging time. Figure 7 shows the relation- 
ship between the thickness of the resin-rich surface 
damage layer and the aging time at all temperatures. 
The relationships appear to be linear at all five tem- 
peratures, with slower growth rates at the lower tem- 
peratures. The data from the two lower temperature 
tests indicate what may be an initial fast rate of growth 
and then a slower steady rate after 1000 h of aging. 
This may be normal scatter, however. One item of 
interest is that these linear curves appear similar to the 
compression strength curves in Figure 1. 

Figures 8-10 present compression strength, plotted 
as a function of the layer thickness of the composite at 
various temperatures. Each figure contains data for one 
specimen thickness: 1.50, 2.77, or 6.78 mm (4, 8, or 
20 plies). All the data for the two thicker specimens 
(Figs 9-10) fall on one curve. The calculated, "best 
fit" set of data included in Figures 9-10 is consistently 
close to the measured values. For specimens machined 
parallel to the molded surfaces of large specimens, the 
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function of surface layer thickness at various tempera- 
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inner, crack-free material decreased in strength by a 
considerable amount (as much as 50 percent). The 
measured strength of the core material was close to 
that of an aged specimen with surface degradation and 
the same thickness. These data indicate that the for- 
mation and growth of the surface layer does not 
significantly reduce the compression properties of 8- 
and 12-ply fabric-reinforced composites. This was not 
so for the thinnest specimens. It is evident in Figure 8 
that the 316 °C data fell below those of lower tem- 
perature compression strengths. This is due to the larger 
percentage of the weaker oxidation layers at the outer 
surfaces. Figures 11-13 show the moduli as a func- 
tion of the layer thickness. In Figures 12-13, the modu- 
lus data collapsed onto one linear curve. 

The relationship between specimen thickness and 
the retention of compression properties is evident in 
these figures. The 8- and 20-ply specimens retained 
their moduli considerably longer than the 4-ply com- 
posite. One other fact to acknowledge is that the 
moduli of the 8-ply composite material did not 
decrease by more than 30 percent over the time stud- 
ied for aging at temperatures below 288 °C. Struc- 
tures that are stiffness dependent should be useable 
for tens of thousands of hours. 
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5 SUMMARY AND CONCLUSIONS 

The results of this study indicate that simple, linear 
relationships exist between the compression proper- 
ties of graphite-fiber-fabric/PMR-15 composites and 
the depth of the surface layer that develops and grows 
during periods of aging at elevated temperatures. The 
buildup of the surface layer is indicative of the physi- 
cal condition of the fabric-reinforced PMR-15 com- 
posites at all temperatures that were studied. However, 
although the surface layer is indicative of the decrease 
in strength, the central core volume is the main 
contributor. 

Specimen thickness is a significant factor in the 
deterioration of compression properties during such 
periods of exposure. It is apparent from Figures 8-10 
that the influence of the surface layer diminishes as 
the composite thickness increases. This is especially 
apparent in Figure 8. The strength data from the 4-ply 
specimens aged at 316 °C are below those measured 
at the other three temperatures. As noted earlier, the 
surface layer for a specimen aged at 316 °C had a 
compression strength about half that of the core mate- 
rial after aging at 204 °C for 26,300 h. Thus, for 
specimens that had a significant amount of oxidative 
attack in the surface layer, thinner specimens should 
show lower strengths than those aged at lower tem- 
peratures. That is what we see in Figure 8. Two deleteri- 
ous mechanisms are observed within the specimens: 
surface oxidation and core reactions. 
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ABSTRACT: Bonded composite materials are being specified for an increasing number of aircraft 
structures and also for repairs to damaged metallic components. Thus, ensuring the long-term operation of 
new airframes and extending the lives of today's aging aircraft depends, in part, on the durability of the 
adhesive bond line. The study described in this report used fracture mechanics concepts to assess the 
environmental durability of two bonded composite systems. Total strain energy release rates were 
determined using closed-form solutions and finite element analyses. Results showed that exposure to 
hot/dry or hot/wet conditions could cause significant reductions in fracture toughness and fatigue threshold. 
The fracture path depended upon the orientation of plies at the bond line interface. In both systems 
examined, threshold strain energy release rates were low compared to fracture toughness and crack growth 
rate sensitivities were extremely high. These results illustrate the importance of considering environmental 
effects in bonded composite design. 

1 INTRODUCTION 

Adhesive bonding is becoming more popular for 
applications involving the joining of aerospace 
composites. However, for this trend to continue, 
additional knowledge is required regarding the long 
term durability of bonded joints. This is especially 
the case for bonded composites which are being 
incorporated into the designs of aerospace vehicles 
intended to last far longer than their predecessors 
and into repairs of cracked, aging aircraft structures. 

Stress-based approaches (Goland & Reissner 
1944 and Hart-Smith & Thrall 1985) have 
traditionally be used for the analysis of adhesively 
bonded joints. However, fracture mechanics 
provides another method of analysis which accounts 
for bond line defects and for cyclic loading effects. 

Fracture mechanics was adapted for use with 
bonded joints by Ripling et al. (1963). They 
proposed using the strain energy release rate, G, 
rather than the stress intensity, K, as a parameter to 
describe fracture. This proposal was based on the 
observation that full development of a plastic zone 
in the adhesive layer, required the use of K, was 
often impossible in the highly constrained bond 
line. Further studies by Shaw (1983) supported the 
choice of G rather than K. The strain energy release 
rate has since become the most often used 
parameter used for bonded joint analysis. 

Many investigators have continued to add to the 
understanding of the fatigue and fracture of 
adhesively bonded composites. Fatigue aspects 
were investigated by Mall et al. (1982) who found 
that crack growth.rates correlated well with applied 
strain energy release rate levels. This information 
led to the development of a fracture mechanics 
approach to the design of bonded joints (Johnson & 
Mall 1985). Fracture mechanics was also used by 
Johnson & Mangalgiri (1987) who examined the 
Mode I, Mode II, and mixed mode toughness of 
several adhesive and matrix materials, and proposed 
using GTota| (GT) as a design criteria. 

This report describes a portion of a larger effort 
underway at Georgia Tech aimed at assessing the 
environmental durability of a number of adhesively 
bonded aerospace material systems using fracture 
mechanics. (Butkus et al., Johnson & Butkus, and 
Valentin et al., 1997) Two of the bonded composite 
systems which are directly related to current 
aerospace applications are the focus of this paper. 

The first, a system consisting of boron-epoxy 
bonded to aluminum, represents bonded repairs 
being made to cracked metallic aircraft structures. 
In addition to not requiring that holes be drilled in 
the surrounding structure, as a riveted repair would 
require, the bonded patches have the added 
advantage of reducing the stress intensity factor at 
the tip of the crack in the underlying structure 
(Poole 1994). This system is currently used by the 
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US and Australian air forces as well as on a select 
number of commercial aircraft (Belason 1994). 

The second system, consisting of bonded 
graphite-reinforced bismaleimide composite 
adherends, represents control surfaces on the US 
Air Force's new F-22 fighter. Again, the lack of a 
requirement to drill holes in the composite structure 
is an advantage of adhesive bonding for this 
application as is the potential weight savings. 

Specimens consisting of these materials were 
subjected to a variety of environmental conditions 
prior to mechanical testing. These conditions were 
based upon the most severe temperature and 
humidity levels encountered by the specific bonded 
systems in their respective applications. 

Investigations of these two systems employed the 
strain energy release rate, G, to compare and 
contrast the fracture and fatigue behavior of 
specimens exposed to various environments. 
Results showed that environmental effects can be 
significantly detrimental to the fracture toughness 
of bonded composites. Environmental exposure 
can also reduce the strain energy release rate 
necessary to cause threshold crack growth. In 
addition, the fracture path within these bonded 
systems was influenced by the direction of the 
composite plies located next to the bond line. 
These fatigue and fracture characteristics of bonded 
composite joints will be summarized in this paper 
and should be carefully considered in the design of 
adhesively bonded components. 

2 MATERIALS AND SPECIMENS 

To ensure this project was relevant to current 
bonded composite applications, bonded aerospace 
systems and their specific operating environments 
were examined. In addition, specimen fabrication 
was performed by an airframe manufacturer using 
current production methods surface preparations, 
materials, ply lay-ups, etc. 

was prepared by abrasion followed by a methanol 
wipe. A 9.5 mm (0.375 in.) thick aluminum plate 
was prepared using an FPL sodium dichromate etch 
and BR-127 primer. The cured composite panel 
was bonded to the plate using CYTEC's FM 73M 
film which contained a non-woven polyester scrim 
cloth. The resulting bond line was approximately 
200 urn (7.9 x 10"6 in.) thick. Individual specimens 
were cut from the bonded assembly. 

The second system (Gr-BMI/AF-191M/Gr-BMI), 
representing materials in use on the F-22 fighter 
aircraft, consisted of two graphite fiber-reinforced 
bismaleimide adherends joined with a toughened 
epoxy adhesive. Two versions of this system were 
evaluated. One had primarily unidirectional 
[O4/90 ]s adherends, while the other used quasi- 
isotropic [±45/02/±45/90]s adherends similar to the 
lay-up in actual components. The adherends were 
pre-cured as large panels in an autoclave using 
IM7/5250-4 pre-preg. The cured panels were 
abraded and wiped with methanol before being 
bonded together using 3M's AF-191M film which 
contained a non-woven nylon scrim cloth. The bond 
line was approximately 250 um (9.8 x 10"6 in.) 
thick. Following bonding, individual specimens 
were cut from the adhesively joined assembly. 

2.2 Specimen Geometry 

Double cantilever beam (DCB) specimens used for 
this research were nominally 25 mm (1 in.) wide 
and 305 mm (12 in.) long. A Teflon™ release film 
was used to prevent bonding and create crack 
initiation sites at one end of each specimen. 
Loading was accomplished using hinges bonded to 
the end of each adherend. 

The Al/FM 73M/B-Ep specimens were distinctly 
curved. This was caused by the dissimilar 
adherends in this system and the associated 
mismatch of thermal expansion coefficients (aAL = 
22.1 x 10>C [12.3 x 10"6/°F], aD.Ep = 4.5 x 10>C 
[2.5xlO"7°F]). 

2.1 Bonded Material Systems and Fabrication 

Two bonded material systems were investigated. 
The first system (Al/FM®73M/B-Ep), 

representing bonded repairs to cracked aircraft 
structures, consisted of a boron-epoxy laminate 
bonded to a bare 7075-T651 aluminum adherend 
using a toughened aerospace adhesive. The 
composite laminate was manufactured from 
F4/5521 pre-preg using a lay-up of [04/90/03/90/0]s 

designed to withstand loads occurring during 
toughness testing. The laminate was pre-cured as a 
large panel in an autoclave. The composite surface 

3 EXPERIMENTAL PROCEDURES 

Experiments were conducted in a way that 
permitted the behavior of as-received specimens to 
be compared with that of exposed specimens. 

3.1 Environmental Exposure 

Prior to mechanical testing, selected specimens 
were subjected to either isothermal or thermally 
cyclic exposure. Isothermal exposure was 
accomplished using an air circulating oven and, if 
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necessary, a humidity chamber inside the oven. 
Thermal cycling was performed using a specialized 
unit consisting of hot and cold chambers between 
which specimens were automatically shuttled. No 
humidity control was possible with the thermal 
cycling unit. No load was applied to the specimens 
during exposure. 

Exposure conditions used were based upon those 
the material systems experience in service. 
"Hot/wet" conditions simulated runway operations 
in tropical environments. "Hot/dry" conditions 
simulated high performance operations. The low 
temperature of -54°C (-65°F) used in thermal 
cycling represented subsonic flight at high altitudes. 

Selected Al/FM®73M/B-Ep specimens were 
exposed to one of the following three environments: 
1) 100 thermal cycles between -54°C (-65°F) and 
71°C (160°F) following 320 hours of pre- 
conditioning at 71°C (160°F), >90% relative 
humidity (rh) (Figure 1) 
2) 5000 hours exposure to 71°C (160°F), >90% rh 
(hot/wet conditions) 
3) 5000 hours exposure to 71°C (160°F), >90% rh 
(hot/wet conditions) followed by 5000 hours 
exposure to a desiccating environment of 22°C 
(72°F), 10% rh 

Exposure to the desiccating environment was 
performed to determine whether the effects of the 
hot/wet exposure could be reversed. 

Selected Gr-BMI/AF-191M/Gr-BMI were 
exposed to one of the following three environments: 
1) 100 thermal cycles between -54°C (-65°F) and 
104°C (220°F) following 320 hours of pre- 
conditioning at 71°C (160°F), >90% relative 
humidity (rh) (Figure 1) 
2) 5000 hours exposure to 104°C (220°F), 0% rh 
(hot/dry conditions) 
3) 10000 hours exposure to 104°C (220°F), 0% rh 
(hot/dry conditions) 

Temp. 
(°C) 

  104°C (220°F).. 

,*•-  71°C(160°F)    --»äSS, 

_^AI/FM®73M/B-Ep 
.... Gr-BMI/AF-191 M/Gr-BMI 

250 

Temp. 
-50CF) 

20 30 40 
Time (min.) 

Figure 1. Thermal cycling profiles used for the 
Al/FM®73M/B-Ep and Gr-BMI/AF-191M/Gr-BMI 
bonded systems. 

3.2 Testing Procedures 

Prior to testing, specimen edges were sprayed with 
a thin coat of white paint and stamped with a scale 
having 0.5 mm (0.02 in.) increments. This 
facilitated the determination of crack length. 
During testing, the edges were monitored with a 
traveling microscope with a minimum 20X 
magnification. 

Testing was conducted on either a servohydraulic 
or screw-driven test frame equipped with a 
computerized data acquisition and control system. 
Most testing was conducted under laboratory 
conditions (22±2°C, 50±5% rh). However, some 
as-received specimens were tested at their low and 
high service temperatures. 

Monotonie tests were conducted under 
displacement control with a speed of 1 mm/min. 
(0.04 in./min.). ASTM D3433-75 and ASTM 
D5228-94a were used as guidelines. Crack growth 
in these specimens was not catastrophic, so the long 
bond line permitted repeated tests to be conducted 
on single specimens. This allowed several 
toughness values to be obtained from one specimen. 

Fatigue tests at 1 Hz were also conducted under 
displacement control using a displacement R-ratio 
(5min/8max) of 0.1. This resulted in load shedding 
and the facilitated the identification of G levels at 
threshold growth rates of da/dN = 10"6 mm/cycle (4 
x 10" in./cycle), a rate based on previous work 
(Marceau et al. 1978, and Mall et al. 1982). 

4 ANALYSIS 

Both closed form and finite element analyses were 
performed. The type of analysis depended upon the 
bonded system being examined. 

4.1 Closed Form Solutions 

Gr-BMI/AF-191M/Gr-BMI specimens were 
analyzed using a closed form solution (Hashemi et 
al. 1989, O'Brien et al. 1993). 

Determination of the applied strain energy release 
rate, G,, can be performed using Equation (1): 

G =—— 1    2b Ja (1) 

where P = load; C = specimen compliance (8/P); b 
= specimen width; a = crack length; and 8 = 
crosshead or crack mouth opening displacement. 

Using  beam  theory  and  modeling  the  DCB 
specimens as two cantilever beams with a built-in 
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support on the free end, (1) reduces to: 

3P5 
G' = 2ta 

(2) 

Equation (2) may be modified to account for the 
relationship between compliance and crack length: 

3P8 
G,_2b(a + |A|) 

(3) 

The value A is the intercept of the a-axis by a line 
representing a linear relationship between C and 
a. It serves as a correction to account for the fact 
that the free end of the DCB specimen is not built- 
in. 

To determine the fracture toughness (G,c) of the 
Gr-BMI/AF-191M/Gr-BMI specimens, critical 
values for P and 5 were used in Equation (3). These 
values were obtained from the point at which crack 
growth began and corresponded to the point at 
which P vs. 5 data deviated from linearity. 

Equation (3) was also used to determine the 
applied strain energy release rates for fatigue tests 
by substituting in minimum and maximum levels of 
applied load (P) and displacement (5). 

4.2 Finite Element Solutions 

Due to the dissimilar adherends in the 
Al/FM®73M/B-Ep specimens, they exhibited 
pronounced curvature after curing. Thermal 
residual stresses caused this curvature and also 
produced a residual Mode II strain energy release 
rate (G,,) at the crack tip. G, and Gn levels could 
not be determined with a closed form solution. 
Thus, a numerical, finite element model was 
required to determine the amount of mode mixity 
and to fully understand the behavior of G, and Gn 

during loading. 
The ABAQUS finite element code was used to 

analyze a 2-D model of the DCB specimen. The 
adhesive layer was modeled using four rows of 
four-noded quadrilateral elements. The Al 
adherend was modeled with ten rows, and the B-Ep 
adherend was modeled with one row per ply. The 
model contained 4927 nodes and 4658 elements. 

All materials were assumed to be linearly elastic 
due to a lack of tensile stress-strain curves for the 
adhesives needed to describe material non- 
linearities.   Because of the large ratio of specimen 

width to bond line thickness, plane-strain was also 
assumed. 

The analysis used experimental loads and crack 
lengths to provide crack tip nodal forces and 
displacements. The Mode I, Mode II, and total 
strain energy release rates (G,, Gn, GT) were 
computed using a modified crack closure technique 
(Rybicki & Kanninen 1977). 

Input of critical loads provided fracture toughness 
values for the monotonic tests while input of 
maximum and minimum applied loads yielded 
applied strain energy release rates experienced 
during fatigue testing. 

5 RESULTS AND DISCUSSION 

Testing revealed some distinct effects caused by 
environmental exposure. 

5.1 Fracture Toughness of the Al/Fhf 7 3M/B-Ep 
System 

The Al/FM*73M/B-Ep system exhibited an as- 
received fracture toughness (GTC) of approximately 
815J/m2(4.7in.-lb./in.2). 

The fracture path in this system tested appeared 
to be in the matrix of the boron-epoxy near the 
composite-adhesive interface. Little of the adhesive 
remained on the composite adherend following 
fracture. A few boron fibers were embedded in the 
FM®73M which remained on the aluminum 
adherend. The fracture paths of all A1/FM®73M/B- 
Ep specimens, regardless of pre-test exposure or 
test temperature, exhibited these characteristics. 

Figure 2 shows the effect of pre-test 
environmental exposure on the fracture toughness 
of the Al/FM®73M/B-Ep system. 

Thermal cycling reduced the fracture toughness 
by approximately 35%. It may be possible to 
attribute some of this loss to the 320 hours during 
which the specimens were exposed to hot/wet 
conditions prior to thermal cycling. However, the 
extent of this effect is unknown. 

5000 hours of exposure to a hot/wet environment 
resulted in a 50% loss in toughness. These 
conditions can sometimes decrease fracture 
toughness by attacking insufficiently prepared 
metallic adherend surfaces and causing interfacial 
failure. However, the fracture surfaces of the 
specimens exposed to hot/wet conditions were 
similar to those of the as-received specimens. A 
logical hypothesis would be that the hot/wet 
environment adversely affected the adhesive and/or 
composite matrix material. 
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Figure 2. Effect of environmental exposure on the fracture toughness of the Al/FM 73M/B-Ep system. 
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Figure 3. Effect of test temperature on the fracture toughness of the Al/FM 73M/B-Ep system. 

Following initial testing, the same specimen used 
to determine hot/wet exposure values was placed in 
a desiccator at room temperature for 5000 hours. 
After desiccation, the toughness of this specimen 
appeared to have slightly recovered. However, the 
toughness of the desiccated specimen was still far 
below the as-received toughness. 

Figure 3 shows the effect of test temperature on 
the fracture toughness of the Al/FM 73M/B-Ep 
system. Testing at -54CC (-65°F) reduced GTC by 
approximately 55%, while the toughness obtained 
from testing conducted at 71°C (160°F) did not 
differ appreciably from the as-received values. The 
difference in the thermal expansion coefficients of 
the adherends suggests that the thermally-induced 
strain energy release rate in the bond line was 
magnified at the lower test temperatures.    This 

magnification, combined with a probable decrease 
in the ductility of the adhesive at -54°C (-65°F), 
most likely caused the decreased fracture 
toughness. 

5.2 Fatigue Behavior of the Al/Fif73M/B-Ep 
System 

Fatigue test results are shown in Figure 4. Three 
characteristics of this data are significant. 

The first is the extremely high degree of crack 
growth rate sensitivity shown by this bonded 
system. If the data can be represented by a Paris 
Law type relation of da/dN = C(AGT)n (Roderick et 
al. 1974), the value of the exponent (n) representing 
the slope of the data and the crack growth rate 
sensitivity, is on the order of 10. This is far above 
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Figure 4. Fatigue behavior of the A1/FM®73M/B- 
Ep bonded system. 

the growth rate sensitivity of metals which falls in 
the range of 2-3. (Skinn et al. 1994) 

Second, the threshold strain energy release rate 
range (AGTjth) at da/dN = 10"6 mm/cycle (4 x 10"8 

in./cycle) is approximately 100 J/m2 (0.6 
in.lb./in. ), 
far below the fracture toughness.   This trend was 
also observed by Johnson & Mall (1984). 

Third, the detrimental effect of hot/wet exposure 
observed in the monotonic toughness testing was 
also reflected in a decrease in the threshold strain 
energy release rate. Hot/wet exposure, however, did 
not appear to affect the crack growth rate 
sensitivity. 

The fracture path in the fatigue specimens was 
identical to that in the fracture toughness 
specimens. 

5.3 Mode I Fracture Toughness of the 
Gr-BMI/AF-191M/Gr-BMI System 

The Gr-BMI/AF-191M/Gr-BMI system exhibited 
an as-received fracture toughness (Glc) of 
approximately 1721 J/m (9.8 in.lb./in. ). Because 
the specimens from this system had identical 
adherends, only Mode I was present and G, = GT. 

Therefore, the fracture toughness of this system can 
be compared with that of the Al/FM®73M/B-Ep 
system which was expressed in terms of GT. 

The fracture path in the Gr-BMI/AF-191M/Gr- 
BMI system depended upon the nature of the 
adherends. Specimens    with    unidirectional 
adherends, having 0° plies next to the bond line, 
exhibited cohesive failure in the adhesive layer. 
However, the fracture path in the specimens with 
quasi-isotropic adherends repeatedly switched 
between the ±45° plies on either side of the bond 
line. This resulted in extensive fiber bridging. The 
fracture paths of all Gr-BMI/AF-191M/Gr-BMI 
specimens, regardless of pre-test exposure or test 
temperature, exhibited these general characteristics. 

Figure 5 shows the effect of pre-test 
environmental exposure on the Mode I toughness of 
the Gr-BMI/AF-191M/Gr-BMI system. 

The most noticeable effect was caused by long- 
term isothermal exposure to a hot/dry condition. 
This reduced GIC of the unidirectional system by up 
to approximately 28%. In addition, the as-received 
toughness for the quasi-isotropic specimens was 
lower than the as-received toughness of the 
unidirectional specimens. 

One possible explanation for the lower as- 
received GIC values exhibited by the specimens 
with quasi-isotropic adherends is the fracture path. 
Although the cracking in these specimens was more 
tortuous, much of the failure was in the composite 
laminates rather than in the bond line. Since of the 
BMI matrix may be significantly less tough than the 
AF-191M adhesive, a fracture path away from the 
adhesive layer would be preferred. This would 
explain both the fracture location and relatively 
lower G,c values in the quasi-isotropic specimens. 

Figure 6 shows the effect of test temperature on 
the fracture toughness of the Gr-BMI/AF-191M/Gr- 
BMI system. As in the Al/FM®73M/B-Ep system 
testing at -54°C (-65°F) reduced the fracture 
toughness. This reduction may have been caused 
by a decrease in the ductility of the adhesive. 
However, testing conducted at 104°C (220°F) also 
appeared to result in lower toughness values, a 
trend for which no explanation can be offered at 
this time. 

5.4 Fatigue Behavior of the 
Gr-BMI/AF-191M/Gr-BMI System 

Figure 7 shows the results of fatigue tests carried 
out on the Gr-BMI/AF-191M/Gr-BMI system. 

As with the Al/FM®73M/B-Ep system, the 
growth rate sensitivity is high (approximately 6 for 
Gr-BMI/AF-191M/Gr-BMI) and the threshold 
level, AG, (h, is near 100 J/rn (0.6 in.lb./in.2). 
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Figure 5. Effect of exposure on the Mode I fracture toughness of the Gr-BMI/AF-191M/Gr-BMI system. 
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Figure 6. Effect of test temperature on the Mode I toughness of the Gr-BMI/AF-191M/Gr-BMI system. 

Unlike the Al/FM 73M/B-Ep system, however, 
the fatigue behavior of the Gr-BMI/AF-191M/Gr- 
BMI system appeared insensitive to isothermal 
exposure to its most severe service condition. 

The fracture path in the fatigue specimens was 
identical to that in the fracture toughness 
specimens. 

6 CONCLUSIONS 

Durability of bonded composite structures, as 
measured by resistance to fracture, to fatigue and to 
environmental degradation, is imperative for their 
economic and safe operation. 

Studies conducted for this paper have shown that 
environmental exposure and operating temperatures 

can have a significant effect on the performance of 
Al/FM®73M/B-Ep and Gr-BMI/AF-191M/Gr-BMI 
bonded systems. Fracture toughness was degraded 
by long term exposure to the most severe operating 
conditions expected for these systems. Testing at 
-54°C (-65°F) also resulted in a loss of fracture 
toughness for both systems. In addition, long term 
exposure to a hot/wet environment reduced the 
fatigue threshold strain energy release rate of the 
Al/FM®73M/B-Ep system. 

The fracture path appeared unaffected by the 
environments investigated. Fracture and fatigue 
crack growth in the Al/FM 73M/B-Ep system 
occurred in the composite matrix near the adhesive 
bond line. Crack growth in the Gr-BMI/AF- 
191M/Gr-BMI system was cohesive for specimens 
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Figure 7. Fatigue behavior of the Gr-BMI/AF- 
191M/Gr-BMI bonded system 

with unidirectional adherends and followed a path 
in the ±45° plies near the bond line for specimens 
with quasi-isotropic adherends. 

The crack growth rate sensitivity of the bonded 
specimens far exceeded that of metals. Though 
seemingly unaffected by long-term environmental 
exposure, these high sensitivities suggest that 
continued operation of bonded structures below the 
identified threshold (a safe life approach) is 
necessary to avoid unanticipated rapid Mode I crack 
growth. 

Future research may show that environmental 
exposure produces different effects in the Mode II 
or mixed mode behavior of bonded composite 
joints. Nevertheless, the observed trends emphasize 
the need to carefully consider environmental 
conditions when specifying bonded composite 
materials for primary structures or for repairs. 

ACKNOWLEDGMENTS 

This research was conducted under an FAA 
Technical Center grant monitored by D. Oplinger. 
The authors also wish to thank Lockheed Martin for 
specimen fabrication, and the Technology & 
Engineering Sciences Division at Robins AFB, GA, 
for their assistance with thermal cycling. 

REFERENCES 

Belason, E.B. 1994. Status of bonded boron/epoxy doublers 
for military and commercial aircraft structures. 
Composite repair of military aircraft structures.. Seville: 
AGARD. 

Butkus, L.M., Mathem, P.D., and Johnson, W.S. 1997. 
"Tensile properties and plane-stress fracture toughness of 
thin film aerospace adhesives," submitted: J. of Adhesion. 

Goland, M. & Reissner, E. 1944. The stresses In cemented 
Journal of Applied Mechanics. Vol. 11. March. 

Hart-Smith, L.J. & Thrall, E.W. 1985. Structural analysis of 
adhesive-bonded joints. In E.W. Thrall & R.W. Shannon 
(eds.), Adhesive bonding of aluminum alloys. New York: 
Marcel Dekker. 

Hashemi, S., Kinloch, A.J., & Williams, J.G. 1989. 
Corrections needed in double-cantilever beam tests for 
assessing the interlaminar failure of fibre-composites. J. 
Materials Science Letters. Vol. 8. 

Johnson, W.S. & Mall, S. 1984 Bonded joint strength: static 
versus fatigue. Proc. V Int'l Cong on Experimental 
Mechanics. Montreal: Soc. for Exp. Stress Analysis. 

Johnson, W.S. & Mall, S. 1985. A fracture mechanics 
approach for designing adhesively bonded joints. In W.S. 
Johnson (ed.), Delamination and debonding of materials, 
STP 876. Philadelphia: ASTM. 

Johnson, W.S. & Mangalgiri, P.D. 1987. Influence of the 
resin on interlaminar mixed-mode fracture. In N.J. 
Johnston (ed.), Toughened composites. STP 937. ASTM. 

Johnson, W.S. & Butkus, L.M. 1997. "Considering 
environmental conditions in the design of bonded 
structures: a fracture mechanics approach," accepted: 
Int'l J. Fat. & Frac. Engr'g. Mat'Is. & Strucls. 

Mall, S„ Johnson, W.S. and Everett, R.A., Jr. 1982. In K.L. 
Mittal (ed.). Adhesive joints: formation, characteristics 
and testing. Plenum Press: New York. 

Marceau, J.A., McMillan, J.C., & Scardino, W.M. 1978. 
Cyclic stress testing of adhesive bonds. Adhesives Age. 

O'Brien, T.K. & Martin. R.H. 1993. Round robin testing for 
mode I interlaminar fracture toughness of composite 
materials. J. Composites Tech. & Research. Vol. 15 (4). 

Poole, P., Young, A.. & Ball, A.S. 1994. Adhesively bonded 
composite patch repair of cracked aluminum alloy 
structures." Composite repair of military aircraft 
structures. Seville: AGARD. 

Ripling, E.J., Mostovoy, S. & Patrick, R.L. 1963. Application 
of fracture mechanics to adhesive joints. Adhesion, STP 
360. Philadelphia: ASTM. 

Roderick, G.L., Everett, R.A., & Crews, J.H. 1974. Cyclic 
debonding of unidirectional composites bonded to 
aluminum sheet for constant amplitude loading. Fatigue 
of composites, STP 569. Philadelphia: ASTM. 

Rybicki, E. F. & Kanninen, M. F. 1977. A finite element 
calculation of stress intensity factor by a modified crack 
closure integral. Eng'g. Fracture Mechanics. Vol. 9. 

Skinn, D.A., Gallagher, J.P., Berens, A.P., Huber, P.D., & 
Smith, J. 1994. Damage tolerant design handbook. West 
Lafayette: Purdue Research Foundation. 

Shaw, S.J. 1983. Adhesive joint failure - a fracture mechanics 
approach. In K.W. Allen (ed.), Adhesion 7: Proc 20th 
Conf. on Adhesion and Adhesives.   Elsevier: London. 

Valentin, R.V., Butkus, L.M., and Johnson, W.S. 1997. "A 
finite element and experimental evaluation of boron- 
epoxy doublers bonded to an aluminum substrate," 
submitted: J. Composites Technology & Research. 

84 



Applications of damage mechanics to durability 



Progress in Durability Analysis ofComposite Systems, ReifsniderA Cardon (eds) 
© 1998Balkema, Rotterdam, ISBN 90 5410960 2 

Damage modeling of composite structures: Static and dynamic approach 

Y. Chevalier, M.Louzar & M.Chafra 
Labomtoire d'Ingenierie des Structures Mecaniques et de Materiaux, Institut Superieur des Materiaux et de la 
Construction Mecanique (ISMCM), Saint-Ouen, France 

G.A.Maugin 
Laboratoire de Moderation en Mecanique, UniversiteP.M. Curie, Paris, France 

ABSTRACT: This paper presents a series of investigations dealing with the damage of composite materials 

orientation of loading. In the second example we try to exhibit the relevant parameters of efSe srrucmres 
and we develop a simple case : gluing of two anisotropic materials with periodic array of slitfw^eaTticslL 
situated at the interface between the two mediate effects are illustrated on woven composite^material P 

1. INTRODUCTION 

Many among the mechanical community have 
turned their attention to the problem of damage 
prediction and detection and finally health 
monitoring interest in the general topic of using 
modeling of material to predict damage and wave 
propagation to detect damage in composite structure 
and in structural components. 
The modeling of composite structures is a global 
approach which can be compared to vibration 
measurement to detect damage. For example the 
vibration response of the actual structure can be 
compared with that of the healthy structure, if a 
small change occurs such as the appearence of 
voids or cracks, the structure's response produces 
substancial difference (vibration analysis enhances 
small differences). 
Wave propagation is a local approach used to 
detect damage with more precision. An harmonic 
wave is defined by 10 parameters (Amplitude (3), 
frequency (1), complex wave number (6)) and can 
be suited to each kind of damage in composite 
structures: surface wave, for example, can be used 
to detect damage between two glued surfaces. 
Damage in composite structures is defined as 
resulting from a large number of microstructural 
evolutions that give rise to irreversible processes 
and lead to destruction under mechanical or 
thermical loading. Damage is a phenomenon which 
happens first and before destruction, it softens the 
elastic stiffness and the damping of structures. 
In composite materials the weakness of the 
mechanical properties is due to constituents. In 
structures the weakness is due to the connection of 
various transmission systems. Finally damage is 

connected with the increase of defects at the meso- 
level which are the indicators of failure at the 
macro-level. In the field of composite materials 
formation of voids and micro-cracks in the matrix, 
plastic behavior of the matrix, voids at the fiber- 
matrix surface, delamination, slip or debonding of 
fibers, failure of fibers in tensile loading are to be 
taken into account in the damage process. In glued 
composite structures damage is generated by the 
existence of slip areas, elastic slips, slips with 
Coulomb friction, etc... 
Experts in composite structures are confronted by 
two problems: 

- Is it possible to predict the material damage 
when the features of loading are known ? 

- Is it possible to determine damage in composite 
structures or in composite materials when the 

history of loading is unknown ? 
We will try to answer partially these questions and 
illustrate general concepts via the discussion of two 
examples. 

2 - MODELING OF DAMAGE IN COMPOSITE 
MATERIALS 

The first example deals with the tridimensional 
modeling of damage in composite materials. The 
often very marked anisotropy of such materials 
gives rise to some difficulties either in the 
description of reversible processes (elasticity) or in 
the irreversible processes(viscoelasticity, plasticity, 
damage, fracture). It is in the nature of composites 
to present a sensitivity with respect to loading mode 
and this effect is accounted for in this paper. We 
adopt isothermal and static loadings and study 
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elastic and damage properties of the composite in 
short time intervals on account of anisotropy and 
influence of loading orientation. 
Experimental studies on composites are widely 
developed but often with preferential proportional 
loading applied on samples which are cut at various 
angles with respect to fibers orientations (Vinh 
1981),(Fuju&tal. 1981) (Baste 1991). 
A variety of models which   take into account 
anisotropy (Ladeveze 1993 a) are available In 
some of them, sensitivity with respect to loading 
modes in tension and compression is examined 
(Ladeveze & al.  1993 b), it closely follows 
different material orientations in a composite. More 
sophisticated models take into account the length 
scales  in damage process  (Ladeveze   1992, 
Spearing & al. 1995),  or the history of loading 
which is coupled with temperature and viscoelastic 
behavior (Park & Schapery 1997). 
The purpose of the present study is to propose a 
modeling of the mechanical behavior of composite 
materials in a more general framework including a 
large range of geometrical variables used in 
industry. 

2.1 The elastic behavior 

2.1.1 Constitutive model 

To take into consideration all main effects in a 
composite material, we introduce two 6- 
dimensional vectorial spaces. 

(i) stress space spanned by elements of the basis of 

vectors £ = { £„} defined by : 

I, = on, 2^ = 0^,2:3 = ^20^ 

{*»} = 
£„ = O33, S5 = V2ö^> S6 = ^2 

( a = 1, 2,..., 6) 
where 0;j (i j = 1, 2, 3) are the components of the 
stress tensor . 
(ii) Strain space   spanned by elements of the basis 

of vectors £ = {■£<>}   defined by: 

{*«} = 
^^.^V^'^V^ 

(a = 1, 2,..., 6). 
Where e^ (i,j = 1, 2, 3) are the components of the 

strain tensor. 
According to the definition of the two vectors 

{•Ea}   and      {!„}   the   energy  density   of 

proportional loading can be written in the following 
simple manner: 

(2.1) W   =   -osea =   2L° 

We define two tensorial invariants, the stress 
intensity I,0 = ^ZaZa and the strain intensity 

£0= J£a£a; deduced from the second order 

strain (or stress) tensor. 
To explain the unilateral effect we propose to 
characterize a loading in both direction and type : 
- landing direction : defined by a unit vector 

0 = {(J0}   with Joaca = land Za = 2:ooa. 

In the case of a proportional loading { a a } = const. 
- Type "f loading : defined as a function with 
various possibilities associated with the sign of the 
stress tensor, hence the stress space is decomposed 
into zones characterised by the sign attributed to 
each component of stresses. 
To that purpose we define a parameter (%) which 
corresponds to the number of lines of 

thematrixfl^] and is equal to the line : 

{sign (o,),sign (o-2),---,sign(a6)} 

[ 1       if       o-a>0 

sign(oa)   =   • 
[-1       if       Oa<0 

We consider all the combination of signs in the 

stress tensor, where the matrix [ I x„ ] is composed 

of 26rows:(a = l,2 ,••• ,6   ;   x = l,2,--26) 

11111      1 " 

1111    1    -1 

1111-1-1 
I 

In the one dimensional case, the parameter (x) is 
equal to 1 or 2.We have two spaces with 
differences in behavior, and recognize the theory of 
Ladeveze (Ladeveze 1993 c). These differences in 
behavior are due to cases of closing (in 
compression) and opening (in traction) of micro- 
cracks. 
When a , (a < 6) is the dimension of the 

subspace of stresses (X = 1,2,■••,2°) we have 

2 a zones of loading with different behaviors. 
A sign convention is adopted according to the 
following rules : a positive sign is taken for the 
tensile stress and a negative sign for the 
compressive stress. For the shearing stress, we 
regard to the stress vector T belonging to the shear 
plane and corresponding to the surface element n 

dS (T = [o] n). 
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sign (shear stress) = sign ( N.T. tg (p )    (2.2) 
where N is the projection of the normal vector n on 
the shear plane and <p the polar angle of N (see also 
(Chafra et al. 1996 b)). 
During a proportional loading {oa} = const., we 
define a generalized modulus which relates a stress 
intensity to a strain intensity. 

Z0 = E(x)£0 or £0 = S(x)S0 (2.3) 

We associate to each type of loading (26), a 

hookean C operator and its inverse S such that 

£a = C^E, or ta = S<*% (2.4) 
In the case of non-proportional loading, the 
constitutive law is defined as an incremental elastic 
linear law: 
AS^C^AEpOrAS^S^AEp       (2.5) 

«,<*>   -   R«5>Z0Zp-£*   =   0 (2.6) 

E0 = const., (a, ß= 1,..., 6) 

R y is related to the components of the compliance 
matrix by 

n(x)     _     c(x)cU) 

and is related to the generalized modulus E(x) (2.3) 
by 

Ew   =     ,    , ] ({c0}= const.) (2.7) 

It can be shown (Chafra et al. 1996 a), (Chafra et 

al. 1996 b) that the matrix [Rep] is non negative 

and than the generalized modulus Elx) exists. 

2.1.2 Case of biaxial loading 

In the case of plane stresses 
£ = (Zj, Z2,23)  the constitutive law is defined 

by 3 compliances S |x), S ^ , S {$. The parameters 
R^ of the surface (2.6) depend on the generalized 

compliances (Chafra et al. 1996 b) S'(
(
a

x) in various 

directions 6 = 0° (o=0°),e = 45° (a=45°), 

9 = 90° (a=90°)   (tga = tg26) 

S' (x) (2.8) 

We often use an experimental method using 
samples out off axes for various directions. The 
results provided by a test are the longitudinal 
moduli, while the results used in the models are the 
generalized moduli. 

sample 
position. 90°fi6er direction 

0° fiber direction 

x2 

2o " 

X-3 

{°a}- 

X-4 

Figure 1: Off axes tests and loading direction . 

We present an application with woven 
carbon/epoxy composite materials as studied by 
Lene (Lene 1984). 

Table   1   :   Experimental   characteristics   of  woven 
carbon/epoxy composite material (8 plies) E L : longitudinal 

Direction Modulus Numerical 
values 

Warp E,=EL(0°) 63.1 GPa 

Weft E2 = EL(90°) 63.1 GPa 

v12 = vLT(0°) 0.053 

main diagonal EL(45°) 19.5 GPa 

main diagonal vLT(45°) 0.75 

off axes EL(15°) 46.8 GPa 

off axes EL(30°) 22.0 GPa 

By mean of identification (rows 1, 2, 3, 4 of 
table 1) we obtain the parameters R^ of surface 

(2.6)  and  then  we  calculate   Z0(
a)      f°r 

a = 0o(e = 0o),a = 4,2°(e = 15o), 
a = 18,5°(9 = 30°). 
Experimental results, which are in agreement with 
the quadratic surface, permit us to describe the 
variation of elastic compliances in a linear domain 
with the type and the direction of a loading. 
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Figure 2 : Isostrain surface for 8 plies in a woven 

carbon/epoxy composite material ('£0=0.5%J the 

characteristics of which arc given in table 1 . 

2.2 Damage modeling . 

Damage is connected to the increase of defects at 
the meso level and leads to failure at the macro 
level. Before failure, mechanical properties of 
composite materials are strongly dependent on 
damage, reveal an anisotropic nature, and depend 
on the orientation of loading. 
In the case of proportional loading a = [aa } = 
const., we consider a loading process up to the 
strain level £0 = ^£aEa = E0M beyond the limit 

of initial damage Z0 = Sj. This limit often meets 

exactly with the limit of plasticity X J (see figure 3) 
When the loading decreases we find a residual 
strain t vm which provides  an evaluation of the 
modification of mechanical properties of the 
composite. Damage produces a modification of the 

generalized intitial Young's modulus E"'    (2.3), 

lo'» =IP<*0M> 
tg a = E fa' 
tgcc* = E*fa' 

»-"Eo 

COM'') 

(£0=EW£0) which becomes the modified 

Young's modulus E*(x) depending on the residual 

strain level £ JM. 
Then we define a directional damage parameter 

D
W

(EOM) which depends on the plastic residual 
strain : 

D«(C)   =   (E(%E<*KM)) (2.9) 

This parameter is connected to the damage defined 
par Lemaitre-Chaboche (Lemattre et Chaboche 
1985) and (Ladeveze 1996 b). 
We define the strain £ '„ 

S'o    =    EOM-EO'M (2-10) 
The loading is divided into increments 10 (i) 
i = 1, 2, ..., M and we follow the history of the 

process. The model of the damaged material up to 
the level Z0 (i) = I 0M (i) is a linear model (with 
damaged elastic moduli) with incremental nature 
and isostrain criteria. 
A£a(i)   =   S*i*>(£0

P
M)ASp(i)or 

AZ„(i)   =   C*«(£0
p
M)A£p(i) (2-11) 

(a,ß = l.-,6   ;   i = l,-,N   ;   x = l,-,2s) 

wi«h[c*«Hs*«r 
The isostrain criteria are defined by a quadratic 
surface in the space of stresses 

4>*WSR*jg(i)X„  Zß  -(£'o)2=0  (2.12) 

£■„   =   ^£"„£■„   = const,  and   £jM  known 

The parameters R * $ depend on the elastic moduli 
of the damaged material: 

E*W    = 
1 

The parameter identification of the elastic law is 
described in sections II-1-2, see also (Chafra et al. 
1996 a) and (Chafra et al. 1996 b). 
Then we define the non symmetric damage matrix 
associated to the relative variation of the Hookean 
operator 

D$(£O
P
M) = [C» -C™ (£O

P
M)KO-' (13) 

Here there is no summation over   underlined 
subscripts. 
Damage parameters D ^ depend on the level of 

plastic strain <Erm and on the area(x). Then we can 

define an effective stress vector I = | Ia| 

Figure 3 : Modification of elastic properties of composite 
material during a loading-unloading process . 

i.=[zsr X.orS   =Z®1 aP 
(2.14) 
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-fa) 
'aß 

*~    aß 

r(x) 
*-aß 

(a,ß=l, ...,6)     (2.15) 

If we consider a thermodynamical approach of 
damage, the evolution equation of damage 
parameters are written as follows : 

AD (x) 

1V1aß ^OM^ 

L aß ° aß " ^ OM 

3C*(X)| 

laßV~0M/ ->     P 
'(^W 

(2.16) 

(2.17) 

( a , ß=l,  ..., 6) 

The dual thermodynamical parameter of D ^ is 
defined by: 

Ax) 

r(x) aw .(X) 

3Dg 
(X) 

(2.18) 

,(x) so that the dissipation energy  Y Jj; A D Jj'   is 

positive. W*E is the elastic energy of the 
damaged material. 

2.3 Results 

We present an application with a woven SiC/SiC 
composite material studied by Ladeveze [Ladaveze 
1993] (in the cas of plane strass). Parameter of the 
model are identified by off axes tests in direction 9 
described in section II-1-2 

Table 2 : Experimental characteristic of SiC/SiC woven 
composite material in tensile test:     %= 1 
(see relation (9)) 
a) a = e = 0° E(1) =2137MPa 

E(1): b) a = 8 = 45< =1386 MPa 

■^OM E*(1)(0°) 
(MPa) 

D(I)(0°) 

0.00 2137 0 
0.0031 1706 0.202 
0.0041 1291 0.396 
0.0056 1082 0.494 
0.0087 1022 0.522 

a) 
£P E*(1)(45°) 

(MPa) 
D(I)(45°) 

0 1386 0 
0.0020 1060 0.235 
0.0063 767 0.447 
0.0145 619 0.553 
0.0215 511 0.631 

b) 

"D„ 

0.0035 0.0050 0.0070 
EOM 

0.0035     0.0050   o.txro    F'... 

Figure 4 : Damage versus plastic deformation in woven 
SiC/SiC composite 

Dm 0.75 

Df 0.55 

T       I       i       i       i 1 1 r 
140 145  150  155  160  165  170  175  180 185 

Figure 5 : Variation of damage versus the tensile stress    a) 
in the matrix    b) in the fibers 

»W The variation of damage parameters DJ,' and D_ 
in the loading area (1) (figure 4) versus the plastic 
deformation £ P

M is similar to the results given by 
Baste 1991). 

Damage at the meso level 
Em-E*m 

Dm   =   —~ —  for the matrix (2.19) 
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D,   = 
Ef~E*f 

Ef 

(2.20) 

for the fibers (Thread of woven composite) 

can be estimated from damage at the macro level 

Dr 

Er-E* 
by an iterative method coupled 

with a finite element computation, (figure 5). We 
assume that the mixture rule is satified : 
E*c-Em(l-Dm)vm+Ef(l-Df)vf (2.21) 

Subscripts c, f and m are related to the composite, 
fibers and matrix , respectively; vf is the volume 
fraction of fibers. 

results in the case of elastic slip conditions (3.1) at 
the cracks (or slits). 
The wave incident on the slit generates diffracted 
waves. Thus the total displacement and stress fields 
comprise contributions from the incident wave (in 
the absence of slits) and from diffracted waves. 
Using Fourier integrals one is finally led to an 
integral equation for the jump in the diffracted 
component at the interface (Louzar 1992). The 
solution is sought in the form of infinite expansion 
in Chebyshev polynomials from which these results 
an infinite inhomogeneous system (Maugin et al. 
1994), (Chevalier et al. 1995). 

3. DETERMINATION OF DAMAGE IN 
COMPOSITE STRUCTURES 

Damage at the macro level can be evaluated by 
classical mechanical tests : tensile test, flexural or 
torsional vibration tests, wave propagation tests 
with large wave numbers in comparison with the 
length of inclusions. 
In this section one tries to exhibit the relevant 
parameters which characterize damage of effective 
structures at the meso level. We assume that 
damage is mainly due to connection between 
various elements of the structure and can be 
evaluated by a wave propagation technique which is 
a promising approach. We developed the simplest 
case : gluing of two anisotropic materials with a 
periodic array of slits with elastic slips situated at 
the interface between two media. 

3.1 Formulation of the problem 

One considers a periodic array of slits along an 
interface between two isotropic media defined by 
the parameters 2 a (width of the slit) and d (period 
of the slits along x, direction), presenting elastic 
slip conditions (figure 6). Elastic slip corresponds 
to the absence of detachement, and the fact that the 
slip, of an elastic nature and related to the tangential 

displacement jump [UT], is characterized by a 
single positive coefficient b such as 

a?»   =   c?>   =   b[UT] (3.1) 

p(i) and n(I) are respectively the mass density and 
the Coulomb modulus of the medium (i) i = 1, 2. 
The examination of the propagation of waves of 
any incidence, the reflection and transmission 
properties by the interface and the diffraction field 
far away from the interface is of interest for both 
practical and theoretical viewpoints. Without 
entering into the details of the computation, for 
which we refer the reader to the following 
references (Maugin 1996), (Chevalier et al. 1991), 
(Chevalier et al. 1995), we highlight the main 

P..P, 

Interface 

L4 

I  

u,,P, 

A 
i    d 

SH 

y 
medium 1 

~^~! 

x Elastic slip slits      -* 1 

-,L3 
medium 2 

X AND y : LOCAL COORDINATES 

Figure 6 : Incident SH wave on an interface with a periodic 
array of slits exhibiting elastic slip : notation. 

3.2 Results and application 

In order to illustrate the dynamical behaviour of the 
interface, we display four graphs (figures 7 - 10) 
which emphasize the influence of the wave number, 
in the reduced form k2a ( k2 is the wave number 

in the medium 2), of the angle of incidence 9 and of 
the distribution of cracks dla > 2, for the material 
pairing of glass and steel and for various reduced 
elastic stiffnesses ba. These four graphs highlight 
the following facts concerning the variations of the 
transmission and reflection coefficients. 
In figures 7 and 8, which are drawn for spacings of 
d/a = 3 and 2.1, respectively, and a fixed incidence 
angle 30°, the full lines correspond to the case of 
cracks without slip. 
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Figure 7 : Amplitude of reflection and transmission 
coefficients versus wave number for SH wave, 6 = 30 °, for 
various elastic-slip stiffnesses (d/a = 3) 

It is noted that, with increasing ba, the interface 
behaves more and more as if it were not damaged 
as the transmission coefficient increases, tending 
towards that of the incident wave. Two extrema are 
in general present for low ba, each corresponding 
to a cut-off frequency. Beyond the first cut-off 
frequency the energy balance is no longer verified. 
This means that the zeroth-order mode is no longer 
the dominant one and there is need to account for 

-A. 
Zu.     2u 

toLASS' 
2a 

A. iSTEEL 

" ,         ,     ■■ —, 1 1 1 , 

k2a = 0.8        d/a = 3 

/                                            - — ----"KeTIecTiorT " 

1       /*^                       Incident coefficients 

rjy      —    — ba=0GPa  • ••ba=10GPa 

=    0.4 

1   0.2 
"a 

'f.     0 
< 0       10      20      30       40      50       60      70      SO      90 

Incidence direction 9 

Figure 9 : Amplitude of reflection and transmission 
coefficients versus angle of incidence for k 2 

a = 0.8, d/a = 3 and various elastic-slip stiffnesses. 

higher order modes. But, for sufficiently large d/a, 
the first cut-off frequency becomes exceedingly 
small, and below those of the incident wave. For 
low frequencies the transmission coefficient 
becomes less sensitive to the spacing d/a. These 
two remarks lead us to conclude that, on the one 
hand, higher order modes must be taken into 
account when the slits are not too closely packed, 
while, on the order, it may be more rewarding from 
a practical viewpoint to measure the slit spacing on 
the transmission and reflection coefficients. They 
speak for themselves. 

% i 

= 0.4 

1o.2h 

=       0 

,J^ jGLASS; 

"A. 
b: Elaslic si 

| STEEL i 

p stiffness 

r**0* • •• 
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■ 

•• 

—*-*r^-* 
Rüfli-tion _ «V* 

9 = 30 deg 

. • • • • • *■ 

[d/a = 2,| 

■     ba- =0GPa • •• ba»IGPa_ _ba »10GP 

Normalized n ave number k , 

Figure 8 : Amplitude of reflection and transmission 
coefficients versus wave number for SH waves, 8 = 30°, for 
various elastic-slip stiffnesses (d/a = 2.1) 

_d_ 
Z-J       2u 

[GLASS 

b t Elastic si 

STEEL; 

p stiffness 

3.5 4 4.5 5 
Slits repartition d 1 a 

Figure 10 : Amplitude of reflection and transmission 
coefficients versus crack distribution (d/a > 2), for SH waves 
for k 2 a = 0.8, and normal incidence, and various elastic- 
slip stiffnesses. 
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4. CONCLUSION 

The model of mechanical behavior of 
material, based on isocriteria is used to describe the 
variation of the elastic compliance matrix in 
composite materials. This description which takes 
into account both the type and the direction of the 
loading can also be used in nonlinear behavior 
modeling: for plasticity and failure for example, we 
have introduced a condition of nonlinearity similar 
to the Hill criterion. It would be interesting to 
complete some tests with non-proportional loading 
in order to verify if the suggested model is always 
valid. This static approach is the firts step which 
can be easily generalized to the dynamical modeling 
of damage. 
To determine damage at the macro level in 
composite structures or in composite materials one 
can use classical static or dynamic tests. For 
damage at the meso level, the elastic slit approach 
is a naive but first step description in the perfect 
contact of material at the interface. Transmission 
and reflection effects should be of evident interest 
in the control of the quality of interfaces by means 
of elastic waves. This point of view, which is 
called the inverse problem, is essentially an 
experimental approach which presents a lot of 
difficulties. This problem should be solved by the 
way of signal processing. 
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ABSTRACT: In recent years, interlaminar-toughened laminates are developed in which resin rich layers are 
placed in interlaminar regions in order to enhance the interlaminar fracture toughness of CFRP laminates. In 
the present study, tensile tests are conducted on CFRP cross-ply laminates with interlaminar resin layers at 
0/90 interfaces. Young's modulus reduction due to transverse cracking is measured as a function of 
transverse crack density. Transverse crack density is measured as a function of the laminate strain. To 
investigate temperature effect, tests are conducted at room temperature and 80° C. Laminate configurations are 
cross-ply (0/90m/0) m=4, 8 and 12. The experimental results are compared with the theoretical prediction 
based on the two-dimensional analysis considering the interlaminar resin layers and thermal residual stresses. 

1 INTRODUCTION 

In many applications of fiber-reinforced plastics, 
fibers are aligned in more than one direction to 
provide high load-bearing capability. Among these 
composite laminates, cross-ply laminates have been 
extensively studied because this is a basic laminate 
configuration. The failure process of cross-ply 
laminates under static tensile loading is known to 
involve a sequential accumulation of damage in the 
form of matrix-dominated cracking. One type of 
damage consists of multiple transverse cracks 
running parallel to fibers in 90° plies. A second 
type of damage consists of delamination (Reifsnider 
1982). 

Transverse cracks occur at a stress which is 
much lower than the laminate strength. As the 
laminate stress increases, the number of transverse 
cracks increases. To establish damage tolerance 
design of this laminate, methodology to predict 
transverse crack behavior has to be introduced. 
That is, development of predictive method of 
transverse crack density as a function of the 
laminate stress is necessary. In this point of view, 
many investigations, which consist of experimental 
observation of onset and multiplication of transverse 
cracks and its modeling, have been conducted on 
cross-ply composite laminates. 

Bailey et al. (1979) measured transverse crack 
spacing as a function of applied laminate stress and 
derived the relation between the transverse crack 
spacing and the laminate stress using the shear-lag 
analysis. They used the stress criterion which 
assumes that a transverse crack occurs when the 
maximum 90° ply stress reaches a critical value. 
They also showed experimentally that the transverse 

crack onset strain (first cracking strain) increases 
with decreasing 90° ply thickness. This 
phenomenon was called the constraint effect and 
cannot be explained by the stress criterion. They 
explained the constraint effect by using the energy 
balance before and after transverse cracking. 
Though this concept does not consider the 
propagation in 90° ply, it can explain the 
dependence of first cracking strain on 90° ply 
thickness. This concept is called the energy 
criterion. 

Predictions of the transverse crack density were 
also conducted by combining the shear-lag analysis 
and the energy criterion (Laws & Dvorak 1988, 
Han et al. 1988), by combining the shear-lag 
analysis and the stress criterion (Fukunaga et al. 
1984, Lee & Daniel 1990), by combining the 
variational stress analysis and the energy criterion 
(Nairn 1989), and by considering the statistical 
character of 90° ply strength (Peters et al. 1989, 
Takeda & Ogihara 1994a,b, Ogihara & Takeda 
1995). 

In recent years, interlaminar-toughened laminates 
are developed in which resin rich layers are placed 
in interlaminar regions in order to enhance the 
interlaminar fracture toughness of CFRP laminates. 
Increase in interlaminar fracture toughness by 
introducing interlaminar resin layers is reported 
(Altus & Ishai 1990, Askoy & Carlsson 1992, 
Ozdil & Carlsson 1992). However, transverse 
cracks will occur in interlaminar-toughened 
laminates in off-axis plies, because intralaminar 
fracture toughness is not improved. 

The authors analyzed the stress and displacement 
fields in an interlaminar toughened CFRP cross-ply 
laminate with transverse cracks (Ogihara et al. in 
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press). In the present study, the thermomechanical 
properties of cracked laminates are derived based on 
the analysis. In addition, a prediction of transverse 
cracking is conducted by using both the stress and 
energy criteria. The experimental results of 
Young's modulus reduction due to transverse 
cracking and transverse crack density as a function 
of the laminate strain are compared with the 
theoretical prediction. 

2 EXPERIMENTAL PROCEDURE 

2.1 Materials 
Two material systems were used. One was 
interleaved CFRP, T800H/3631-FM300 (0/90,„/0) 
where m=4, 8 and 12, with epoxy resin (FM300) 
layers of thickness about lOOum between the 0° and 
90° plies. The other was toughness-improved 
CFRP, T800H/3900-2 (0/90,„/0) where m=4, 8 and 
12, with selectively toughened interlaminar layers of 
thickness about 30u.m at all ply interfaces. The 
interlaminar layers contain tough and fine polyamide 
particles dispersed in the epoxy. 

T800H is a high strength carbon fiber. The 
3631 is a modified epoxy system with improved 
toughness compared with conventional 
TGDDM/DDS epoxy resin. The average thickness 
of each ply was 0.135mm for T800H/3631-FM300 
and 0.190mm for T800H/3900-2. The fiber 
volume fractions were 43-47% for T800H/3631- 
FM300 and 54-55% for T800H/3900-2. The low 
fiber volume fraction for T800H/3631-FM300 is 
due to the thick FM300 resin film. 

2.2 Measurement ofYoung's modulus reduction and 
transverse crack density 

Loading-unloading tests were performed to obtain 
the Young's modulus reduction as a function of the 
transverse crack density. The loading-unloading 
procedure cycles were repeated several times with 
the continuous recording of the stress-strain curves. 
To investigate the temperature effects, the tests were 
conducted at room temperature (R.T.) and at 80°C. 
The specimen edge was replicated at each perfectly- 
unloaded point. The Young's modulus reduction as 
a function of the transverse crack density were 
obtained based on the combination of the replica 
observation and the measurement of the stress-strain 
curves. The transverse crack density was defined 
as the number of transverse cracks per unit 
specimen length. Tensile tests where monotonously 
increasing loads were applied were also conducted 
to obtain the transverse crack density as a function 
of the laminate strain at R.T. and at 80°C. 

3 ANALYSIS 

The authors analyzed the stress and displacement 
fields in interlaminar toughened cross-ply laminates 
with transverse  cracks  as   shown   in   Figure   1 

bit    la       a   I   t    I   b 

;< >;< >;< >< >;< >j< >i 
h=a+t+b 

Figurel. A model of interlaminar-toughened 
cross-ply laminate containing transverse cracks 
in 90° ply. 

(Ogihara et al. in press). The analysis is based on 
two-dimensional elastic analysis for a cross-ply 
laminates without interlaminar resin layers 
conducted by McCartney (1992). 

A set of rectangular Cartesian co-ordinates (x, v, 
z) is selected as shown in Figure 1. The laminate is 
subjected to a tensile stress, a, in _y-direction. It is 
assumed that a parallel array of equally spaced 
(crack spacing is 2L) transverse cracks that run 
through the thickness and width of the 90° ply 
occurs. The transverse crack tips stop at the 
90°/interlaminar resin layer interface. The 
thicknesses of outer 0° ply, interlaminar resin layer 
and inner 90° ply are b, t and 2a, respectively. The 
laminate thickness is denoted by Ih, where 
h=b+t+a. Generalized plane strain condition is 
assumed and the stress and displacement fields are 
expressed as functions of x andy . 

Using the results of the analysis, change in 
thermoelastic properties of laminates due to 
transverse cracking can be derived. The following 
stress-strain relation for the laminates with 
transverse cracks is obtained. 

(1) -, = — + acAT 
Ec 

1_    J_ 
Ec     EA 

a<pE^ 
+    El 

1 
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where Ec and ac are longitudinal Young's modulus 
and longitudinal thermal expansion coefficient of the 
laminate with transverse cracks, EA and CIA are the 
axial Young's modulus and the axial thermal 
expansion coefficient of the damage-free laminate, 
respectively, and AT=T-To, where T is the test 
temperature, and To is the stress-free temperature. 
The other parameters are shown in elsewhere 
(Ogihara et al. in press). 

In the present study, a prediction of the 
transverse crack density as a function of the applied 
laminate stress (or strain) is conducted by using the 
results of the analysis. Both stress and energy 
criteria are considered. 

In stress criterion, it is assumed that a transverse 
crack occurs when the normal stress in >>-direction 
in 90° ply reaches a critical value. The normal stress 
in y -direction in 90° ply takes its maximum value at 
the midway between the transverse cracks, that is, 
y=0. When the transverse crack spacing is 2L, the 
maximum normal stress in y -direction in 90° ply is 

C^-jnax = -~P{ o, 2L) + am (4) 

where a« is 90° ply normal stress in y -direction in 
the damage-free laminate and P the change in stress 
with transverse cracking. The parameter P is a 

function of the laminate stress (o) and transverse 
crack spacing (2L) and is also shown in elsewhere 
(Ogihara et al. in press). Assuming that the critical 
value is OB, transverse crack spacing will be L 
when the value of (4) reaches OB- Then, the 
relation between the transverse crack density 
(spacing) and the laminate stress is given by the 
following equation. 

OB --P{o,2L)+om (5) 

In energy criterion, it is assumed that a 
transverse crack occurs when the energy release rate 
associated with transverse cracking reaches a critical 
value. The energy release rate associated with 
transverse cracking can be derived as follows. 
Assuming that transverse cracks occur at a constant 
load, the energy release rate, Gt, associated with 
transverse crack formation at the midway between 
the transverse cracks whose spacing is 2L is 
expressed as 

> 
EAaAAT) hL (6) 

k£e(L) Ec(2L)j 
where EC(L) and EC(2L) axial Young's modulus of 
the laminates with transverse cracks whose spacing 
is L and 2L, respectively. Then, the laminate stress 
when the transverse crack spacing becomes L from 
2L is shown to be 

a-^[w)-^k)\ +EAaAAT{7) 

where Gtc is the critical energy release rate. 

Table 1. Material properties used in the analysis. 

Composite Resin Particle- 
T800H/3631 T800H/3900-2 FM300 dispersed 

layer 
EA (GPa) (R.T) 152.2 130.4 P (GPa) (R.T) 2.45 2.50 

(80°C) 144.2 126.4 (80°Q 1.23 1.87 
£r(GPa)(R.T) 9.57 7.96 (/ (GPa) (R.T) 0.88 0.91 

(80°C) 8.09 7.30 (80°C) 0.44 0.68 
IM (GPa) (R.T) 4.50 4.50 V 0.38 0.38 

(80°C) 4.26 3.80 
//r(GPa)(R.T) 3.21 2.67 a' (xlO-VC) 60.0 60.0 

(80°C) 2.75 2.45 
VA 0.349 0.349 
VT 0.490 0.490 
UA (xlO-6/°Q 0.100 -1.73 

ar(xl0"6/°Q 35.5 34.7 
OB (MPa) (R.T) 90 90 

(80°C) 100 90 
Glc (J/m2)(R.T) 700 500 

(80°C) 1000 600 
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4 RESULTS AND DISCUSSION 

4.1 Young's modulus reduction 

During the loading-unloading tests, transverse 
cracks whose surface is normal to the loading 
direction as modeled in Figure 1 were observed. 
Transverse cracks run through the thickness and 
width of the 90° ply. In T800H/3631-FM300, it 
may be reasonable to assume that the transverse 
crack tip stops at the 907FM300 interface. In 
T800H/3900-2, it is not easy to judge whether the 
assumption that the transverse crack tip stops at the 

907interlaminar layer interface is reasonable or not, 
because the layer is thin. However, considering 
that the thickness and elastic moduli of the 
interlaminar layer are small, it may not affect 
analytical results much whether the transverse crack 
tip stops at the 907intcrlaminar layer or it penetrates 
into the interlaminar layer. 

Figures 2 and 3 show the comparison of 
experimental data and analytical predictions of 
Young's modulus reduction as a function of the 
transverse crack density for T800H/3631-FM300 
and T800H/3900-2, respectively. Eq.(2) is used to 
predict Young's modulus reduction. Young's 
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Figure 2. Normalized Young's modulus as a function 
of transverse crack density in T800H/3631-FM300 
cross-ply laminates (0/90,„/0). (a) R.T. (b)80°C. 
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Figure 4. Transverse crack density as a function of applied laminate strain in T800H/3631-FM300 
(0/90m/0) . (a) R.T. (b) 80°C. Comparison of experimental results and analytical predictions. 

modulus is normalized with the value of the 
damage-free laminate. The fhermoelastic constants 
used in the analysis are listed in Table 1. The 
values for T800H/3631 and T800H73900-2 are 
taken from References (Takeda & Ogihara 1994a, 
Ogihara et al. 1997) and those for FM300 at R.T. 
are taken from Reference (Askoy & Carlsson 
1992). The values for FM300 at 80"C are assumed 
values. Poisson's ratios are assumed to be constant 
in this temperature range. The curing temperature 
of the laminates is 180°C for both material systems. 
A reasonable agreement is obtained for both material 
systems in this temperature range, which implies 
validity of this analysis. 

4.2 Transverse crack density 

Figures 4 and 5 show experimental results for the 
transverse crack density as a function of the applied 
laminate strain in T800H/3631-FM300 and 

T800H/3900-2, respectively. In both material 
systems, the first cracking strains for m=4 and 12 
are larger than that for m=8 at the same temperature. 
The transverse crack density decreases with 
increasing m (90° ply thickness) in this temperature 
range. The first cracking strain is larger at 80°C 
than that at R.T. for the same m. This is because 
the tensile thermal residual stress in 90° ply 
decreases and the 90° ply failure strain increases as 
temperature increases. 

In the first place, the applicability of the stress 
and energy criteria is discussed. Figure 6 shows 
plots of the predictions of transverse crack density 
as a function of the applied laminate strain by using 
the stress and energy criteria for T800H/3631- 
FM300 at R.T. Material properties used in this 
prediction is shown in Table 1. The critical values 
for the stress criterion, os=90MPa and for the 
energy criterion, G(C=700J/m2. 
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Figure 5. Transverse crack density as a function of applied laminate strain in T800H/3900-2 
(0/90,„/0) . (a) R.T. (b) 80°C. Comparison of experimental results and analytical predictions. 

All the predictions of the transverse crack density 
are increasing functions of the laminate strain and 
the derivative decreases as the strain increases. 
When the critical values are set larger, the predicted 
first cracking strain gets larger and smaller 
transverse crack density is predicted for the same 
laminate strain (this is not shown in the figure). 

For a laminate configuration, two prediction 
curves exist. Transverse cracks can be considered 
to occur when both the stress and energy criteria are 
satisfied. If this is true, it should be reasonable to 
regard the prediction that gives smaller transverse 
crack density as the prediction of the present 
analysis. 

As shown in Figure 6, first cracking strain 
increases as m increases in the stress criterion. This 
corresponds to the decreasing tensile thermal 
residual strain in 90° ply with increasing m. In the 

energy criterion, the first cracking strain is smaller 
for larger m. This is due to the fact that the energy 
release rate is larger for larger m. 

Considering the discussion above, comparison 
between the experimental results and the analytical 
predictions are conducted as shown in Figures 4 
and 5 assuming the critical values. The critical 
values used are os=90MPa (R.T.), lOOMPa 
(80°C), G,c=700J/m2 (R.T.), 1000J/m2 (80°C) for 
T800H/3631-FM300 and aB=90MPa (R.T.), 
90MPa (80°C), G(c=500J/m2 (R.T.), 600J/m2 

(80°C) for T800H/3900-2. In this temperature 
range, the change in the critical value for the stress 
criterion is small. The critical value for the energy 
criterion increases as temperature increases due to 
the increase in toughness of the matrix material. 

In Figures 4 and 5, a reasonable agreement 
between the experimental results and analytical 
prediction is obtained if the criterion which gives 
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smaller transverse crack density is selected. 
Clearly, it cannot be explained that the first cracking 
strain is lower for m=% than that for m=4 by only 
the stress criterion. It cannot be explained that the 
first cracking strain is higher for m=Yl than that for 
»1=8 by only the energy criterion. By using the 
both criteria, it will be possible to predict transverse 
cracking behavior in the laminates with more 
extensive range of laminate configuration. 

5 CONCLUSION 

Tensile tests were conducted on CFRP cross-ply 
laminates with interlaminar resin layer at 0/90 
interfaces. Transverse crack density was measured 
as a function of the laminate strain. To investigate 
temperature effect, tests were conducted at room 
temperature and 80° C. The experimental results 
were compared with the theoretical prediction based 
on the two-dimensional analysis considering the 
interlaminar resin layers and thermal residual 
stresses. The validity of the energy criterion and 
strength criterion was discussed. It was found that 
the criterion which gave smaller transverse crack 
density should be selected. The analysis presented 
in the present paper will be a basis for the optimal 
design of this type of laminate. 
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ABSTRACT: X ray tomography is specially suitable to study damage of composites in 3D and with X ray 
attenuation. The first results from our laboratory were published in ASTM/STP 1128 on 1992 and in ASME 
Vol.43 on 1994. This new paper is devoted at elastomeric composites based on natural rubber reinforced with 
carbon, black Using X ray scanner it is shown that: 

- the attenuation of X ray is correlated with the molecular structure, amorphous or crystallite phases. 
With an in situ tensile test, initiation of crystallization is detected. 
- when a specimen in rubber is submitted at a compression fatigue loading the damage appears inside 
the specimen where the maximum shear located. The X ray tomography is able to detected the first 
damage and the crack growth inside the specimen. The damage crack is successfully compared with 
numerical simulation of the stress field in compression. Finally, the role of crystallization in shear 
before damage is shown by means of X ray attenuation. 

All together, X ray tomography is shown to be an accurate tool to study molecular arrangement, reinforcement 
repartition, molecular transformation until damage and cracking in elastomeric matrix composite material, at 
mesoscopic scale. 

1 INTRODUCTION 

Elastomeric matrix composites are usually 
reinforced by mineral particles such as carbon black 
and sometime by long metallic or organic fibers. In 
this paper, only particle reinforced matrix is taken in 
consideration. 
As soon as a rubber is cyclically loaded, the 
temperature increases inside the material. It results 
some modification of the chemical structure of the 
rubber before damage. In addition, small friction in 
compression is able to produce chemical instability 
from solid to liquid stage with an effect of ambient 
air. Finally, in service conditions, the fatigue damage 
of rubber is a combination of: 

mechanical damage 
chemical damage 
thermal damage 

Experience shows that, in cyclic loading, rubbers are 
damaged to the point of formation of one or several 

cracks which then propagate. As for metal it is 
recommended to study separately the initiation of 
cracks and then their propagation. But, we have to 
remember that cyclic damage of rubbers depends not 
only on the mechanical loading (including frequency 
and R ratio) also on temperature and on thermal 
dissipation and on environment.Rivlin and Thomas 
in 1953 (1), Lindley in 1972 (2), Lake in 1983 (3), 
Stevenson in 1973 (4) and Gent in 1992 (5) extended 
the application of Griffith's criterion, G, to the 
tearing of elastomers. In this case, the strain energy 
release rate G is substituted for the concept of 
tearing energy, T, with the same physical definition 
as GThe application of fracture mechanics to 
rubbers generates some difficulties because, of the 
important deformability of elastomers. In particular, 
elasticity of elastomers is not linear, and, more over, 
highly deformed cracks do not stay sharp as in the 
Griffith's model. Nevertheless there is no energy 
dissipation by plasticity. 
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Figure l.SN curves (NR) 

The damage caused by fatigue and cracking in 
rubber or in elastomeric matrix composites seems 
considerably influenced by the transformation from 
an amorphous to a crystalline phase, when the 
crystalline phase exists. This hard-to-detect 
transformation is generally studied by X-ray 
diffraction, a method by which we cannot detected 
local transformation and damage. In contrast, X ray 
tomography allows for the observation of the 
crystalline transformation of rubber and its 
localization owing to the images generated by the 
scanner. 
The attenuation of the intensity of the X-ray bean, 
similar to X-ray diffraction, reveals the existence of 
crystallites, but also detects local damage. 
In this paper, the fatigue behavior of elastomers is 
sum up before an introduction of X ray tomography 
applied to study phase transformation and damage in 
tension, compression and shear loading. 

2 FATIGUE LIFE OF RUBBER 

Natural rubber reinforced by carbon black, is 
amorphous without loading and at room 
temperature. During elongation this rubber is 
supposed to be transformed from amorphous to 
crystallite phase. All the mechanical properties, 
including fatigue strength, are affected by the 
crystallization even if the transformation concerns a 
small amount of molecules. 
To show this effect, some tests are carried out with 
axisymetric hour-glass shape specimens, the 
diameter of which is 26 mm. In order to induce 
crystallization transformation, the mean stress varied 
since the alternative stress is constant. The results 
are presented at the figure 1 for a natural rubber 
tested at 25°, 50° and 80°. It is shown that the 
fatigue life increases when the mean stress of the 
cyclic loading is high enough to involve 
crystallization depending of the testing temperature. 
To confirm the effect of crystallization on fatigue 
strength the behavior of natural rubber (NR) is 
compared with SBR well known to stay amorphous 
and CR, a synthetic rubber with partial crystallite 
transformation. It has been found that, for high mean 
stress, the fatigue life of SBR is decreasing. The 
figure 2 shows, very well, three types of SN curve 
for NR, SBR and CR, depending of the 
crystallization effect. A sharp knee is observed on 
the SN curve for NR, when the minimum stress of 
the cycle load is in tension. This phenomena does 
not appear for SBR and is not so important for CR. 
Thus, the question is to know how the crystallization 
related with fatigue damage. 

S mean 

1,5 MPa- 

MR Smcan SBR 

Figure 2.Comparison of SN curves (NR, CR, SBR) 
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3 FATIGUE CRACK PROPAGATION IN 
NATURAL RUBBER 

In order to apply a tension compression loading it is 
recommended to use a thick specimen with two 
lateral grooves (W= 150 mm B= 25mm) shown in 
the figure 3. For an elastic deformation, crack 
propagation is studied in terms of dissipating energy 
release rate, given by the relation: 

T = 
\_dU_ 

B da 

Fatigue crack growth tests confirm that there is a 
sigmoi'dal relation between da/dN and AT. Once, a 
relationship of the form: 

da 

~dN 
= C.AT" 

is observed over only limited regions of behavior. 

For low values of AT, a threshold can be defined 
(figure 4). The threshold increases when R ratio 
increases, at contrary to what is observed for metals. 

0    ° o 

  

0   o o 
120 mm 

150 

m a 
25 

Figure 3. Fatigue specimen and crack growth 
specimen for rubber 

It was observed when R ratio is 0.5 cracks would not 
propagate in fatigue for the maximum loads used in 
this study. At the lower load ratio, R = - 1 a 
symetrical tension-compression cycle, the threshold 
ATs, almost disappeared. Consequently, the fatigue 
crack propagated even for the lowest loading when R 

= -1 (figure 5) 
When the loading is in tension-compression, a 
chemical degradation of rubber is observed at the 
crack tip, where drops of black liquid are secreted 
from the crack surfaces. The cyclic damage in 
compression and the effect of crack surface friction 
probably lead to a chemical reaction of rubber 

oxidation. 
For the high load ratio (R = 0.5) the elongation or 
blunting of the crack tip causes local crystallization 
of the rubber .which prevents crack propagation. 
This strain induced crystallization has been 
determined by X-ray crystallography and 
tomography. The effect of crystallization doesn't 
occur from R = -1 because reversibility of the 
crystallization appears to occur during the 

compressive stage. 
To summarize, the resistance to fatigue crack 
propagation in natural rubber is better under high 
static stress for tension-tension cyclic loading, but a 
minimum stress of the cycle in compression is very 
damaging. 

4 X-RAY TOMOGRAPHY 

The various applications of X-ray tomography 
permit the study of composite materials at any level, 
macroscopic, mesoscopic or microscopic. The X-ray 
scanner is well-adapted to reveal defects on a 
centimeter-scale, such as a interlaminar crack, but it 
is also capable of revealing the distribution of 
reinforcements on a millimeter-scale, and of 
detecting microcracking. 
In addition, the attenuation of X-ray, which depends 
on the physical and chemical nature of the composite 
constituents, can be measured by X-ray scanner. 
Changes in the polymeric matrix due to aging, or 
even the transformation of amorphous polymers into 
crystallites, can be studied by X-ray tomography. 
This astonishing tool, long used by the medical field, 
is also well adapted to the study of composite 
materials, due to its ability to detect defects on a 
wide range of scales, as well as its ability of physical 
and chemical analysis by measuring X-ray 
attenuation. 
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Figure 7. Evolution of X-ray attenuation during torsion and mixed-mode monotonic loading (NR). 
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Figure 8. Stady-state X-ray attenuation in amorphus elastomer matrix SBR, during loading. 

The medical scanner is able to measure the x-ray 
attenuation, or tomographic density, in Hounsfield 
units however, it cannot measure the local mass 
density. In order to obtain this density a calibration is 
necessary with the local mass density of water used 
as a reference. The tomographic density (TD) of a 
material is a relative measure of its attenuation 
coefficient (u) with respect to that of water (^w). 

It follows that: 

TD=%-K=&K 

This calibration has been performed with several 
materials in order to obtain an empirical relationship 

between the average TD of materials and their 
respective attenuation coefficients. 

If I0 is defined as the photon intensity passing 
through a homogeneous absorber of thickness X, the 
emerging photon intensity I is given by: 

1= I0exp (-(x(p,z,E)x) 

where p is the physical density, z the atomic number, 
and E the photon energy. 
A 10 000 GE medical scanner is used in these 
experiments. This scanner can accept samples with a 
maximum diameter of 600mm. The spatial 
resolution is better than 250u, The Hounsfield 
density resolution is as low as 0,2%, which is, 
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useless for classical non-destructive testing. 
Our scanner has been equipped with a monotoni 
compression/tension machine capable of applying 
load of up to 50KN. This permits observations ( 
test pieces under mechanical loads. 
For    the    reconstruction    of   images    and    tr 
measurement of tomographic density, we use both 
commercial software and self-developed software 
called ULTISCAN VISA, which is used for image 
calculation and 3 - D reconstruction. 

5 APPLICATION OF X-RAY TOMOGRAPHY TO 
STUDY CRYSTALLIZATION 

Crystallization has been studied before damage 
during elongation of hour-glass specimen. The 
results are given in figures 6 to 8 . In natural rubber, 
an elongation of the specimen, inside the tensile 
machine, provokes an increase of the X - ray 
attenuation given in Hounsfield units. It is assumed 
that the high attenuation is related with 
crystallization. It is easy to observe that higher is the 
elongation, higher is the attenuation. In order to 
detect the location of crystallization inside the 
specimen a tension and a mixed made loading have 
been applied. In torsion, high attenuation is located 
close to the surface since in mixed-mode the 
attenuation is more uniformed due to the tension 
(figure 7). 
Finally, the figure 8 shows that aSBR specimen 
without loading, with torsion or torsion-tension does 
not exhibit any evolution of the X-ray attenuation, 
what is a good demonstration of the accuracy of X- 
ray attenuation to detect crystallization 
transformation in NR. 
The last experiment has been done in compression 
with a NR specimen. A small decrease of the 
attenuation is observed after compression . 
In tension, compression or shear, this phenomena is 
almost completely reversible when the deformed 
rubber is unstressed. 

Firstable it appears, in natural rubber, that X ray 
attenuation is not affected in the bulk of the 
materials but only locally, depending of the loading. 
To show this effect we have chosen two examples: 
on specimen loaded in cyclic-tension-compression 
fatigue and another one loaded in compression- 
comoression fatigue. 
In tensile fatigue, the first damage appears close to 
the surface of the specimen and generally growths 
from the exterior to inside the specimen. Using 
interrupted tests after an increasing number of 
cycles, we have followed the development of a crack 
in tension-compression fatigue. The figure 9 shows a 
3D reconstruction of a fatigue specimen before 
failure with a small crack. At this stage of the fatigue 
damage, the difference of the Hounsfield density is 
less than 10%, compared with the initial attenuation, 
before damage. 

At the contrary, in compression-compression fatigue 
the first damage appears inside the specimen which 
is a disc, 50 mm of diameter. It is shown by finite 
element calculation, the fatigue initiation is located 
at the maximum shear stress area. If Nf is the 
number of cycles for a visible damage, a specimen 

has   been   tested   at    N%    and   observed   by 

tomography before failure. Several damage zones 
have been detected inside the disc. A drastic low 
Hounsfield density is observed across a damage 
zone, surrounded with a higher density. To show the 
performances of the scanner several cross-section 
and 3D reconstruction are given in figures 10 to 1. 
This example of compression-compression fatigue 
damage is especially interesting because there is no 
other way to detect interior defect inside rubber. 

IP"    A- 700 HD 

6 APPLICATION OF X-RAY TOMOGRAPHY TO 
STUDY FATIGUE DAMAGE 

As it is mentioned in the paragraph 4, X-ray 
tomography is a power tool to detect phase 
transformation in elastomeric matrix. Obviously, 
defects such as inclusions, pores are also easy to 
detect. The problem now is to improve this 
technique to reveal fatigue damage after a number of 
cycles. 
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Figure   9.   Evolution   of   X-ray   attenuation   after 
megacyclic fatique tension-compression. 
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Figure   10  Evoluation  of X-ray  attenuation  after interrupted fatigue test at N/3. 
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Figure   11.   Evolution   of  X-ray   attenuation   after 
interrupted fatique test at N. 
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7 CONCLUSION 

In the first part of this paper, a method is proposed to 
study the mechanical behavior of elastomeric matrix, 
fatigue strength and cracking. The effect of 
crystallization is emphasized. 
In the second part, it is shown that the application of 
medical scanner at rubber is an accurate tool to study 
molecular arrangement, reinforcement repartition, 
molecular transformation, until damage and cracking 
in elastomeric matrix composite materials, at 
mesoscopic scale. 
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ABSTRACT: This paper summarizes our recent research in a theoretical and experimental investigation of 
damage initiation and progression in unidirectional graphite/epoxy composites containing a central circular hole 
subjected to off-axis uniaxial tension. Theoretically, a newly developed damage constitutive equation model, 
together with a modified nonlinear finite element procedure, is applied to analyze the inelastic behavior of the 
composites with respect to material damage initiation and accumulation. A set of failure criteria is proposed 
and used to predict the threshold condition of failure and to identify different failure modes. Experimentally, to 
provide a validation analysis, the Moire interferometry method with a computerized image processing system is 
employed to monitor deformation fields and failure characteristics of the composites. Results obtained from the 
tests are collated with those from analyses to gain a better understanding of the parameters affecting 
progressive damage in the composites. 

1 INTRODUCTION 

The wide use of fiber reinforced composite materials as 
secondary and primary engineering structures in 
industries has increased rapidly in recent years. While 
these materials continue to offer many desirable 
structural properties over conventional materials, they 
also generate many challenging problems in developing 
technologies to better understand and predict their 
performance and failure characteristics. A fundamental 
issue in analyzing the strength of composites is 
prediction of the initiation and propagation direction of 
macrocracks in composites with cutouts and notches 
under loading. 

The behaviors of notched laminated composites under 
load have been studied extensively as these notches 
result in severe stress concentrations leading to 
significant strength reduction and material damage 
development. However, most of the previously 
performed investigations focused on determining the 
maximum design load that a composite structure can 
carry using linear elastic fracture mechanics or semi- 
empirical methods. Internal material damage in the 
forms of microcracks/voids generated due to the 
presence of notches was ignored (Chang & Lessard 
1991). Experiments in the past (Reifsnider 1982) have 
revealed that these local damage events can initiate at an 
early stage of useful life of a composite and progress as 
the load increases until final rupture. The initiation and 
the evolution of these damage mechanisms significantly 
affect mechanical properties, ultimate strength, failure 

modes of the constituent composite layers and 
subsequently, performance of composite structures. 
Accordingly, it is important to include the effects of 
these defects and their evolution on an accurate 
evaluation of composite durability and structural 
integrity. Since a unidirectional composite is the basic 
building block of a laminated composite, its damage 
behavior should be examined first in order to fully 
understand the failure characteristics of a composite 
laminate. 

It has been well established that unidirectional fiber 
reinforced composites exhibit very complex damage 
modes under different loading conditions. Typical 
damage patterns in a unidirectional composite material 
include matrix cracking, matrix/fiber interface 
debonding, fiber breakage, and their interactions. The 
complexity of damage modes renders an exact analytical 
solution describing the fine details of a particular 
damage event untenable. Fortunately, as early stage 
internal damage in composites is noncatastrophic in 
many situations, it is rational to consider locally 
averaged effect of damage. To do this, the theory of 
damage mechanics provides an effective analytical tool 
Based on the thermodynamics of irreversible process, 
damage accumulation due to matrix cracking, fiber- 
matrix interfacial debonding, or any combination of 
these events at the micromechanics level can be 
described macroscopically through an appropriately 
defined set of vector- or tensor-valued internal state 
variables. These internal state variables are used to 
formulate the damage-coupled constitutive relations for 
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composites. The damage evolution can be monitored to 
quantify progressive failure in composites from the 
initiation and propagation of damage to eventual failure. 
Damage mechanics is able not only to predict stiffness 
toss of the composites caused by the nucleation and the 
growth of distributed microscopic cavities and cracks, 
but also to provide a solid ground for an accurate 
macromechanics failure analysis for composite 
laminates. 

The purpose of this paper is to examine the damage 
initiation and progression in unidirectional graphite/ 
epoxy composites containing a central circular hole 
subjected to off-axis uniaxial tension. With the aid of a 
modified finite element procedure (Chow and Yang 
1994), the anisotropic damage model proposed by 
Chow et aL (Chow et al. 1992) is extended to study the 
evolution of damage as applied load increases, the effect 
of fiber orientation on damage development, and crack 
initiation behaviors of the notched composites. The 
present analysis is justified through the comparison 
between the Moire1 interferometry observations and the 
predicted finite element results. 

2 FORMULATIONS 

The geometry of a unidirectional fiber reinforced 
composite plate chosen for the investigation is shown 
in Figure 1. The plate with dimensions of L, W 
contains a circular hole of radius R located at the 
center of the plate subjected to a uniform far-field 
uniaxial tensile stress p applied at both ends. Under 
the loading condition, the composite specimen is in a 
state of plane stress, and only three stress 
components, a, (i= 1,2,6, the contracted notation is 
utilized), need to be considered. Two coordinate 
systems, global coordinates x-y and material principal 
system 1 -2, are set at the center of the hole. 0 stands 
for the fiber orientation angle between the loading 
direction and the maximum principal material axis. 

In an earlier work by the present authors (Chow et 
al. 1992), damage evolution in a brittle fiber 
reinforced   unidirectional   composite   under   static 
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Figure 1. Unidirectional composite with a hole 
subjected to tension. 

loading can be theoretically described as an elastic- 
damaged process. The residual strain of the 
composite after unloading is negligible compared 
with its total deformation. The deviation of stiffness 
from the elastic response of the composite is 
attributed to irreversible energy dissipation processes 
caused by the nucleation of new damage entities and 
the growth of existing damage entities. A damage 
surface in stress space, a function of the stress state 
and the internal damage variable D, can be 
introduced to distinguish between the damage 
processes involving material degradation and the 
processes of elastic unloading or reloading without 
damage progression. It may be expressed as 

F(oi,D) = oo-K(D) = 0 (1) 

where a0 is an equivalent stress defined as 

o„ = (Rm„omon)"2. (2) 

The coefficients Rij (Ry = Rji is assumed) depict the 
influence of each stress component on the material 
damage state and can be determined from 
experiments. K(D) in equation (1) is a state function 
which changes as D representing the energy 
dissipated during a damage process develops. The 
increment of D is represented by 

dD adef (3) 

in which de? represents damage strain increments. 
Therefore, the damage strain increment can be 

estimated from the normality rule or flow rule by 
using the damage function F, 

3<x        da. 

in which dk is a scalar of proportionality, 

da, 
= 0, otherwise 

(4) 

,, |>0,    ifF = 0and ^-da,>0 dM da, 

and  it  can  be  determined  from  the  consistency 
condition dF=0. 

The effective in-plane constitutive relations of a 
damaged unidirectional composite at a certain 
damage state can be written as 

-C,,a, --S.Z. (5) 

where Cij=Cji is the elastic compliance at the current 
state, Sij=Sji is the current material stiffness, and Cjj 
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=[Sij]"'. These material coefficients will change their 
values during a damage process. The total strain 
increment in a damage process is then 

dei =Cjjd<jj + dCijaj 

which can be decomposed as: 

def = Cijdaj     and     def = dCijoj 

(6) 

(7) 

where superscript e represents elastic components. 
To establish the relationship between a damage 

surface and current material coefficients, it is 
convenient to introduce a quantity called equivalent 
damage strain £<, related to the energy dissipation 
increment dD as 

dD = -o.de!1 = -o„dEo. 
2 2 

(8) 

The Oo-Eo relation is experimentally determined as 

Eo  =ao„b - aos
b (9) 

where a and b are material constants, as is the 
equivalent stress level at the threshold of damage 
strain. The current compliance of a unidirectional 
composite during a damage process can be readily 
derived from equations (1), (4), (7), and (9), and 
expressed as (Chow et al. 1992) 

Ci(D) = C|(0) + 

ab 

(b-1) 

f2(b + l) 

l    ab 
D + o° Ru 

(10) 

where Cij(0) denotes the virgin material compliance 
component, and 

D = ^[y{oob+1-os
b+1)     (fordo0>0). (11) 

These equations can be used to estimate the 
instantaneous values of Cy and damage variable D 
during a damage process (Oo>(Js). It can also be seen 
from equation (10) that the coefficients Ry reflect the 
anisotropic behavior induced by material damage. 
For any loading processes inside the damage surface 
F, damage variable D and coefficients Cy remain 
constants which are determined from the highest 
value of stress o0 from the preceding applied load 
histories involving material damage progression. 

From equations (6), (7), and (9), the constitutive 
relationship between the elastic-damaged stress 
increments and the total strain increments can be 
derived as 

dcJi = S!f dEj (12) 

where   S?   is   the   elastic-damaged   instantaneous 
tangent modulus expressed as 

Sr = Sü(D)- 

ab q0
b 3 Sip (D) Rpq CTq RuvCTv Suj (D) 

l + aba„b"3Rs,asSti(D)R,kak 

Usually, Sjj(D) in this equation also depends upon the 
previous damage histories as shown in equation (10). 

Equations (5), (10), and (12) provide a constitutive 
description for the elastic-damaged behavior of a 
unidirectional composite material in the material 
principal system. The off-axis stress-strain 
relationship depending on the composite fiber 
orientation can be readily obtained through 
coordinate transformation rules. 

3 FAILURE CRITERION 

The development of an accurate failure analysis of 
composite materials requires not only a proper 
damage mechanics model characterizing material 
degradation due to damage as described above but 
also a set of failure criteria for the final failure mode. 
In-plane failure of a unidirectional composite can 
generally be classified into matrix dominant failure 
and fiber dominant failure. For the unidirectional 
fiber composites under static loading, experiments 
have found that the major portion of the load is 
carried by the fibers when loaded in the fiber 
direction, and the failure of the composite in the fiber 
direction is dominated by the ultimate strength of the 
fibers. Therefore, it is reasonable to assume that 
de" = 0 along the fiber direction, which leads to 
Rij=0 (j=l> 2, 6) in equation (2). For fiber failure, the 
failure criterion is thus postulated as 

E, =£f (13a) 

where Ef is the fiber strain failure level. 
On the other hand, when loaded in an off-axis 

direction, the matrix cracking and the fiber/matrix 
interface debonding become the dominant failure 
modes. Typically, the matrix cracking and fiber/ 
matrix debonding occur in concert to produce 
transverse macrocracks aligned to the fiber direction. 
For resin matrix composites, this mode of failure is 
usually observed prior to other types of failure 
modes. Thus, final failure in the matrix or at the 
fiber/matrix interface occurs when the accumulated 
damage reaches a critical value, i.e., 

D = DC (13b) 
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where Dc is the critical damage at the threshold of a 
macrocrack initiation. The failure criterion is 
postulated in a way that the direct effect of the fiber 
reinforcement and thereby fiber failure has been 
decoupled from the type of failure that represents the 
matrix and fiber/matrix interaction, including the 
possible effect of the interface debonding. 

4 NUMERICAL ANALYSIS 

To provide an analytical tool to examine the in-plane 
damage behaviors of various notched composite 
coupon specimens as shown in Figure 1 up to failure 
initiation, the proposed constitutive model and the 
corresponding numerical integration algorithms for 
the incremental load-deformation analysis have been 
discretized and implemented in a general-purpose 
nonlinear finite element program (Chow & Yang, 
1994). The finite element procedure is developed 
based on the conventional displacement method. The 
unidirectional fiber reinforced composite is modeled 
as macroscopically continuous, homogeneous, and 
damage coupled orthotropic medium. Due to the 
inherent nonlinearity of the stress-strain relationship, 
the composite stiffness matrix is not constant but 
depends upon the previous loading histories, current 
stress state, and fiber orientation. The nonlinearities 
in the finite element equations are handled with the 
modified Newton-Raphson iteration procedure. All 
stress, strain, and damage quantities are monitored at 
each Gaussian integration point within each element. 
For each iteration at a given load increment, all the 
stresses at an integration point are formulated in a 
form of the damage function in equation (1) or the 
failure criterion in equation (13), in order to check 
the threshold condition of damage initiation or 
failure, respectively. 

In the case of damage progression, a radial return 
algorithm with smaller strain increment is adopted for 
the integration of elastic-damaged constitutive 
equations. It is necessary to modify the stiffness 
matrix during the computation for a progressive 
damage process. For the entire loading process, this 
procedure is repeated until the failure criterion is 
fulfilled at certain integration points. Once failure is 
detected, fiber failure or matrix failure (which 
includes matrix/fiber interface debonding) can be 
separately identified. The computation is then 
terminated, and macrocracks are considered to 
initiate at these locations. 

Theoretical calculations for the problem are 
performed with the two-dimensional finite element 
algorithm. The finite element analysis gives the 
stress-strain distribution of the entire composite 
plate. In particular, the stress concentrations around 
the hole play an important role in predicting damage 
development and crack initiation. In order to show 
the convergence of the numerical analysis results, 

several finite element meshes having the same design 
but differing in element dimensions and number of 
elements are considered. The computing time varies 
significantly from one mesh design to another 
depending on the number of elements. Although a 
finer mesh leads to a more accurate prediction of the 
damage progression than a coarse mesh does, it 
suffers from a lengthy computing time. The increase 
in computing time may not justify the increase in 
accuracy after the number of elements reaches a 
certain value. Here, because of the non-symmetrical 
nature of the specimen, the whole off-axis 
unidirectional composite was modeled with 320 in- 
plane isoparametric elements totaling 1032 nodes 
after a careful study on the effects of the different 
mesh sizes. Around the hole area, the finite element 
mesh was refined as shown in Figure 2. Incremental 
loading step is carefully selected to be small enough 
to better predict the damage accumulations in a 
specimen and to capture the damage progression but 
large enough to avoid a lengthy and unnecessary 
computing time. The failure criterion described 
equation (13) is checked at all times to determine the 
onset of failure, i.e., a macrocrack formation. 

X 

Y 

Figure 2. Finite element modeling. 

5 EXPERIMENTS 

In order to check the validity and accuracy of the 
proposed damage behavior prediction procedure, 
comparison between experimental measurement and 
theoretical analysis on the response of composites is 
performed. The composite material chosen for the 
investigation was made of 648 epoxy matrix 
reinforced by 65 volume percent of T300 graphite 
fibers. The composite specimens were machined from 
the unidirectional composite panels with inclined 
angles to produce specimens of different fiber 
orientations. Thin aluminum plates were bonded to 
both ends of each composite specimen for 
reinforcement so that the specimen can sustain 
necessary gripping force. 

To evaluate the material constants and the 
corresponding in-plane related damage coefficients 
required for the subsequent numerical analysis, a 
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series of uniaxial tests for standard tensile specimens 
with fibers oriented along 6=0°, 22.5°, 45°, 67.5°, and 
90° were performed first. All the off-axial test 
specimens were loaded quasi-statically. The axial 
strains were measured with strain gauge and 
extensometer, and the axial stresses were evaluated 
from the applied load divided by the current cross- 
section area of the specimen. The unloading tests 
confirmed that the residual deformation of the 
specimens was very small and could be considered 
negligible as compared with the total resulting strain. 
These tests also indicated that the composite 
specimen after damage initiation can be treated as an 
orthotropic medium in a principal axis system. 
Therefore, for the in-plane case, only R^ needs to be 
determined as R22=l can be readily realized if the 
loading direction is perpendicular to the fibers. The 
measured ex-ax relationship of any two fiber angles 
was used to evaluate R« and the function £o(a0). 
Results from the tests at other fiber angles were 
recorded and served to check the accuracy of the 
evaluated R66- The measured properties of the initial 
undamaged composite were determined at low load 
level and found to be 

E„(0) = 125.1GPa,   E22(0) = ll.lGPa 

v,2(0)=0.338,  G12(0) = 3.3GPa . 

The corresponding material coefficients in equations 
(9), (10), and (13) are 

3=0.114x10^,  b = 1.242,   os = 9.0MPa 

ef =0.092, Dc=254xl03Pa 

R„ = Ri2=R,6 = R26 = 0,   R22 = l, andR66 = 1.9. 

These material coefficients describing the anisotropic 
damage characteristics of the composites are required 
as input for the finite element program. 

The second set of the experiments was concerned 
with crack initiation and failure mechanisms in 
unidirectional graphite/epoxy composites containing 
a central circular hole subjected to off-axis uniaxial 
tension. To verify the accuracy of the damage 
formulation, the finite element predictions of the 
deformation and damage distributions in the 
specimens were compared with the results obtained 
from Moire interferometry method. The design of a 
moire interferometry device (Asundi & Yang, 1993) 
is shown in Figure 3. A video camera was zoomed in 
to observe the localized hole area and to examine the 
details of damage around the edge of a central hole 
while a photographic camera monitored the global 
response of the specimen. Moire fringe patterns were 
captured periodically for subsequent image analysis. 
A computerized image processing system was 
employed to quantitatively evaluate the displacement 
field as well as strain distribution based on the moire 
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Figure 3. Moire interferometry device. 

patterns of the specimen at a certain load level. The 
system adopts a fast Fourier transform (FFT) 
technique which allows brightness function of a 
moire image pattern to be Fourier-transformed and 
isolates the frequency components of the image 
containing displacement information. 

6 RESULTS 

Quantitative evaluation of the Moire patterns taken 
from the experiment was performed by employing an 
image processing software. As an example, only one 
strain component distribution, £„,, along the x-axis for a 
90° specimen is presented here. The same procedure can 
also be applied to obtain other strain components. In 
Figure 4, the predicted and measured results of the 
strain component, 6yy, along the x-axis are compared for 
the 90° specimen under the load of 8.8 MPa. Under the 

J" irimontal rtsultt 
damage consideration 
~* damage consideration 

' 1.0 3.2 5.4 7.6 9.8 12.0 
X/R 

Figure 4. Strain £„, along x-axis for 90° specimen. 
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(a) V-field patterns 

(b) U-field patterns 

Figure 5. Fringe patterns for 90° specimen: 

same external load, predictions from conventional linear 
elastic theory with the original undamaged material 
stiffness are also included. It can be observed that the 
damage theory produced a higher strain 
concentration effect due to material damage, and 
yielded more accurate prediction than that based on 
the conventional linear elastic theory without damage 
considerations. The discrepancy becomes more 
pronounced near the edge of the hole. The strain 
concentration effect is, as expected, enhanced due to 
damage. The difference in strain magnitude between 
linear elasticity and nonlinear damage theory becomes 
more significant with increased damage at higher 
applied loading. 

Figures 5(a) and 5(b) depict the localized v and u 
moire fringe patterns of the 90° specimens 
corresponding to, respectively, y and x directions at 
the load of 15.84MPa. It can be observed from the 
figure that both v and u patterns show significantly 
dense fringes at the immediate vicinity of the hole, 
displaying a narrow zone of strain concentration. 
Examination of the moire fringe patterns taken from 

(a) 
A: 0.1; B: 0.59; C: 1.08; D: 1.56; E: 2.05; (KPa) 

(b) 

Figure 6. Damage contours and a failed 0° specimen. 

the experiments reveals that as the load increases, 
there is a corresponding increase in strain 
concentration near the hole area; however, the fringe 
pattern elsewhere remains uniform and smooth. At 
higher loads, the strain concentration zone continues 
to display a similar but enlarged narrow zone at the 
hole edge, expanding perpendicular to the loading 
direction. Similar observations can also be made for 
other specimens with different fiber orientations in 
terms of narrow band of strain concentration with 
increasing magnitude of applied load. Abrupt change 
in the moire' fringe pattern near the hole edge 
representing a macrocrack emergence can also be 
readily observed from the figure. 

The damage model was extended to examine not 
only damage initiation and propagation, but also 
macro-crack initiation or failure in the composite 
specimens. For the sake of illustration, the damage 
contours of the 0° composite specimen at the load of 
250MPa are selected and shown in Figure 6(a). For 
this specimen, damage is first observed at the 
location of (b=64.9° (or 115.1°, -64.9°, and -115.1°, 
due to the symmetry of the composite) on the hole 
edge where the calculated applied stress p is 
35.95MPa. Theoretical analysis indicates that the 
combination of normal and shear stress components 
at that location produces the highest equivalent 
damage stress within the specimen. Damage value of 
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this location increases with increase in applied load, 
and then expands to form a damage zone along the 
loading direction, the weakest region in the 
composite. The damage is always confined to an area 
at close proximity of the stress concentration. It is 
worth noting that the mechanical properties of the 
material elements within the damage zone change 
due to damage initiation and growth upon loading. 
The overall damage at a particular location can be 
calculated based on the damage evolution from the 
damage-coupled finite element analysis. When the 
overall damage reaches a critical value, which is a 
material constant, the material element is said to be 
ruptured to produce a macrocrack. From the damage 
zone pattern, it can be observed that a macrocrack 
appears at the damage initiation point and the angle 
of crack propagation is along the applied loading 
direction. Careful examination of the failure mode 
uncovers the fact that failure is initiated in matrix or 
fiber-matrix interface and the specimen finally fails 
due to the crack propagation along the fiber 
direction. The failure behavior can be readily 
observed from Figure 6(b). The observation also 
confirms the validity of the finite element analysis 
result. 

The same analysis and test procedures were also 
applied to the composite specimens with different 
fiber orientations. Figure 7 illustrates the relationship 
between the failure initiation position and fiber 
orientations of the composite specimens with a 
central hole subjected to off-axis tension. The 
computer simulated results in Figure 7 are in close 
agreement with the experimental findings. 

initiation and failure mechanisms in unidirectional 
graphite/epoxy composites containing a central 
circular hole subjected to off-axis uniaxial tension. 
Once damages occur in a material element, the 
stiffness degradation results. This phenomenon is 
fully characterized by the damage-coupled composite 
constitutive relations. The effective global stiffnesses 
are recalculated to include the effects of the material 
degradation, through which, the redistribution of 
stress can then be computed. The results of this 
model include the whole field stress-strain 
felationship, the composite stiffness degradations, 
and the extent of damages at any stress level. Two 
failure modes are distinguished: fiber failure 
dominant and matrix failure dominant including the 
fiber/matrix debonding. Both theoretical analysis and 
experimental observations have found that failure of 
the composite material near the hole area takes place 
within a damage zone. A macrocrack initiates at a 
material point at the hole boundary when the damage 
reaches its critical value and propagates along the 
direction of the extended damage zone in a matrix- 
dominated failure mode. The predicted results are in 
good agreement with those observed experimentally, 
thus verifying the validity and accuracy of the 
proposed damage model for damage and failure 
characterization in the notched unidirectional 
composite plates. The damage model is now being 
extended to characterize the damage mechanisms and 
failure behaviors of laminated composite structures 
and preliminary results have shown promise. 
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Recent developments in damage mechanics of composite materials 
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ABSTRACT: This paper reviews some results of the efforts made by the author's research group and 
collaborators in applying damage mechanics to durability assessment of composite materials. The results are 
grouped in categories of damage initiation, stiffness-damage relationships, and damage evolution. Emphasis 
is placed on incorporating the actual damage mechanisms and real microstructures into continuum 
formulations of material response. The long term perspectives of this approach are then discussed. 

1 INTRODUCTION 

Increased applications of composite materials 
depend on their being made more cost-effective 
without compromising their safe and reliable 
performance. Since manufacturing related cost 
makes up the dominant part of life cycle cost of 
most composite structures, and since most 
composite structures are designed for long term 
performance, it appears that the way to achieving 
increased applications lies in connecting analysis of 
manufacturing processes with durability assessment. 
The field which can facilitate this connection is 
damage mechanics. However, damage mechanics in 
its conventional form must be modified to achieve 
this goal. The modification needed consists of 
providing an "opening" in the response function 
formulations through which details of the 
microstructure (phase and defect distributions) can 
be entered. This way connection with manufacturing 
processes, which result in the actual microstructure, 
can be made. Furthermore, when durability 
assessment with damage mechanics has been made, 
the result of that assessment can be taken as a 
feedback to improve the manufacturing processes. 

At the DURACOSYS 95 conference this author 
presented a synergistic damage mechanics approach 
which enters selected micromechanics results 
through the "opening" in the response function 
formulation (Talreja 1996). The main advantage of 
the approach, as demonstrated in that paper, was 
that the burden of determining material coefficients 
in the stiffness-damage relationships was reduced. 
Further results, obtained since then, will be 
reviewed below. These results demonstrate that 
without the "opening" a continuum damage 
formulation risks becoming merely a formalistic 
structure for describing material response. 

In view of the need to connect manufacturing 
process analysis with durability assessment 
mentioned above, some results of the approach 
being taken by the author's research group and 
collaborators to relate damage initiation in "real" 
microstructures (as against assumed ones) will also 
be described below. These results indicate that 
assuming uniform distributions or distributions of 
assumed random functions for microstructural 
entities may not suffice in determining initiation of 
damage under thermal or mechanical loading. The 
specific case of fiber/matrix debonding and radial 
matrix cracking resulting from transversely loaded 
unidirectional composites will be described. 

Finally, evolution of damage which underlies 
changes in response of composites under thermal or 
mechanical loads will be discussed. The focus here 
is on effects of initial defect patterns on damage 
evolution. The ongoing activities in this area will be 
summarized and directions of further pursuit will be 
pointed out. 

2 DAMAGE INITIATION 

The cause of the first event of failure at the micro 
level (i.e. damage initiation) in composite laminates 
is often assumed to be debonding of fibers from 
matrix in an off-axis ply. However, our recent 
results (Asp, Berglund and Talreja, 1996a,b,c) 
indicate that this may not always be true. In these 
papers it is shown that in composites with a glassy 
polymer (e.g., epoxy) as matrix, the first event of 
failure may be cavitation induced brittle cracking 
rather than debonding. A criterion for cavitation 
induced brittle cracking is proposed to be the 
dilatation energy density reaching a critical value, 
and it is shown that this criterion can predict 
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transverse failure of unidirectional glass/epoxy 
composites. In a matrix material where cavitation is 
not likely, e.g., in a ceramic at room temperature, 
debonding and radial matrix cracking are the main 
mechanisms of damage initiation. 

In the context of connecting processing and 
durability, it is important to deal with the 
nonuniformities of fiber distributions resulting from 
a given process with regards to their effects on 
damage initiation. One such effort was made by 
S0rensen and Talreja (1993). There, periodic 
clusters of fibers were considered and it was shown 
that significant changes in local residual stresses 
resulted from thermal cooldown of unidirectional 
ceramic matrix composites. Later, coatings and 
interphases in these materials were considered and 
their effects were clarified by a parametric study 
(S0rensen and Talreja 1994). In current studies 
concerning damage initiation actual fiber 
distributions resulting from a commercial type 
process for manufacturing ceramic fiber reinforced 
glass-ceramic are being incorporated (Bulsara, 
Talreja and Qu, submitted). In these studies local 
disorder in fiber distribution is described by a radial 
distribution function (also known as the pair 
distribution function) given by (Ripley 1977), 

9(0= 
A   dK{r) 

ZvrN   dr  ' 
(1) 

where 

K{r)-- 
A/(r) lk(r) 

and 
dKr)=K{r+di)-K<j) 

(2) 

(3) 

where K(r) is a descriptor of the fiber centroid 
distribution, called the second-order intensity 
function, Jjfc(r) is the number of fiber centroids 
within a circle of radius r (not counting the central 
fiber) and N(r) is the total number of fibers within 
the viewing area A. 

The function g(r), as determined by image analysis 
of cross-sections of a unidirectional SiC fiber 
reinforced glass-ceramic, is shown in Fig. 1 and the 
corresponding typical cross-section is shown in Fig. 
2. This function provides information concerning 
the intensity of inter-distances of fibers. Thus, local 
maxima and minima in g(r) represent most frequent 
and least frequent occurrences, respectively, of these 
distances. If the fiber distribution results from a 
random Poisson process, g(r) = 1 at all r. Whenever 
g(r) > 1, the fibers are more frequently present at 

that r-value (i.e., within a circle of radius r) than in 
the random Poisson process. In a statistically 
homogeneous pattern of fibers g(r) will approach 
unity at large r. Suppose the value of r at which this 
occurs is ro, then the range of the local disorder is 
given by 0 < r < ro. For further discussion on this 
subject see Pyrz (1994). 

We have used a scheme to generate realizations of 
microstructure (i.e., patterns of fiber distribution) 
that have equivalency to the actual microstructure in 
terms of the function g(r), i.e. all realizations have 
the same g(r) as that of the actual microstructure. 
The scheme, described in Bulsara, et al. (submitted), 
generates realizations of the same g(r) with different 
6-distributions, where 0 measures the angle the line 
joining a fiber centroid and the central fiber centroid 
makes with a reference direction. Incorporation of 
several assumed 6-distributions in the simulation 
scheme allows studying the influence of the 
orientation effects which are not captured in the 
function g(f). 

Unit cells containing the simulated fiber patterns are 
then investigated for their damage initiation 
characteristics by a finite element method. A unit 
cell is subjected to a uniaxial tensile load normal to 
the fiber axis or is allowed to contract under a 
uniform thermal cooldown. In both cases the local 
stress states are examined and failure criteria are 
applied to ascertain initiation of debonding and 
radial matrix cracking. Statistics are gathered in 
terms of the average number of fibers which debond 
or initiate radial cracks, and the fraction of this 
number with respect to the total number of fibers in 
a unit cell is then plotted against the assumed 
critical failure stress (strength). Figures 3 and 4 give 
two illustrative examples of the results of this 
analysis. Figure 3 relates to the case of thermal 
cooldown by 1000 °C and shows how the fraction of 
fibers with debonds increases with decreasing 
strength of the interface. (The x-axis in this plot is 
the assumed interfacial strength expressed as 
fraction of a reference value.) The various cases 
indicated in the legend are for the same g(f) with 
four different G-distributions, a uniform random 
distribution and a uniform distribution with periodic 
spacing of fibers. The differences in the damage 
initiation behavior are notable. For instance, the 
simulated cases of the actual fiber distribution 
produce earlier damage initiation than the random 
distribution case. The periodic fiber distribution 
causes no damage at the values shown; however, 
this occurs at higher values. Figure 4 shows the case 
of uniaxial tensile loading with the overall stain of 
0.1 percent. Here the entire range of debonding is 
plotted in order to highlight the difference between 
the case of periodic fiber distribution and the other 
cases. 
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Fig. 1. The radial distribution function g(r) of a ceramic fiber reinforced glass-ceramic. 

Fig. 2. Cross section of a ceramic fiber reinforced glass-ceramic corresponding to the 
radial distribution function in Fig. 1. 
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Fig. 3. Fraction of fibers with fiber/matrix debonds under a 1000 °C cooldown against 
decreasing interfacial bond strength for a ceramic fiber reinforced glass-ceramic. 
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3 STIFFNESS-DAMAGE RELATIONSHIPS 

In the previous DURACOSYS paper (Talreja 1996) 
a synergistic damage mechanics (SDM) approach 
was proposed which combines continuum damage 
mechanics (CDM) and micromechanics in a 
manner that retains the advantage of CDM while 
utilizing micromechanics to improve the 
implementation of CDM.  The approach was 
demonstrated for (±8, 902)s laminates where the 
opening displacement of transverse cracks 
calculated by a simple micromechanics analysis was 
utilized to reduce the necessity of determining 
several material constants. Later, the crack opening 
displacement was determined experimentally for the 
same laminates and its use in stiffness prediction 
was demonstrated (Varna, Akshantala and Talreja, 
submitted). In further studies conducted since that 
work it has been found that the SDM approach not 
only improves implementation of CDM but can also 
provide physical basis for generating proper CDM 
formulations. This will be explained further below 
by reviewing some results of these studies. 

Consider laminates of lay-ups given by (0, +0n,- 

6n.0i/2)s- The 6-plies in the sublaminate (+9n,-8n) 
have equal deformational constraints from either 
side when the laminate is loaded along an axis of 
symmetry. Under an axial tension load, the 6-plies 
experience in-plane stresses consisting of a shear 
stress and normal stresses parallel to and 
perpendicular to the fiber direction. The stress 
perpendicular to fibers may be tensile or 
compressive depending on the angle 8. Thus, the 8- 
plies may crack if this stress exceeds a threshold 
tensile stress, and remain uncracked for all angles 8 
for which this stress is compressive. When the 8- 
plies crack the deformational constraint from the 
neighboring plies will cause multiple cracking due 
to a process commonly described as shear-lag. The 
overall laminate moduli will change permanently as 
a result of the surface energy dissipated by 
formation of these cracks. When the normal stress 
perpendicular to the fibers is compressive, the shear- 
lag process and the consequent multiple ply 
cracking are not expected to come into effect. 
Therefore, the laminate unloading moduli would not 
be expected to change from the initial elastic 
moduli. However, experimental work conducted and 
to be reported elsewhere (Varna, Akshantala and 
Talreja, in preparation) showed laminate unloading 
moduli to change even for this case. The fact that no 
cracks formed in the 6-plies was confirmed by direct 
observations under a microscope as well as by an 
edge replication technique. 

It was thought that in the absence of ply cracks a 
most likely mechanism to cause changes in the 
laminate unloading moduli could be shear-induced 
degradation of the fiber/matrix interface. This 

possibility was investigated by testing   (+6n,-6n)s 

laminates under axial tension for the 8-angles which 
induce predominantly in-plane shear stresses. 
Assuring that no matrix cracks existed the laminate 
unloading moduli were measured at increasing 
strains. Significant changes in these moduli were 
found. The in-plane shear modulus degradation 
versus in-plane shear strain is shown in Fig. 5 as 
derived from testing a glass-epoxy (404, -404)s 

laminate. Using these data as input the unloading 
moduli of a glass-epoxy (0, +254 -254, 0l/2)s 
laminate are predicted and compared with 
experimental data in Figs. 6 and 7. 

The results described above have profound 
repercussion concerning damage mechanics 
modeling. Firstly, the results demonstrate that 
prediction of moduli changes performed solely on 
phenomenological bases has limitations. For 
instance, CDM in its conventional form would be 

unsuccessful for the (0, +8n,-6n,0i/2)s laminates if 
the material constants are derived using 8 that falls 
in the range of multiple matrix cracking and 
prediction of moduli changes is made for 8 that falls 
outside this range. Also, unless specific physical 
mechanisms are associated with definition of 
damage variables, treatment of damage evolution 
and the resultant response changes by a CDM 
formulation would be in risk of diverging from the 
actual material behavior. This last remark is meant 
to sound caution directed to approaches that define 
damage variables in terms of stiffness changes. 

The SDM approach proposed by this author (Talreja 
1996) and discussed above is capable of avoiding 
the risks and limitations just discussed. This is 
because of the "window" provided in this approach 
to enter micromechanics results. The process of 
conducting the operation necessary to enter 
micromechanics results assures that the actual 
physical mechanisms are properly accounted for. 

4 DAMAGE EVOLUTION 

Stiffness-damage relationships discussed above 
relate altered stiffness properties to given states of 
damage. These relationships must be augmented by 
rate equations describing evolution of damage under 
imposed loading. There are several ways to 
accomplish this. In a CDM framework one can 
relate the thermodynamic forces conjugate to the 
internal variables (damage) to those variables. These 
"cause-effect" relationships can be obtained 
experimentally ( e.g., Allix, Ladeveze, Le Dantec 
and Vittecoq, 1990). It should be noted that such 
relationships are not unique in the sense that if the 
damage variables are defined differently, then 
different relationships will result. In any damage 
evolution process, the rate of energy dissipation 
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must, however, comply with the internal dissipation 
inequality resulting from the second law of 
thermodynamics. (See Rice, 1971 for general cases 
and Talreja, 1990 for damage in composites.) 
Damage evolution relationships formulated only 
with this restriction do not necessarily provide 
information regarding the nature of the underlying 
mechanisms, except, perhaps, in simple cases such 
as transverse cracking in cross ply laminates. In 
particular if damage variables are defined in terms 
of stiffness changes, then the information 
concerning mechanisms of damage progression 
cannot always be derived from the evolution 
equations. The recent results on stiffness changes in 
(0,+9n,-8n,0i/2)s laminates, described above, 
illustrate this point clearly. 

An alternative way to deal with damage evolution is 
to perform micromechanics, i.e., to analyze local 
stress states and apply appropriate failure criteria for 
evaluation of further damage. However, analytical 
determination of local stress states, even in 
approximate forms, is only possible for simple 
damage configurations such as transverse cracks in 
symmetrical cross ply laminates with or without 
associated delamination. It is safe to assume at this 
point that if micromechanics is to be a vehicle for 
describing damage evolution, a heavy reliance on 
numerical schemes is unavoidable. Although 
computational facilities available today do not set 
limitations in going this way, the efficiency and 
usefulness - in an engineering sense - of such an 
approach are questionable. 

As discussed previously in the context of stiffness- 
damage relationships, a good case can be made for 
synergistic damage mechanics also for damage 
evolution. The CDM formulations are powerful 
integrators and carriers of micro level processes to 
descriptors of macro level response. The efficiency 
in achieving this can be at the cost of losing sight of 
the physics of damage progression if the damage 
variables and the associated rate formulations 
chosen do not permit incorporating specific micro 
level information. In particular, as pointed out 
above, if damage variables are taken as macro level 
stiffness changes, then if different configurations of 
micro level damage entities produce same stiffness 
changes, their rates of evolution cannot be 
distinguished from one another. 

Recent and ongoing research, in which this author is 
involved, is aimed at generating CDM formulations 
which will be capable of reflecting the underlying 
damage evolution mechanisms. Realizing that 
density type measures of damage (e.g., crack 
number density and void volume fraction), and 
equivalently, the macro level stiffness changes, 
cannot distinguish between evolution characteristics 
of different patterns of damage, a systematic study 
was launched to clarify damage patterning effects 
on evolution. Some results of that study have been 
reported in two papers (Lacy, McDowell, Willice 

and Talreja, 1997 and Lacy, Talreja and McDowell, 
1997). One key result of that study is that the 
thermodynamic forces conjugate to crack density or 
stiffness based damage variables relate differently to 
these variables for different initial crack patterns 
during their evolution. This result is illustrated in 
Fig. 8 where the thermodynamic force Y is plotted 
against D defined as the normalized Young's 
modulus change for different crack patterns ranging 
from uniform parallel cracks to random parallel 
cracks to randomly oriented cracks of different 
sizes. 

5 CONCLUSION 

This paper has reviewed and discussed damage 
mechanics approaches aimed at durability 
assessment of composite materials. Key results of 
recent and ongoing studies have been presented in 
three related areas: damage initiation, stiffness- 
damage relationships and damage evolution. It has 
been argued that in order to meet the need of 
making composite structures cost-effective, damage 
mechanics approaches and formulations should have 
the capability to specifically and quantitatively 
account for processing induced defects and 
microstuctures so that feedback rooted in long term 
performance assessment can be provided to 
processing techniques. A synergistic damage 
mechanics which is suited for component level 
durability analysis and, at the same time, has 
capability to incorporate micromechanics based 
analyses of damage initiation and evolution has 
been advocated for this purpose. Future work will 
report further progress in this direction. 
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of fiber-reinforced composites 
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ABSTRACT: In the present work, a three-dimensional approach for the fiber-matrix load transfer mechanism 
in fibrous composites with interphasial inhomogenuities is developed. It is assumed that the interphase 
properties are variable in both the radial and the longitudinal direction. Imperfect adhesion is considered 
through introduction of appropriate discontinuities in interphasial properties in an averaged sense and assuming1 

that the representative volume element is consisted from a definite number of homogeneous subdomains. The 
effect of both the degree of inhomogenuity and the quality of adhesion on the stress field developed in the 
composite is examined and discussed in conjunction to the failure mechanisms associated to fiber reinforced 
composites. 

1 INTRODUCTION 

The fiber-matrix interfacial load transferring 
mechanism plays a major role in determining the 
mechanical and physical behavior of fiber-reinforced 
composites (Miwa & Endo 1994). In a fiber- 
reinforced composite the fibers bear the major 
fraction of the load (Padgett et al. 1995). However, 
in fact the loads are transferred from the matrix to 
the fibers through an interfacial region, often called 
the "interphase" and which, to some extent, 
determines the nature and quality of the fiber-matrix 
adhesion (Kakavas et al. 1995). Accordingly, the 
interphase represents a third phase of finite volume 
developed in the area between the constituent phases 
of the composite and characterized by mechanical 
imperfections, physicochemical interactions and 
limited mobility of macromolecules due to their 
adsorption on the filler surface (Jayaraman et al. 
1994). Thus, the interphase properties, depending on 
the fiber-matrix adhesion, are varied within this third 
phase in an unknown continuous/discontinuous way. 
Especially in the case of fiber reinforced composites, 
this interphasial region has the form of a shell type 
structure extending in the area between fiber and 
matrix. Furthermore, any interphasial degradation 
affects the overall properties of the composite 
material (Hashin 1979). From an engineering 
perspective, therefore, the interphase represents a 
potential means of influencing the macroscopic 
properties of composites. Among other factors, it has 
been   shown   that   the   presence   of  interphasial 

inhomogenuities, even discontinuities simulating 
imperfect bonding conditions between fiber and 
matrix, play an important role in the load carrying 
capacity and failure mechanism of fiber reinforced 
composites. Three dimensional solutions to similar 
problems are not fully investigated (Shih & Ebert 
1987, Nairn 1992) due to the mathematical 
difficulties involved (Zong & Folias 1992). 
Considering the fiber material alone, as the length to 
diameter ratio increases, a distribution in fiber 
properties along the fiber length may be present. 
Depending on the fibers manufacture treatment, these 
inhomogenuities may vary in a stochastic manner. 
This complicated structure permits the introduction 
of a model with interphasial properties varying in a 
continues/discontinues way in both the longitudinal 
and transverse directions. 

2 MODELING MATERIAL INHOMOGENUITIES 

The representative volume element (RVE) of the 
material under examination constitutes from the fiber, 
the interphase and the matrix, denoted by subscripts 
/, i, and m, respectively. The fiber length is 21 and 
the origin of the cylindrical coordinate system (r, 9, 
z) is located at the center of the fiber thickness 
midway of the fiber length. The fiber ends were 
assumed as stress free. Axisymmetric type of material 
inhomogenuities are considered. Due to the axial 
symmetry only one half of the RVE needs to be 
examined, Figure 1. 
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Figure 1. Assumed variation of modulus of elasticity inside the composite. 
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Figure 2. Assumed variation of longitudinal component determining Young modulus inhomogenuity. 
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Defining a non-dimensional coordinate system (p, Q       R(o\ 1 -pexp(l -p) 
in the form KP}        l-pfexV(l-pf) 

(6) 

p = r/rh        (=z/rj (1) 

one   can   assume   the   following   distribution   of 
normalized property r,- ,j = 1, 2 

l, o<p<p(, o<c<e 

Pj(P, O = k+tZjCO-^RO»), pf</«n, o<f<i 
[^, l </)</)„,, o <c< e 

(2) 

In contrast, the function Zj represents a sigmoidal 
type of distribution of properties in the axial 
direction, 

Zj(0 
hjo-hje 

l + exp[p(f/s-l)] 
+ hj£,;=l,2    (7) 

Normalized parameters appearing in above equations 
are defined as 

{E(p,0 IEf, whenj =   1 
Pj(p,0   = (3) 

[v(p, () I vf, whenj =   2 

pf   = rf/rj,       pm   =  rjTi 

Zl   =   Em'Ef>        $2   =   vm/vf 

(4) 

(5) 

where s = 11 r; is the slenderness parameter 
characterizing the fiber length, and the parameter p 
determines the extent of inhomogenuity in axial 
direction. In equation (7), imperfect adhesion 
between fiber and matrix is included also, by means 
of the  coefficients   hj0 e[l, 0]   and   h;e e[0, 1] 

which determine the degree of adhesion at the 
middle (C=0), and at the end (C=t I r,) of the fiber, 

respectively. Imperfect adhesion coefficients 
corresponding to Poisson's ratio areassumed to 
depend on respective ones determining modulus of 
elasticity, in the following way 
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are the numbers of subdivisions in r, z directions, 
respectively. Each subdomain Qc has the form of a 
ring with cross section defined between the radii 
(TJ , rj+ ]) and the longitudinal positions (zk , zk+ j J, 

as shown in Figure 4. The relation between the 
indices j, k and e is 

j =e-(k-\)n, 

k = min {1, 2, . . . m},   e = 1, 2, . . .N      (9) 

where t, s assign adjacent subdomains and are given 
as 

t =(k -2)n+j ,       s = kn+j (10) 

Figure 4. Subdomain idealization. 

Each subdomain Qe is assumed to be homogeneous 

one. This may achieved by proper definition in 

averaged sense of its own properties. Then the 

modulus of elasticity and the Poisson's ratio that 

correspond to Qc subdomain are defined by the 

relations 

"2o 
(l-<?/)6 

(8) 

Figures 2 and 3 illustrate the Young modulus 
and Poisson's ratio axial variation for various values 
of the factors representing different degrees of 
inhomogenuity. 

3 PROBLEM FORMULATION 

Figure 4 illustrates the domain of the problem in 
cylindrical coordinate system, that is a longitudinal 
cross section of the RVE. Due to the syrr. netry, only 
one half of the length is considered. One axial 
loading case, azo, is examined. It is assumed that the 
domain of interest is discretized into N = n x m 
subdomains as indicated in this Figure, where n, m 

Ec  =[E(r
J>

Zk) + E(r
J+P

Zk) 

+ E(rrzk+1) + E(rJ+1,zk+,)]/4 

ve =[v(rj,zk) + v(rj+1,zk) 

+ v(rj>zk+i) + v(r
J+i>zk+>)]/4 

E (r.  I ) 

(Ha) 

(lib) 

Figure 5. Definition of average Young modulus over 
a subdomain 
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where the  values  of  E(rj,zk),  v(rj,zk)  are The Love's stress function <2>e(r,z) is given 
determined    bv    eauation    (2)     This    tvoe    of as <Pe(r,z) = <?/e + <52e from which displacements 

.    .       „        j,     . r- •:•'       r-       ■ and stresses can be derived as (Sottos et al. 1994) 
discretization allows for definition of a piecewise 
homogeneous problem that is an approximation of 
the given problem. This model includes the proposed       ue = ule+ u2e, we = w]e+ w2e (15a) 
variation of the properties as well as imperfections in 
adhesion   between   various   material   phases   that 
constitute   the   composite.   As   the   number   of      am =<,„„+oa2e,    o^ = amle + cm2e    (15.b) 
subdomains increases, the model converges to the 
exact one.  A alternative technique the so-called 
method of cell was proposed by (Aboudi 1989). _ _ ,      , 
Substitution of the stress-strain relations and the      °™ ~ °zzie+azz2e, °rze ~ arzie+arz2e      (    c) 
strain-displacement  relations  into  the  equilibrium 
gives    the    governing    equations    in    terms    of The boundary and the interfacial compatibility 
displacements. and equilibrium conditions on both solutions are the 

following 

4 METHOD OF SOLUTION „,,, U2e> 0TIU> air!e\r=0 
Zk^zZzk+I 

The solution of the governing equations in terms of 
displacements is obtained by using the Love's stress 
function,   provided   the   stress   function   0e(r,z)      for e = (jfc - l)n+1, *= 1, m, are bounded (16) 
satisfies the biharmonic equation (Timoshenko &. 
Goodier 1951). 

It can be shown that the following functions 
satisfy the biharmonic equation uis-i + u2e-i = uie+u2e\I=ri 

zk<z<zM 

0le(r,z)=(Aer
2 + Belnr) + Cez

3 (12) 
for e = (k - \)n +j + \,k=\, m,j = 1, n - 1        (17) 

$2e(r.Z) = Z   COS^peZflVVHp«1') 
P=i 

+ D3 peeped, (UpeO 

°nle-l+aiT2e-l ~ arrle +air2e\r=rj 
p=l zk<z<zk+1 

fore = (£- \)n+j+\,k=\,m,j=\,n- 1        (18) 

+D2peK0(uper) + D4pcuperK1(nper)] (13) 2s]z=zk+I 

where I0, I] and K0,KX are the modified Bessel       for e = (k-\)n+j,s = kn+j,k=\,m-\, j=\,n 
Functions of the first and second kind, respectively, ,.„, 
while A    B , C , D D„    are constants to be J1e'       e'       e ' lpe» 4 pe 

determined  by  application  of the  boundary  and 
interfacial conditions. The constant npe is selected       K' Jt' 

i(.^zzle+azz2e^r=   } (azzls +azz2s)dr 

so that _ .. 
z~zk+l 

^-^rkv ^'2'3'-      (14) 
A^+;   *k> fore = {k-\)n+j,s = kn+j,k=\,m-\,j=\,n 

(20) 
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\(azzle + cizz2e-azz0e'#r = (i 

for e = (m - \)n +jj = 1, n 

'j+l 

(21) 

\(°rzle + °rz2e'#r = Q 

for e = (m- \)n +j,j = 1, (22) 

If equations (16) to (22) are sequentially 
applied on the whole range of the involved indices, 
then a linear algebraic system of equations with 
4mn(M+l) of unknowns results. Homogeneous 
boundary conditions at z=0 are identically satisfied. 
Since the third of equations (15) is also identically 
satisfied, an additional condition of the form 
0rrie(''n+i>z) ~ 0 is imposed, fore = nk, k= 1, m. 

Numerical solution of the resulting system of 
equations yields the constants appearing in the 
general solution. 

5 RESULTS AND DISCUSSION 

The proposed numerical model was applied to an 
Epoxy/E-glass composite in order to evaluate the 
axial stress distribution in the fiber as well as the 
shear and radial stresses along the interface. The 
modulus of elasticity and the Poisson's ratio for the 
fiber and matrix, respectively are taken as Er=70 
GPa, vf =0.2, Em=3.45 GPa vm=0.35. The radius of 
the glass fibres was ri=6 urn, the volume fraction of 
the fibres was taken 0.5 and the thickness of the 
interphase was taken 0.3 um (Kakavas et al. 1995). 
In addition, the ratio of the fiber length to the radius 
of the interphase region (i.e. s=l/rj) was taken equal 
to 10. The proposed model is based on the 3-D 
axisymmetric analysis already presented. A constant 
tensile axial load was applied to the composite. 

For perfect fiber-interphase adhesion, the 
shear and radial stresses at the interphase are plotted 
in Figure 5, However, as is shown in the same 
Figure, a strong effect of imperfect adhesion on the 
above stress distribution is observed. The shear stress 

(I - z ) / (2 rf) 

Figure 6. Computed stress components in the 
longitudinal direction 

x„ becomes zero at z = 1 and after two fiber 
diameters approaches zero. Also a maximum 
interphasial radial stress is observed close to the 
upper fiber end. The imperfect adhesion has a 
significant influence on the radial stress distribution 
too. The axial tensile stress developed at the fiber- 
interphase boundary is also shown on the same graph 
as a function of the axial distance from the upper 
fiber end (z = 1). From this graph we may observe at 
z = 1, cZ7/cZ0 = 1 while this stress ratio drops to zero 
after two fiber diameters. The imperfect adhesion has 
a significant influence on the stress axial distribution 
too. As a consequence, it becomes clear that the 
compressive radial stress concentration within the 
interphase should have a significant effect on the 
interracial failure mechanism. 

6 CONCLUSIONS 

Both axial and radial non- homogenious dependence 
of interphasial properties was taken into account for 
the stress distribution numerical computation in a 
fiber-reinforced composite. The concept of 
imperfect adhesion was also introduced in the model 
and the numerical results showed that interphasial 
imperfections had a strong influence on the stress 
field developed within the interphase affecting the 
failure mechanism of the composite. Local 
interphasial stress concentrations at the fiber ends 
were found to be depended on both the degree of 
imperfection and inhomogenuity. 
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Influence of interfacial strength on micro- and macroscopic fatigue behavior 
of longitudinal glass fiber reinforced polypropylene 
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ABSTRACT: In this study the thermoplastic polypropylene (PP) and maleic anhydride modified polypropylene 
(MA-PP) reinforced by continuous longitudinal glass fibers (GF) have been investigated. The most protruding 
effect of the modification with maleic anhydride in the composite is a stronger fiber/matrix interface. The effects 
of interfacial strength on fatigue performance and on the underlying micromechanisms were studied for these 
composite systems. Tension-tension fatigue tests (/? = 0.1) were carried out on 0° GF/PP and GF/MA-PP 
coupons. The macroscopic fatigue behavior was characterized in terms of stiffness reduction and fatigue life 
curves. The longitudinal Young modulus degraded more rapidly for GF/PP which was caused by a higher 
degree of damage growth and accumulation. The S-N curves show that the improvement in static strength is 
negligible, and the fatigue life is prolonged by about decade with the stronger interface by addition of maleic 
anhydride to the polypropylene matrix. The static strength is controlled by the strain to failure of the fibers, 
hence the superposition. The better fatigue resistance of GF/MA-PP is attributed to the greater interfacial 
strength and the restistance to debond propagation. During the course of the fatigue testing, the microscopic 
mechanisms were monitored intermittently using a surface replication technique. The observed differences in 
fatigue micromechanisms (debonding, fiber breakage, matrix cracking etc.) are presented and discussed in 
reference with the macroscopic fatigue behavior. 

1 INTRODUCTION 

1.1 Fatigue of polymer matrix composites 

Polymer matrix composites are finding increased use 
in structural applications, in particular for aerospace 
and automotive purposes. Mechanical fatigue is the 
most common type of failure of structures in service, 
both for homogeneous and composite materials. The 
relative importance of fatigue has yet to be reflected in 
design where static conditions still prevail. The 
fatigue behavior of composite materials is 
conventionally characterized by a Wöhler or S-N 
curve. For ease of interpretation, the fatigue life 
diagrams originally conceived by Talreja (1981) may 
be used. In this diagram the initial peak strain is 
plotted versus the number of cycles to failure, and 
different regions can be distinguished, each pertinent 
to a different set of damage mechanisms. 

Unfortunately, for every new material, new lay-up, 
altered constituents or different processing procedure, 
a whole new set of fatigue life tests have to be 
repeated for such a characterization. If the active 
fatigue damage micromechanisms and the influence of 
the constituent properties and interface were known, 
it would be possible, at least qualitatively, to predict 

the macroscopic fatigue behavior. More importantly, 
these mechanisms indicate the critical microstructural 
property responsible for the fatigue degradation, 
which is valuable information for materials 
development and improvement. In this context, the 
mechanisms of the longitudinal plies are the most 
important since these plies are the critical members 
and the last ones to fail in tensile fatigue of a 
multidirectional composite laminate (Talreja 1993). It 
is therefore desirable to establish a link from 
microscopic scale (properties and morphology of the 
matrix and the fibers, as well as their interface), over 
the mechanisms on a mesoscopic scale of a few fiber 
diameters, to the macroscopic fatigue behavior {e.g. 
fatigue life diagram) of unidirectional composites. 
This approach was aimed for in an investigation of 
carbon fiber reinforced plastics (Gamstedt & Talreja 
1997), whereas this study is concerned with glass 
fiber reinforced polypropylene, and in particular the 
influence of interfacial adhesion. 

1.2 Glass fiber/polypropylene composites 

In recent years, increased attention has been directed 
towards composite structures with thermoplastic 
matrices. In many cases, they offer advantages over 
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thermosets in handling, processing, damage 
tolerance, environmental resistance and recycling. In 
combination with glass fibers, thermoplastic 
composites may present a cost effective alternative to 
glass fiber/epoxy composites. Glass mat reinforced 
thermoplastic (GMT) materials are widely used in 
automotive applications, and the use of continuous 
fiber reinforcement for load carrying structures is 
steadily increasing. A strong contender in this market 
area is glass fiber reinforced polypropylene. The 
polymer may be modified with maleic anhydride for 
improved adhesion. In previous studies the 
macroscopic mechanical properties of these materials 
have been examined under static (Rijsdijk et al. 1993) 
and fatigue loading (van den Oever & Peijs 1997). 
The most protruding effect of the modification with 
maleic anhydride in the composite is a stronger 
fiber/matrix interface. For a weak interface debonds 
are likely to develop. Owen (1980) has pointed out 
the influence of fatigue on the incipient formation of 
debonds leading to larger scale resin cracks, and 
eventually to failure. In the present work, the effects 
of interfacial adhesion on fatigue performance in 
combination with the underlying micromechanisms 
for polypropylene composite systems are presented. 

1.3 Maleic anhydride modification 

Polypropylene is an apolar polymer, and has a limited 
affinity to fiber sizings. Maleic anhydride grafted onto 
the polymer results in polarity, and a more efficient 
interaction with the fiber sizing. The bond can be the 
result of chemical reaction (Xanthos 1988), or 
physisorption (see Figure 1) with interdiffusion of the 
polymer chains into the sizing and local dipole-dipole 
bonding (Mäder and Freitag 1990). Hydrogen 
bonding to the oxygen of the maleic anhydride 
endgroup is another likely bond type. A disadvantage 
is that the polarity of the matrix makes it hydrophilic, 
which facilitates water sorption at the interface. Water 
is known to degrade the glass fibers by stress 
corrosion. 
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Figure 1. Physical bonding between MA-PP and glass fiber 

2 EXPERIMENTAL DETAILS 

2.1 Materials 

In this study the thermoplastic polypropylene (PP) 
and maleic anhydride grafted polypropylene (MA-PP) 
reinforced by continuous longitudinal glass fibers 
(GF) have been investigated. The E-glass fiber type is 
identical for the two materials but the matrix has been 
modified to achieve a more efficient adhesion to the 
fibers. The fibers were PPG 854-1200 from PPG 
Industries Fibre Glass BV, and were treated with a 
PP compatible sizing. The MA-PP matrix was made 
by blending an isotactic PP homopolymer (VM 6100, 
Shell Chemicals) with a commercial maleic-anhydride 
grafted PP (Polybond 3002, BP Chemicals). The 
proportions of the blend was 90 w% homopolymer 
and 10 w% of the MA grafted PP, which has showed 
optimal static strength properties (Rijsdijk et al. 
1993). 

2.2 Processing 

Unidirectional 0° laminates were manufactured by 
winding layers of glass fibers onto a steel mandrel 
with alternating sheets of the polymer film. After 
stacking, the mandrel was placed in a heated press at 
25 bar and 200°C for one hour. The laminates were 
cooled in the press to minimize curvature. The 
specimens were cut and carefully polished into 
dimensions according to ASTM standard D3039. 
Tapered end tabs of glass fabric/epoxy were 
adhesively bonded to the specimens. 

2.3 Testing 

Tension-tension fatigue tests (R = 0.1) were made 
on 0° GF/PP and GF/MA-PP coupons in a servo- 
hydraulic tensile machine. The underlying 
mechanisms that account for the observed resistance 
to fatigue of the GF/MA-PP composite were 
monitored by a surface replication technique. The 
replica films were made of cellulose acetate, and were 
rendered malleable by application of acetone. During 
the course of the fatigue testing, the surface replicas 
were intermittently pressed onto the specimen surface 
for both composite materials. The replicas were 
studied a posteriori in an optical microscope to 
determine the operative damage mechanisms. The 
fatigue tests for replications and stiffness 
measurements were performed at a stress amplitude 
of - 60% of the ultimate tensile strength (UTS). 

Fracture surfaces were studied in a scanning 
electron microscope (SEM). The surfaces were coated 
with a thin gold layer in a Blazers SCD050 sputter 
coater. The SEM was a Cambridge CAMSCAN 
SH-80D operating at accelerating voltage of 20 kV. 
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3 RESULTS AND DISCUSSION 

3.1 Stiffness reduction 

The macroscopic fatigue behavior has been 
characterized in terms of stiffness reduction and 
fatigue life diagrams. The longitudinal Young's 
modulus degraded more rapidly for GF/PP (see 
Figure 2) which indicates a higher degree of damage 
growth and accumulation. The GF/MA-PP exhibited 
a 'sudden-death' behavior, where the stiffness 
remained virtually constant until imminent failure. 
This implies localized small-scale damage, which can 
be explained by the more effective fiber-matrix 
bonding through maleic anhydride modification and 
the ensuing embrittlement. 
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3.2 Fatigue life behavior 

The fatigue life data show that the improvement in 
static strength is negligible, and the fatigue life is 
prolonged by as much as a decade with the stronger 
interface by modification of the PP matrix with maleic 
anhydride. A corresponding shift to longer fatigue 
lives as well as a retention of stiffness have been 
observed for a carbon fiber/epoxy system with 
improved interfacial properties (Subramanian et al. 
1995). No distinct regions are indicated in Figure 3 
since all data points seem to belong to the sloping 
scatter band associated with a progressive fatigue 
mechanism. The static strength is controlled by the 
strain to failure of the fibers, hence the overlapping 
for low cycles in the fatigue life curve. 

The shorter fatigue lives of GF/PP for equal strain 
amplitudes suggest a more rapid growth of the critical 
damage site. The weaker interfacial bond presents 
itself as a possible reason for the enhanced 
propagation rate. 

0.00 0.25 0.50 0.75 1.00 

Normalized life 

Figure 2. Stiffness degradation during fatigue at 60% of UTS 

Figure 3. Fatigue life data of GF/MA-PP and GF/MA-PP 

3.3 Micromechanisms 

A typical sequence of fatigue damage development in 
GF/PP is found in Figure 4. The fatigue damage in 
the GF/PP is characterized by large distributed 
debonds originating from flaws or fiber breaks, while 
the damage in GF/MA-PP is given by localized small 
cracks perpendicular to the load direction. The former 
grow in an accelerating-decelerating manner, and the 
debonds become more pronounced with thicker and 
darker appearance on the replicas during fatigue. This 
is due to attrition of the crack surface asperities as 
loading is mainly in mode II. The mismatch in elastic 
properties of the fiber and the surrounding matrix 
results in shear loading. When the effective frictional 
constraint has become low enough, the interfacial 
crack will propagate some further distance before 
being arrested by a microstuctural obstacle. There is a 
large variability in interfacial properties on the 
micrometer size scale which will further enhance the 
erratic debond growth pattern. The debond 
mechanism is not critical per se since it does not 
directly result in ultimate failure, but as the debonds 
grow, the stress overload in the adjacent fibers 
redistributes. When the redistributed overload 
exceeds the local strength of a weak fiber segment, it 

Figure 4. Fatigue damage growth in GF/PP 
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fractographic difference is another indication that 
debonding is a prevalent fatigue mechanism in 
GF/PP. There was no conspicuous difference in the 
fracture surfaces of GF/MA-PP subjected to fatigue 
and static tensile tests. Both of them were relatively 
even, which suggests localized small-scale damage, 
and is in concert with the replica observations. 
Comparing failures of the two composites, the GF/PP 
specimens showed notably more sprawling and 
uneven fractures both in static and fatigue loading. 

1,000 cycles 

2,000 cycles 

Figure 5. Fatigue crack growth in GF/MA-PP 

will fail and serve as an initiation point for the growth 
of a new debond etc. 

The fatigue damage in GF/MA-PP also initiate from 
fiber breaks or flaws, but takes a more tortuous crack 
path, and are arrested by the neighboring fibers. 
Replicas of fatigue crack growth in GF/MA-PP are 
found in Figures 5 and 6. The load and fiber 
directions are vertically oriented in all replicas. The 
difference in fatigue damage mechanisms observed on 
the replica pictures for GF/PP and GF/MA-PP is 
schematically depicted in Figure 7. 

3.4 Fractography 

Fractographic analysis indicate stronger interfacial 
bond for the GF/MA-PP material, since the fibers 
were covered with residual polymer matrix. The 
stronger interfacial bond is due to the affinity of the 
maleic anhydride groups to the fiber sizing. The 
GF/PP did not show any residual polymer on the 
fibers. The interfacial bond is here limited to 
compressive residual stresses, and interdiffusion of 
molecular segments into the sizing, with weak van 
der Waals bonds on the molecular level. Scanning 
electron micrographs of fibers at the fracture surfaces 
from failed specimens are shown in Figure 8. The 
failed GF/PP specimens were more bush-like and 
rougher in appearance with straggling fibers than 
those   that   failed    under    static    loading.    This 
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Figure 6. Fatigue crack growth in GF/MA-PP 

3.5 Microstructure-property connection 

On the molecular level, grafting MA groups to the PP 
results in a more efficient interfacial bond. This is 
illustrated by fractographic pictures with adhering 
polymer matrix caused by cohesive failure of 
GF/MA-PP. The stronger interface suppresses 
debond propagation during fatigue which has been 
observed by a replica technique throughout fatigue 
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GF/PP - weak interface: 
debonding, fiber breaks 

GF/MA-PP - strong interface: 
no debonding, brittle behavior 

Figure 7. Illustration of difference in damage scenario 

testing. In GF/PP, the widely distributed and 
progressively growing debonds with accompanying 
fiber breakage led to a more rapid stiffness reduction. 
This degradation indicates a higher rate of damage 
accumulation, and subsequently a shorter fatigue life. 
In this way, a qualitative link from chemical 
modification on the molecular level, over mesoscale 
damage mechanisms, to macroscopic fatigue life 
properties can be established. 

Figure 8. Fractographic scanning electron micrographs 

Modeling endeavors must be focused in a way that 
reflects the operative damage mechanisms. A local 
load sharing model with debonds growing according 
to a phenomenological power law is amenable for 
GF/PP. The distribution of fiber strength result in 
distributed fiber breaks in the composite from which 
debonds may initiate. The following redistribution of 
stresses will cause further fiber breakage etc. This 
type of model has successfully been used for creep in 
unidirectional microcomposites (Otani ef al. 1991). In 
GF/MA-PP, more localized damage development is 
present without apparent signs of debonding. 
Nevertheless, a similar modeling approach may be 
adopted were a growing longitudinal zone of 
irreversible deformation in the matrix occurs. The 
difference lies in the nature of this zone, which was 
not directly observable in this case. Cycle-dependent 
matrix yielding is a likely process for composites with 
strong interfacial adhesion. Its propagation rate 
should be low, since the damage was localized. The 
strong interface also results in a more effective load 
transfer between the fibers, which in turn means that 
the critical cluster size at catastrophic failure is small. 
Any model of the fatigue damage growth would not 
be adequate for design purposes at this point, but 
more useful for a parametric study where the 
influence of constituent properties can be investigated 
which would be valuable in materials engineering. 

4 CONCLUSIONS 

The shorter fatigue lives and more rapid reduction of 
the Young's modulus of the GF/PP composite are 
explained by its relatively poor fiber-matrix adhesion, 
which leads to wide-spread debond growth from fiber 
breaks and flaws. The growing debonds result in 
overloads on the surviving adjacent fiber segments, 
which in turn lead to further fiber breakage with 
debonding etc. Conversely, the GF/MA-PP has a 
more brittle behavior with localized damage and non- 
propagating mechanisms, viz. small matrix cracks 
form from flaws and are generally arrested by 
adjacent fibers. This results in a more fatigue resistant 
behavior for the GF/MA-PP material. For this 
material combination, the propensity to debond 
propagation caused by a weaker interface has an 
adverse effect on the fatigue performance. 
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Creep-damage interaction in composites 
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ABSTRACT: Experimental results and theoretical prediction of the response of glass-fiber reinforced polyester 
under quasi-static, creep, and fatigue loading are presented. Non-linear strain component at static loading and 
strain amplitude rate at cyclic off-axis loading for the orthotropic composite are shown to follow the associated 
flow rule with a single-parameter quadratic potential function. The influence of fatigue damage on deformation 
is essential by reducing the elastic modulus of the composite and apparently negligible by its effect on creep 
kernel parameters. 

1 INTRODUCTION 

A very well elaborated approach to predict the 
degradation of composite properties due damage is 
the ply discount model. Such approach can be 
applied for composites having well determined 
structure (i.e. angle ply laminates). The prediction of 
cyclic durability based on the damage accumulation 
in plies has been verified for complex stress state 
(Andersons et al 1989, 1990, 1991). Creep 
prediction models of angle ply laminate using as 
initial data the creep parameters of fibers and matrix 
or unidirectional ply have also been elaborated. 

However, the application of ply analysis is 
inconvenient if the composite has a more complex 
structure. In this case, the approach of nonlinear 
stress strain behavior of anisotropic (usually 
orthotropic) body can be used (Sun & Chen 1989). 
Nevertheless, a commonly accepted model for time 
dependent behavior of orthotropic composites 
including the damage accumulation is not elaborated. 

The essential problem of creep-damage interaction 
in composites consists in the way how the scattered 
fracture influences the parameters of creep equations: 
whether it changes irreversibly only the modulus or 
also the viscoelastic spectrum. 

The paper comprises the experimental results of 
orthotropic composite behavior under constant and 
cyclic loading at different stress ratios if and loading 
directions, determined by angle q> to the principal 

symmetry axis, and an attempt to describe the creep- 
damage behavior by minimum constants involved. 

2 MATERIAL AND TESTS 

The polyester-glassfiber composite studied contains 
layers of chopped stand mat, fabric reinforcement 
and 75% layers of unidirectionally oriented bundles 
of glass fibers (UD). Fiber mass fraction in composite 
is 0.6. The main axis 1 coincides with UD fiber 
direction. The structure of the composite is 
schematically shown in Figure 1. 

Static strength, creep and fatigue tests were 
carried out on MTS test rig under stress control. The 
durability tests under cyclic and constant stress level 
were performed at different stress ratios and angles q> 
to axis 1. Cyclic loading frequency in the principal 
fiber direction was 2, 4 and 17 Hz, stress ratios R = 
0.1, 0.3., 0.5, 0.8, 0.9. Although no systematic 
statistical study on the frequency effect on fatigue 
life was performed, test data obtained suggested that 
this effect, if any was rather negligible (Andersons & 
Korsgaard 1997). Off-axis tests were performed at 4 
Hz frequency and stress ratio R= 0.1. The variation 
of minimum and maximum cyclic strain was 
monitored by means of a clip-on extensometer. The 
summary of the test program is shown in Figure 2. 
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Figure 1. The structure of glass/polyester composite. Under cyclic loading at   <p # 0  all the constituents 
should be taken into account for mean strain e": 

3 MODEL 

3.1 Strain components 

Total composite strain s is composed of four 
constituents: linear elastic ee, non-linear (elastic or 
plastic) e„, creep sc and damage ed (due the reduction 
of stiffness): 

e = e.+e„+e„ + e. 

Under static loading it is assumed that 

e = E. + e. 

0.9 
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0.3  P 
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but strain amplitude is not influenced by creep 

3.2 Static loading 

It is assumed that the nonlinear strain increment of 
fiber composite follows the associated flow rule with 
a quadratic stress yield function f(afJ) (Sun & Chen 

1989). The requirements of orthotropic symmetry 
and assumption that s„„ = 0 leads to simple 
potential function for plane stress state: 

2/ = a\2 + laa\2 = k (1) 

According to the associated flow rule the strain 
increments are determined by relation 

Aen 0 
As22 ■ = • °~n 
Aen. 2aan 

AÄ 

Figure 2.  Summary of test program in terms of 
loading angle and stress ratio for tensile loading; 
o - denotes a full durability curve (or S-N curve); 
x - denotes only creep curve. 

where proportionality factor AX is a nonlinear 
function of the applied stress. Usually it is expressed 
through plastic energy increment 

2/AA = <r,A^ 

Applying the approach to off-axis tension test (stress 
of acts under angle <p to axis 1) we have 
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where 

h2 = sin4 <p + a sin2 q> cos2 <p 

and 

tev„=2cTlp-h
1ta 

The equations comprise one unknown parameter a, 
which vanishes at tension in direction 2 (<p = 90 ° ). 
Therefore it is convenient to determine AX by this 
test and consequently 

2*1 

3.3 Oee/> 

A series of short-term creep compliance curves 
/,',(*) for <p = 0°, 45°, 70°, 90° were obtained 

experimentally at stresses of 50% of the 
corresponding strength levels and temperatures 20, 
30, 40 and 50°C, and were approximated by relation 

The instantaneous compliance depends on the stress 
level, while the time-dependent part was found not to 
depend on stress. The relation results from integral 
equation: 

Having   only   proportional   loading,   the   function 
increments can be replaced by functions, and E. +K(*K('-0«fr (2) 

<*V"   (.9)        <^90 

should be invariant function for all angles q>. The 
experimental results are displayed in Figure 3, as 
o = f\sA   where   the   effective   stress   a   and 

effective strain ep is used following the designations 

of Sun & Chen (1989): 

<j = oM<p) 
—     £* 
e„ p   K<P) 

and constant a used to fit all curves is a = 1.6. 
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Figure 3. Effective stress vs.  effective non-linear 
strain of composite in static tension and shear. 

with creep kernel in the form of exponent series 

w-l^i-i (3) 

The number of exponents k depends on the time 
interval of the experiment. 

The creep compliance at q> * 0 is 

/f, = /, cos4 <p + (2In + Z^sin2 <p cos2 <p 

+I2 sin4 <p 

where Iu is a shear compliance in main axes, /; and h 
- compliances in fiber direction and transverse 
direction. Having no shear creep test, the time- 
dependent value of 2In +1^ was determined from 

45° creep, and result verified for other angles <p. In 
Figure 4 the predicted and measured compliances at 
g> =70° are plotted for different temperatures. The 
agreement is rather good. 

3.4 Damage effect at cyclic loading in fiber 
direction 

Having viscoelastic relations (2), (3), where 
constants E, ait w, are determined in static and creep 
tests, it is assumed that the influence of disperse 
damage on the deformation can be modelled by 
stiffness reduction (linear increasing of compliance) 
neglecting its effect, if any, on creep kernel 
parameters. The axial modulus is expressed as: 
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where D is the current relative life time 

D(a) = 
N(a) 

(4) 

(5) 

was continued up to failure. It can be seen that strain 
amplitude grows almost linearly during cycling, and 
unloading does not affect it. Elastic modulus and 
parameter c were determined approximating test data 
by Eq. (8), and mean strain (Eq. 7) and peak strain 
variation calculated (shown by solid lines in Fig. 5). 
The model satisfactorily predicts cyclic strain 
variation both before and after unloading. The same 
response to interrupted cyclic loading is observed 
also at a much higher stress ratio loading, Figure 6. 

e, % 

1.5 

0.5 n^Biiiiiniiiiiiiiiinii'iiir"T"n" mean 

40000 60000 

where n - current number of cycles, N(a) - mean life 
time, determined from S-N curve, c - constant to be     Figure 5. Strain variation during cyclic loading with 
determined, which characterizes the reduction of     R = 0.1; (x) - peak strain, (D) - mean strain, (O) - 
modulus. 
For sinusoidal load cycle 

strain amplitude. 

o- a"„ + er coscrf (6) 

mean strain em and strain amplitude ea variation is 
obtained by direct integration of (2), taking into 
account (3), (4) and (5): 

fi„=°-. 
1 + cD    T-,    f, f-t 

e„ «cr„ 
1 + cD 

(7) 

(8) 

In Figure 5, peak strain, mean strain, and strain 
amplitude variation under two-stage cyclic loading of 
GRP with stress ratio R = 0.1 is plotted. Cyclic 
loading was interrupted after about 4-104 cycles, 
specimen unloaded for 12 hours, after which loading 

2.5 

2- 

e,% 

x* 

gptiDP 
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Figure 6. Strain variation during cyclic loading with 
R = 0.8; (x) - peak strain, (D) - mean strain, (O) - 
strain amplitude. 

146 



Comparison of the values of parameter 
determined from the strain amplitude data obtained at 
different stress ratios (Fig. 7a) and cyclic stress levels 
(Fig. 7b) does not reveal any consistent trends, 
indicating that c can be considered a material 
parameter. The large scatter of c values reflects the 
experimentally observed variability of GRP response 
to fatigue loading which is probably caused by 
misalignments of plies due to manufacturing by hand 
lay-up. 

c     3.5 Damage strain in cyclic off-axis loading 
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Figure 7a. Parameter c values for different stress 
ratios R; lines - mean value ± standard deviation. 

In off-axis cyclic loading a significant strain 
increment is observed. The physical explanation of 
this phenomenon is rather complicated, and it is not 
obvious whether the accumulation of small defects 
influence mainly the stiffness or it causes a variation 
of viscoelastic spectrum also. In Figure 8 three creep 
curves in transverse direction (tp = 90°) are displayed 
obtained for virgin material, after 190 000 fatigue 
loading cycles at R = 0.1, and after 540 000 cycles. 
The results suggest that at least for the given 
composite and loading direction the cyclic fatigue 
results only in reduction of stiffness, retaining 
viscoelastic behavior without notable variation. 

It is clear that the nonlinear deformation caused 
by damage should follow the orthotropic 
requirements. Besides, for sufficiently large angle <p > 
<Po (<Po «5° -5- 10°), the modulus reduction in fiber 
direction can be neglected. So we are coming to the 
analogical formalism as discussed above for nonlinear 
strain components. The damage strain potential turns 
to one parameter expression: 

(the parameter ad can be different from a in (1) ). 
The increment AB^ is supposed to be orthogonal 

to/,: 
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Figure 7b. Parameter c values for different peak 
stresses at R = 0.8, lines - mean value ± standard 
deviation. 

Figure 8. The effect of fatigue loading on creep in 
transverse direction. 
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where AXd is a function of the damage potential 

M-d = v(fd)An 

For off-axis loading 

fd = o-£(sin4 <p + 2a d sin V cos2 g>) = a\h\{fp) 

Aed = 2a9h
2A<p)AÄd = C7^(?>V[<T^(P)]AH   (9) 

Equation (9) becomes invariant to <p when new 
functions ed and CT„ are introduced: 

Kbp) 
Z„ = cJ*d{<P) (10) 

(11) 

Equation (9) takes the form: 

where    e   =—— 
AM 

In cyclic loading the mean strain is influenced by 
creep, but gradual stiffness reduction can be 
registered by monitoring the variation of cyclic strain 
amplitude ea. Typical strain variation in cyclic loading 
with stress ratio R = 0.1 and cw = 34 MPa is shown 
in Figure 9. The slope angle of curve ea in the main 
part is constant and characterizes the e%. It is 

assumed that damage rate is determined by amax 

rather than o„. Therefore finally the formula to be 
verified    is    (10),    (11)   talcing    ei = ed     and 

In Figure 10a the   e£  versus  o:
v,m„  data are 

summarized. In Figure 10b the same data are plotted 
in logarithmic coordinates. The value of constant ad 

= 1.5 is found, which is close to the value a = 1.6 for 
nonlinear static strain. 

Figure 9 shows that ed
a initially increases rapidly 

before linear growth sets in. Apparently such damage 
behavior can be described by using a damage 
equation similar to the viscoelastic relations. Such 
approach has been proposed by Iljushin (1967). As a 
simpler approach it can be assumed that the initial 
fast decrease of modulus is referred to the first 
loading cycle and the curve ejn) is replaced by 
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N 

Figure 9. Strain amplitude variation for 45° off-axis 
specimen. 
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Figure 10a. Damage strain rate vs. effective peak 
stress for off-axis loading 
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Figure 10b. Damage strain rate vs. effective peak 
stress for off-axis loading in logarithmic coordinates. 
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straight line. Taking the value of modulus for the first 
loading cycle equal to the secant modulus for o^ 
determined from the non-linear as diagram 
(described in Section 3.2), good agreement between 
measured and predicted strain amplitude variation is 
observed (Fig. 9). 

It should be noted nevertheless, that data 
scattering for damage strain velocity and the 
experimental point deviation from the master curve is 
rather significant, as it is seen in Figures 10a, b. It is 
the result of nonhomogeneity of the specimens and is 
a subject of further analysis. 

4. CONCLUSIONS 

The model of creep and damage influence on cyclic 
deformation of orthotropic composite with complex 
structure is proposed and experimentally verified. 
The key features of model are as follows: 

1. The damage affects composite strain value 
through its effect on modulus rather than on the 
parameters of viscoelastic spectrum of the material; 

2. The strain in off-axis loading can be calculated 
separately from the strain at loading in the direction 
of unidirectional fibers; 

3. The nonlinear static strain and the damage 
induced strain at off-axis loading are governed by 
single parameter quadratic potentials and the 
associated strain rate rule. The parameter values in 
the nonlinear and damage potential are rather close. 
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Composite infrastructure applications: Concept, design and durability control 
and prediction 

EHamelin 
L2M, UniversiteLyonI, Vitteurbanne, France 

ABSTRACT: In the first part, we present the main applications of composites for infrastructures. Then, we 
develop the usual design method and we consider specific durability analysis illustrated by case studies examined 
on different scales. 

1 INTRODUCTION 

The composite materials associating fibers of different 
nature (glass, carbon, aramid, polyester, polyetylen...) 
with organic matrix (epoxy, polyester, polyurethane...) 
or with mineral matrix (portland cement, magnesian 
cement...) are certainly the XXIst century construction 
materials insofar as their specific properties (ratio 
between mechanical characteristics and density or 
natural weight), insofar as their moulding and forming 
capacities, insofar as their combined properties (multi- 
properties: mechanical - thermal - acoustic - 
corrosion...) allow to conceive and make more 
efficient and more durable structures than the ones 
with traditional materials (steel, concrete, reinforced 
concrete, wood...). 
In the light of a lot of possible material formulations 
and combinations for the numerous structural 
applications, we propose the following classification. 

2 MAIN FAMILIES OF COMPOSITES AND CIVIL 
ENGINEERING APPLICATIONS 

Table 1: Soft composites 

Soft 
reinforcements 

Interface between 
grounds and structures / \   V 

Tensile membranes 
used in roofing 

Enlarged 
structures 

Wind brace 
wire 

Parti 

The main families of composites and their applications 
in the field of construction fall into the three 
following categories: soft composites and tensile 
architecture and suspension bridges (table 1), stiff 
composites and high performance structures (table 2), 
fibers-cement composites for the construction industry 
(table 3). 

Independently of the usual characterization problems 
taking into account the anisotropic and orthotropic 
characteristics of these materials, their material non- 
linearity under uni-axial and multi-axial sollicitation, 
their thermo-rheological behavior and more 
particularly their creeping and relaxation functions are 
very important to design these structures. 
In particular, with respect to the failure initiation 
mechanisms in the vicinity of geometrical singularities 
and edge effects (figure 3). 
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Figure 1: Cable stayed bridges (Ref. EMPA) [1] 

Mechanical junction   Textile membrane holding to the crack 

Figure 3: Local failure mode of tensile structure 

One can find the same problem in the case of cables 
for suspension bridges or for reinforced concrete 
constructions with post-tensioning. The performance 
of these construction processes is directly dependent 
on the anchorage system where it is necessary to 
minimize the effects of stress concentration and the 
loss of tension loads due to environmental conditions. 
In the case of stiff composites (table 2) associating 
thermosets and glass, aramid or carbon fibers, the 
design problem is exactly the same as the one met for 
the aeronautical and automotive applications. 
Industrial applications use manufactured half-products 
such as pultruded profiles to create structures with a 
design similar to metallic ones. In this case, the critical 
problems essentially concern the joint and buckling 
stability. 

Table 2: Stiff composite 

IMB^ 

Figure 2: Tensile architecture [2] 

Stiff composite 

Thermosetting 
matrix 

+ 
Mineral fillers 

Thermosetting 
matrix 

+ 
Fiber (glass, 

carbon, 
aramid) 

♦ 
Polymer concrete Laminated structures 

Expanded 
thcrmosctting 

matrix 

Sandwich structures 

Sandwich 
panel 

Industrial floor frames 

Figure 4: Pultruded composite structures 
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Table 3: Stiff composites with mineral matrix 

f ■                                                                   ^ 

Stiff composites with mineral matrix 

' 
Cement 

+ 
Textile fibers 

Cement + Sand 
+ 

Chopped fibers 

Textile 
reinforced 
concrete 

1 
r ■ 

r                            ' 
Composite plates Reinforced mortar 

High efficiency 
concrete 

' ■ ' 
Roofing plates, 
front panels... 

Prefabricated 
elements... 

Tunnel arch: 
- concrete shell 
- cone rete piles 

In the case of fiber cement composites (table 3) 
associating different fiber natures with a mineral 
matrix, in order to obtain micro-concretes or mortars, 
the main problems concern the products formulation 
to achieve workability and in situ casting and, on the 
other hand, the identification of reinforcement 
characteristics by specific measurement methods such 
as toughness or strain energy density. 
The design criteria for front (facade) panels (figure 5) 
and for protection elements in concrete and reinforced 
concrete are directly dependent on the durability of the 
fibers in a cementiteous matrix. 

- Brittle compressive failure 

- Concrete - composite interaction 

Figure 6: Design and durability control 

Composite materials considerably developed during 
the last few years, to ensure repair, reinforcement and 
protection of existing civil engineering structures 
(reinforced concrete, prestressed concrete, metallic 
frames). The wrapping of bridge piles, the beam 
reinforcement (figure 6) towards traction or shear is 
particularly efficient in the case of carbon epoxy 
composite. 
The design codes for traditional materials (ACI, 
Eurocode) might change, in order to take into account 
these new materials. However some difficulties 
concerning some realistic adhesion characteristics 
(figure 6) between concrete and composite and 
specific failure modes particularly catastrophic in the 
case of composites. 
The dimensioning of works that include composite 
materials must take into account the interaction 
material - structure described in the table 4, where it is 
possible to understand that structure optimization can 
be made by new formulations selection (new matrix, 
new reinforcements, new stacking sequences, new 

Reinforcement of concrete 
Sewing effect of micro-crack 

Softening effect on the mechanical behaviour law 

Figure 5: Cement based composite [3] 

Table 4: Material-structure interaction 

Components       Formulation       Processing Geometry      Function      Processing 

CHARACTERIZATION 

ZZ1 
MECHANICAL 

BEHAVIOR 

"x: 
PHYSICO-CHEMICAL 

PROPERTIES 

Fatigue 
Creeping 

Thermal 
Stability 

Ageing 
(U.V.,...) 

TECHNICAL DATA 3=* 

Calculation method 

V 
DESIGN 

OPTIMIZATION 
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technics of manufacturing) and not necessarily by the 
geometrical structure thickness modification that 
corresponds to the usual methods of dimensioning in 
the case of isotropic homogeneous structures. 
As a consequence, it is necessary to know exactly how 
to define the load conditions of constructions (load 
conditions, environmental conditions, expected life 
time...). 

3 GENERAL DATA FOR INFRASTRUCTURES 
DESIGN 

oprir.il ana 
•        wcighl lr*s 
•        mcchar ICl! rr"r rn>. 
•       dama« >'< lysis 

00\ini\H) F.FF1CT OF TFMPFRATURF 
U.TRAYlOI.Fii l.KIHT, HYCROMFTRY [ 

Figure 7 : Accelerated ageing test 

PHYSICAL MI-'ASURFMENI 

The load conditions of structures are taking into 
account the own weight of the structure, the service 
loads, the extreme loads. The low density of 
composite materials is an asset in order to minimize 
the own weight of the construction. Moreover it is 
known that their use influence the design of tensile 
structures (tensile architecture, cable stayed bridges...). 
The service loads are generally standardized, hereby 
using values corresponding to the nature of the 
building or the bridge. 
It is important to notice that the extreme sollicitations 
(impact sollicitation, seisms, explosions) are taken 
into account in the traditional design rules by a static 
loads redefinition. If this approach is not a significant 
problem, in the case of traditional materials, it is 
necessary to take into consideration multiplication 
coefficients that take include the sensitivity, the 
variation of materials behavior laws with respect to 
the loading conditions. 
Likewise, in the case of extreme environmental 
sollicitations (temperature, hygrometry, corrosion...), 
it is imperative to take into account the variations of 
resistance, of ultime extensional modulus or damage 
variables specific for composite materials. 
Consequently, for numerous applications, it is possible 
to transfer acquired knowledge on the ageing of 
polymers, composites used in the transportation field 
(aeronautic, automotive) to the civil engineering field. 
Nevertheless, we can notice that the accelerated aging 
methods, the prevision methods (time-temperature- 
dependence) are confronted to estimates of life time of 
10 years, 20 years, 50 years...(figure 7) 
So, the retrofitting and validation problems are more 
and more important when taking into consideration 
combined sollicitations (mechanical - thermal - 
hygrometric) and are more and more difficult to 
model. 
In view of effects of composite materials 
heterogeneity analyzed at different scale levels: (fig.8) 

Fiber-matrix interface degradation 

Structural stability and reliability 

MICROSCOPIC SCALE 

Damage propagation 

Dclamination interaction 

between components 

MESOSCOPIC SCALE 

MACROSCOPIC SCALE 

Figure 8 :Multiscale durability analysis 

1. - microscopic scale: fiber - matrix - interface, 
2. - mesoscopic scale: internal structure of stacking or 

weaving, 
3. -    macroscopic    scale:    multi-materials,    mixed 

structures... 
it is necessary to conceive analysis or design codes 
that integrate the physical phenomena which occur at 
each level. 

4 SPECIFIC DURABILITY ANALYSIS AND 
CONTROL: CASE STUDY 

4.1. Durability analysis at microscopic scale 

Alkali resistance of fibers in concrete 
Performance and durability of fibre-cement 
composites depend on chemical resistance of the fiber 
in the cementitious matrix. Fig. 9 shows different 
ways to improve durabilty of these materials. First 
place, one can change the 'matrix' nature by adding 
mineral additives (eg. pouzzolanes,...), or organic 
polymers, in order to make it less agressive. one can 
also use the new Portland cement formulations or use 
other hydraulic binders. In the case of glass-fiber, the 
addition of Zr02, ThOr Sn02 as fibre coatings, 
significantly modifies material aging. Of course, other 
fiber choices are possible (carbon, metallic,...). 
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Alkali Resiatanc* of Glass and Zr02 Contents 

rMäla» fibre HeMateODCfw200houni 

ZrDj content (v rt.%1 

Weight loss 

Alkali- 

% NEC ARG fibre   U.Ö 

E-typa glass 
fibre                  10.5 

resistivity   _. 
'    Tensile 

strength 
retention 

% 
NEG ARG Fibre    75 

E-type glass 
fibre                   14 

Comparison of Alkali Erosive Attack in ARG Fibre 
and E-type Glass Fibre {SEM-nhotohgraphsJ 
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Figure 9 : Durability analysis in cement (doc. NEG) 

l ■: •■)■•;■/*■« 

3D braiding technics 

Sti reinforcement for structural 
demerit» (bars, beams,...) 

Figure   10:   Durability   analysis  in  3D  composite 
structures [4] (doc. MURATA) 

1. Ageing highway bridges 
are deteriorating and in 
need of new methods of 
rehabilitation 

2. Exposure to de-icing 
salt leads to serious 
corrosion of steel 
reinforcements 

Durability improvement 

of glass fiber reinforced 

cement 

Improvement 
of glass fiber 

p Glass composition 

^-Surface treatment 

Modification 
of matrix 

Pozzolan addition 

Polymer addition 

Cement other than 
Portland cement 

L New mineral matrix 
forGFRC 

From a scientific point of view, the following table 
show that accelerated aging conditions for alkaline 
resistance tests take different parameters into 
consideration, such als chemical composition, 
temperature, test duration... 
The latter remark once again raises the issue of 
extrapolating accelerated test results (of aging) to 
real(istic) conditions. They allow for better material 
formulations, but not for life time prediction. 

3. Deteriorating columns 
are prepared for the 
application of new high 
strength fibre materials 

4. A resin is applied prior 
to wrapping the column 
with carbon or glass fibre 
rehabilitation material 

Figure 11 : Retrofitting of concrete structures by 
composites [5] (doc. ISIS) 
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4.2. Mesoscopic scale analysis: 3D composite design 
for high performance applications. 

Laminated composite structures are particularly 
sensitive to failure mechanisms, due to interlaminar 
delamination, to bad transverse shear effects and to 
buckling. In order to improve the durability and 
reliabilty of these structures, it is possible to apply 
three-dimensional reinforcement techniques, such as 
3D knitting and 3D braiding. 

4.3. Durability analysis at macroscopic scale: mixed 
composite structures in smart materials, able to assess 
their durability. 

Sensor integration (optical fibers, strain gauges,...) 
into repair sheets allows for the dimensional and 
general stability of the structure, on a real time basis. 
As an example, following figure illustrates this for a 
bridge pile, instrumented with optical fibers, in which 
damage evolution can be followed as a function of 
time. 

5 CONCLUSIONS 

As   a  conclusion,   the   main   problem   that   limits 
increased use of composite materials is the following: 
1. material aspects, related to the number of possible 

material formulations, the difficulty of a reliable 
material characterization, physical and chemical 
stability with cement or steel, defective stiffness 
and a difficult prediction of durabilty in variable 
environmental conditions. 

2. structural aspects related to imperfections and 
weaknesses in the design methodology, as well as 

poor   predictabilty   of   environmental   and   load 
conditions. 

We would like to recommend the development of 
correct data bases for the basic formulation, transfer of 
know-how between different industrial sectors 
(automotive, construction,...), encouragement in the 
development of prototypes of bridges, a reinforced 
engineering training in the direction of improved 
knowledge of composite materials and structures as 
well as their application fields. 
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Instantaneous damage kinetic of composite pipes and moisture effect 
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ABSTRACT : The damage kinetic of composite pipes and moisture effect is presented. At first, diffusion 
law and the influence of mechanical damage on absorption are presented. Secondly, the change in the 
kinetics of the damage is studied for various levels of water content. Mechanical tests, under tension and 
internal pressure with fixed ends, demonstrate an increase in the rate of damage as a function of water 
content. The damage rate acceleration is taken into account in a behaviour model. The effect of water 
content in the material is introduced into this model by using a damage-associated variable depending on the 
moisture level. 

1 INTRODUCTION 

Environmental and mechanical stresses cause 
degradation of the physical and chemical structure 
of glass/epoxy composite. This phenomenon has 
two different aspects : hygrothermal ageing and 
mechanical damage, each influencing the other. 
Composite material absorption may be accelerated 
by damage in the structure and, reciprocally, the 
aged material becomes damaged more quickly. 

The influence of ageing on mechanical 
characteristics is very widely recognised for 
instance by: A. Naceri et al (1992), Y. Weitsman, 
(1991), A. Chateauminois (1991). This being 
necessarily related to the chemical nature of the 
matrix and the sizes that are used (A. Bunsell, 
1994). Thus, variation of the glass transition 
temperature and the shear modulus are commonly 
observed. According to some authors (C.C Chamis 
1978; H.T Hahn 1987), the loss of mechanical 
properties may be explained by the plasticization of 
the matrix and by the degradation of the 
fibre/matrix interface. The progress of water 
molecules into the molecular structure swells the 
matrix, generating internal stresses and inducing 
loss of resilience. This scenario, although 
qualitative, seems realistically to represent the 
influence of water in the damage kinetics. 

The phenomena depend largely on the 
temperature. Thus, Bunsell (1994) suggested that 
for long-term applications with epoxy matrix, the 
temperature must be below 60°C, because the loss 
of mechanical properties is often observed above 
70°C. 

In the present paper the coupling between 
absorbed water and instantaneous mechanical 
damage kinetics of a glass/epoxy laminated tube 
will be analysed. The study of absorption in 
damaged composites is briefly presented. The 
present paper is devoted to a study of the kinetics of 
damage in aged materials. Finally, a method of 
coupling the two phenomena will proposed. 

2 ABSORPTION 

The material adopted for this study is a composite, 
based on a Ciba Geigy LY 556 polyepoxy matrix 
with a HY 917 anhydride hardener and DY 30 
accelerator, reinforced with 2400 tex E-glass fibres 
(long fibres). These pipes, manufactured by 
filament winding, are laminates of layup [+55°,- 
55°]3, having a diameter of 60 mm and a thickness 
of 2.5 mm. 

An analysis (C Suri and D. Perreux, 1995) 
carried out on the through-thickness absorption in 
this material has enabled its absorption law to be 
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identified. It has been shown that both matrix and 
composite obey a Langmuir-type law : 

32C dC    dc 

et + et 

* = yC-ßc 
et 

yC00(H) = ßc00(H) 

(1) 

with initial and boundary conditions as follows : 
C(x,0) = 0 and c(x,0) = 0 for 0 < x < h and t < 0 ; 
C(x,t) = C„ and c(x,t) = c„ for x = 0, x = h and t > 
0. 

Here, h is the thickness, ß is the detrapping 
probability per unit of time (bound free), y is the 
trapping probability per unit of time (free bound), c 
is the concentration of bound molecules, C is the 
concentration of mobile molecules, c» is the 
concentration of bound molecules at saturation, C«, 
is the concentration of mobile molecules at 
saturation and H is the relative humidity. 

The total absorbed mass of water is obtained by 
integrating the two phases over the volume : 

M = J (C + c)pdV (2) 

The absorption parameters are identified by 
using the method described by Carter and Kibler 
(1978). These laws are compared with experimental 
data in Fig. 1. 

3 MODELLING  THE   ABSORPTION  IN   THE 
DAMAGED COMPOSITE 

mainly due to micro-cracking of the matrix. This 
type of damage can be assessed by one parameter, 
for instance the change in the axial modulus of the 
tubes; 

AE7 D7 

The model of absorption in damage composite is 
obtained by observing the changes in the physical 
structure of the composite as a consequence of 
microcracking. In this case, it is assumed that 
mechanical damage has no influence on the 
diffusion parameters, but it involves modifications 
of the absorption boundary conditions. In fact, this 
approach assumes that damage affects in the 
absorption rate, i.e. a damage material will absorb, 
at time t, the same mass of water as a virgin 

material at effective time!. The absorption in the 
damaged material may be derived from this in the 
virgin material by writing eqn (1) in terms of the 

variable t : 

. crC    dC     dc 
A ^- = ^r + — 

öx2   et   et 
de 

= yC-ßc (3) 
et 

yC00(H) = ßc00(H) 

The experimental identification of the 

relationship between T and t has been suggested to 
be as follows : 

The damage considered in the present study is 
produced by mechanical loading. The defects are (l-D^O-Dzz) 

(4) 

Fig. 1 : Matrix and composite absorption curves at 
60°C. M,(%) = percentage of variation of the 

material mass ; • resin data; ♦ composite data ; 
 Langmuir model; — Fick model. 

20 40 60 100 120 

Time (h   ) 

Fig. 2 : Experimental and modelling results of 
damaged material absorption. 
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However, the mass of water retained in the 
cracks cannot be separated from water absorbed by 
the material. The amount of water remaining in the 
cracks appears to increase M„ which cannot be 
interpreted by the equivalent-time description. In 
order to take damage into account in the Langmuir 
law, the following formula is proposed : 

M 
M. 

ooD ■ 
(1-Dzz) 

(5) 

In Fig. 2, a comparison between the model and 
the experimental data is presented. 

The concentration profile may be determined by 
means of a numerical calculation, by using the 
method of finite differences. For an undamaged 
material, this gives the results shown in Fig. 3. It 
may be seen that the concentration becomes 
uniform throughout the thickness after 400 h. Thus, 
we can assume that each aged layer of the laminated 
material has the same concentration of moisture 
after a short time of absorption, and, consequently, 
the change in mechanical properties due to moisture 
is independent of the layer position. This is a 
consequence of the particular nature of this type of 
material and results from the type of absorption law 
and the values of the absorption parameters. 
However, the uniform value of concentration of the 
material allows us to consider that the mechanical 
behaviour of the aged laminate can be described by 
the same model as the unaged material. The effect 
of moisture will be taken into account by the 
change in the parameter values. However, it has 
been observed that absorption from the inner 
surface of a tube is not similar to the absorption of 
the outer surface( Baizeau et al 1995 ; Suri 1995). 
This phenomenon is not yet completely understand, 
but, nevertheless, the concentration profile is almost 
unmodified by this characteristic. 

o  . . 11 i i i i ' ' IH 

Thickness (mm) 

Fig. 3 : Concentration profile of a virgin composite. 

4.1 Experimental analysis 

4.1.1 Axial and hoop moduli 

The influence of ageing has been characterised by 
experiments carried out on specimens subjected to 
various hygrothermal treatments at 60°C. In 
addition to the aged materials, oven-dried 
specimens and other specimens that were subjected 
to a complete absorption/desorption cycle were 
tested. The six states of the tested material are : 
• unaged, oven-dried -> M, * 0.0 % 
• unaged -> M, = 0.0 % (reference state) 
• aged at 336 h -> M, = 0.2 % 
• aged at 1500 h->M, = 0.3% 
• aged at 11300h -»M^O.7% 
• aged at 11 300 h -> M, = 0.7 %, and then oven- 

dried -» M, = 0.0 %. 
Identical test procedures and conditions were 

systematically applied in order to minimise the 
measurement error. Each test started with a 
measurement of Young's modulus. All tests were 
performed as follows. A tensile test is need to assess 
the axial modulus, and, still on the same specimen 
(aged or not), a pure internal pressure test allow us 
to obtain the hoop modulus.As may be seen in the 
Fig. 4, the rigidity of the composite remains 
constant during ageing. 

4 INFLUENCE OF AGEING ON THE MECHA- 
NICAL PROPERTIES 

The variation in mechanical properties is greatly 
affecte by the presence of moisture. This influence 
has been demonstrated through tensile fatigue tests 
and repeated progressive loading (RPL) tests under 
internal pressure with fixed ends. 
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Fig. 4 : Variation of the elastic moduli of the 
composite as function of water content. 

161 



The scatter is mostly due to the manufacturing 
process which can involve a change in the fibre 
volume fraction and the difficulties to perform test 
with aged tubes. 

4.1.2 Tensile fatigue tests 

This type of test consists of applying a tensile force 
to the material. It was carried out on a screw-type 
electromechanical tensile machine. The test starts 
with a measurement of the En modulus, followed 
by cycling and a pause of 10 min. The purpose of 
the wait is to allow recovery of the retarded strains 
before the modulus measurement. This procedure is 
repeated until the material fails. The modulus 
measurement consists of a single rise and fall of 
load between 0 and 15 MPa, with a rate of loading 
of 1 MPa s'1. As previously introduced, the damage 
parameter is D^ = /sEJEa. The cycling is 
composed of 50 or 100 triangular cycles between 0 
and 55 MPa at a frequency of 0.05 Hz By carrying 
out this process on aged and fresh specimens, the 
experimental damage data are obtained as shown in 
Fig. 5. 

A very marked increase in the damage rate with 
water content may be observed. The number of 
cycles to failure also decreases significantly. This 
degradation in the properties is not irreversible - 
removing the water has a beneficial effect on the 
fatigue properties. Thus, a material aged for 18 
months (M, = 0.7 %) and then oven-dried behaves 
like an unaged material. This tendency is logical. 
Indeed, the improvement of the behaviour between 
aged material and dried material could be expected, 
but the virtually complete recovery of the properties 

Dzz <%) 

»•  •      * x 

0 100 200 300 400 500 

Number of cycles 

Fig. 5 : Influence of water content on the fatigue 
damage kinetics : +, oven dried ; X, unaged ; 0, 

aged for 15 days ; V, aged for 2 months ; ■, aged 
for 18 months ; •, aged for 18 months and oven- 

dried again. 

is unexpected since a loss of material and change in 
the appearance of fibres, and therefore an 
hydrolysis, were observed during absorption. This 
seems to indicate that for the time of our 
experiment and even if irreversible chemical 
degradation occurs, its effect is insufficient to 
modify the mechanical properties significantly. 
Thus, the only element which has a wide influence 
on the mechanical properties is connected to the 
weight of absorbed water. This does not mean that 
chemical reaction is not present in the aged 
composite, but it means that, with regard to the 
change in mechanical properties only, the absorbed 
water mass must be considered as a variable. 
Therefore, for the time of our experiment, the 
influence of moisture on the mechanical properties 
must be described only by taking into account the 
amount of absorbed water mass. It is possible that 
for longer experiments incomplete recovery of the 
properties could be observed. In this case the 
mechanical behaviour laws should take into account 
explicitly the chemical changes. However, this 
problem is very difficult and should be solved by a 
group of researchers with competence in the 
mechanical and in physico-chemical field. 

4.1.3 Repeated   progressive   loading   tests   under 
internal pressure with fixed ends 

A three-dimensional model cannot be developed 
without knowing the behaviour of the material in a 
complex stress state. In tubular specimens, internal 
pressure tests with hydrostatic end forces generate a 
state of plane stress. The pressure acts 
simultaneously on the clamping devices and on the 
walls of the tube, resulting in the stress state la^ = 
o"ee The applied stresses as a function of time are 
shown in Fig. 6. An example of results of these 
experiments are given in Figs. 7. 

Mcasumcnt modulus 

Fig. 6 : Stresses imposed in a biaxial RPL test 
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Fig. 7 : Stress/strain curves in a test under internal 
pressure with fixed ends on an aged 
material (18 months). 

By measuring the elastic moduli E^ and EM 

between each loading/unloading cycle with the 
previously described procedure, the damage 
variation during the tests can be obtained. If 
the same test is carried out on specimens having 
different water contents, the kinetics of the damage 
may be plotted as functions of the ageing 
parameters as shown in figure 8. 

These results are in accordance with fatigue data. 
Indeed, the moisture increases the damage rate. 
Taking into account the reversibility of the effect of 
water on the composite material behaviour observed 
in the fatigue tests, mathematical modelling of the 
instantaneous damage of aged materials consists in 
determining the relationships linking the damage 
parameters of an unaged material to the water 
content, and then in introducing them into an 
existing behavioural model. This method is valid 
for the time period in which the reversibility of the 
water effect can be observed. If substantial 
hydrolysis were to occur, it would be necessary to 
modify the model presented later by introducing 
into the damage kinetics a term able to describe the 
damage due to the water. But in our case, the effect 
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Fig. 8 : Variation in the damage versus the hoop 
stress in a RPL test under internal pressure with 

fixed ends for various aged material. 

of the water can be considered simply as a sort of 
"catalytic agent" of the damage which is produced 
by the mechanical loading. 

5 MODEL OF MULTIAXIAL BEHAVIOUR 

This model was developed to describe the 
instantaneous behaviour of composite pipes under 
multiaxial stresses. It is presented in detail in D 
Perreux and F. Thiebaud (1995). For overall 
behaviour including time dependant behaviour the 
present model have been improved (F. Thibaud and 
D. Perreuxl996 ; D. Perreux and E. Joseph 1997). 
Only a restricted description of the part of the 
model accounting for the instantaneous damage in 
the material will be given here. By using a 
micromechanical model and the classical laminate 
theory, it has been shown that the stiffness tensor 

(C) of the damaged material can be expressed as a 

function of D„ : 

C^C + D^+D^ (6) 

where C is the stiffness tensor of the undamaged 

materials and C. and C. are tensors obtained by the 

micromechanical modelling of the damage . 

By similarity with the plastic theory, an internal 
variable, Yn, associated with the damage can be 
defined. This variable is the driving force for the 
damage: 

cD7 

where \|/L is the free energy density given by : 

VL=-Cee:ee + v|/L 

(7) 

(8) 

V|/Lis a function of the other internal variables 
and e, the elastic strain. Finally we obtain : 

YZz = -(2C2Dzz+C1):ee:ee (9) 

A cumulative damage variable, D^, is 
introduced in order to define an associated work- 
hardening variable, RD: 
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Rr 
dD7 

CJQ\      except for relatively short ageing times : 

The role of RD is to store the maximum value of 

-Y_,. DH is a cumulative damage variable, which, 
according to the scalar description of the damage, 
may merge with the damage variable, Dn, itself, 
but eqns (7) and (10) require the definition of both 
variables. To obtain the instantaneous damage 
kinetics we define a damage criterion, fD, and by 
using the normality rule we can write . 

D, 

D, 

dfp 
SYZ 

j_D 
01) 

where Ä,_>  is the Lagrangian multiplier. For the 
damage criterion, the following form is proposed : 

(12) fD=<-Yzz>-RD-Yz
L^0 

where Y£ = 0.075 MPa"1 is a constant which 
represents the minimum value of the driving force 
Y^ where damage can be observed. 

The law connecting Ro to D^ is given by the 
relationship (Fig 9): 

RD=aD(Dzz) D 

6 MODELLING    THE    KINETICS 
DAMAGE OF AGED MATERIAL 

(13) 

OF    THE 

This model is based on that given previously and on 
the assumption that the concentration of water is the 
same throughout the thickness. As we saw before, 
this assumption is satisfied by the material studied 

RD: 

= ^(C1+2DzzC2):C",:g:C"1:g-Y 

(15) 

The values of aD and PD are determined from the 
experimental data by using the method of least 
squares. 

According to this method, from using the data 
from the RPL tests under internal pressure with 
fixed ends, the values of the parameters aD and PD 

are obtained for materials aged at different levels. 
Knowing the aD and PD values as a function of the 
quantity of water absorbed, the laws describing how 
they vary may be determined. These relationships 
may be expressed in the form of two linear 
equations as functions of M,: 

PD=P0 + qMt 

aD = a0 + w^t 
(16) 

The graphical form of these laws is given Fig. 10. 
By incorporating these two laws of variation into 
the model, it is possible to model the change of the 
damage for instantaneous loading. 

7 COUPLING 

In use, the pipes are stressed simultaneously by the 
wet environment and by mechanical loads, due 
essentially to the pressure. In such a situation we 
are obliged to develop a model capable of taking 
into account the simultaneous changes in the 
damage and the water content. In fact, this model is 
a combination of both parts previously described : 
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Fig. 9 : Relationship between R_ andDz 

Fig. 10 : Variation in aD and PD as functions of 
water content 
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the absorption part of the damaged materials and 
the part connected with the damage kinetics of aged 
materials. 

In what follows, the entire model will be 
validated through tests where there are successively 
some periods of damage and some periods of 
ageing. For instance, we consider that the first step 
to have a duration of 1500 h. During this time, we 
assume that there is a single loading/unloading 
cycle under internal pressure with fixed ends (am = 
250 MPa). By use of the damage model, the amount 
of damage in the material is calculated, and then, 
with the absorption model, it is possible to 
determine the water content of an initially damaged 
material aged for 1500 h. In this way, we obtain the 
water concentration profile and the level of damage 
acquired during the first step, which are the initial 
conditions for the second step. 

The second step is considered to be of 700 h 
duration, containing loading/unloading cycle (om = 
300 MPa). By performing the above calculation, the 
moisture and damage levels at the end of 2200 h 
can be obtained, constituting the initial conditions 
for the third step. Continuing the calculation in this 
way, it is possible to model the quasi-simultaneous 
variations in the damage and the water 
concentration in the material. 

To sum up, the material was exposed to the 
following stresses: 
•250 MPa loading/unloading, absorption for 1500 h 
•300 MPa loading/unloading, absorption for 700 h 
•350   MPa   loading/unloading   and   absorption 
thereafter. 

However, since the parameters aD and PD depend 
on the moisture content, some of the formulae must 
be completed in the model of the mechanical 
behaviour. Indeed, for an aged material: 

Table 1 : Experimental and simulation results 

Time (h) 0 1500 2200 
Water content measured (%) 0 0.33 0.36 
Water content calculated (%) 0 0.28 0.36 
Load Oge (MPa) 250 300 350 
Damaged measured (%) 9.6 36 47 
Damaged calculated (%) 7.7 24 42 

By introducing these modifications into the 
model, it is possible to obtain the results given in 
Table 1 and show in Fig. 11. 

The rather good agreement between the 
simulation results and the experimental data show 
that the coupling between moisture absorption and 
instantaneous damage can be described by the 
proposed model. The main difficulty is to assess the 
material parameters required by the model 
application (tubes for fluid transportation). The 
model has been specially developed for an 
important type of application (laminate tubes (+ 9) 
for fluid transportation). Then the identification is 
easy in this case if a biaxial test is used. In 
particular, it needs two steps. First of all the 
mechanical behaviour must be determined by using 
repeated biaxial loadings on tubes. Secondly the 
moisture absorption model must be identified. 

8 CONCLUSION 

The hydrothermal ageing of a [+55°, -55°]3 tubular 
laminated composite induces significant changes in 
the mechanical behaviour. 

With the aid of two independent models, it has 
been demonstrated that the absorption of a damaged 

RD=aD(Mt)(Dzz)
p^M-> 

and 

3R 3R 
dR = ^-dMt+-=— dD, 

5M, dD, 

(17) 

(18) 

The latter equation indicates that during the 
absorption phase, changes in the value of Rj, are due 
to variations of aD and PD as a function of the 
absorbed mass. Moreover, this last relation 
suggests that desorption is able to damage the 
material. 

■     Measured damage 
M(%jTD     Calculated damage 

Model absorption 

Data absorption 

Dzz(%) 

Fig. 11 
350 MPa 

: Model of the absorption/damage coupling. 
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material and the damage of an aged material are 
interrelated phenomena. The overall behaviour 
depends on the water content and on the level of 
damage. 

The proposed model is well adapted to describe 
the instantaneous damage ; it is obvious that the 
time-dependent damage must be also modified by 
the mass of absorbed water. The identification of 
this effect will require very long and unusual tests 
for instance creep tests with water absorption and 
could be a perspective of this study. 
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Mechanical behavior of multiaxial reinforced composites sun light degraded 
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ABSTRACT: We have studied the mechanical behavior of polyester composites reinforced with glass fiber 
cloth, taffeta, or multiaxial 2D which is degraded under sun light conditions. The elaboration procedure was 
the hand contact method, which is supposed to be the worst; so it could represent the most unfavorable 
conditions. Eight reinforced sheets were disposed asymmetrically. Laminates were exposed to a UV-visible IR 
light source, up to 7000 hr. 
A mathematic correlation has been obtained on the mechanical properties. The degradation follows a damped 
exponential model. We studied the Influence of kind of resin, reinforcement distribution, and cure conditions. 
Laminates done with resins with higher reactivity shows better behavior against fracture and higher plasticity. 
The cure heat treatment increases the mechanical properties. 

1 INTRODUCTION 

Day by day the glass fiber reinforced polyester GFRP 
are getting more usage, due to their relatively low 
weight, good mechanical behavior, microbiological 
durability, dissolvents stability (Blicblau et al. 1993), 
alkali and acid media (Somiya & Morishita 1993, 
Fujiietal. 1993). 

The relatively low cost, the easy processing and 
elaboration techniques of GFRP are making wider 
the application in the aeronautical, naval and 
terrestrial industry (Castaing et al. 1993; Karama et 
al. 1993), furthermore, in some cases the GFRP 
mechanical properties are better than metal's ones. 

The study of the toughness behavior and 
interlaminar crack growth in composites has been 
improved in the last ten years. Many of the 
researchers had been working on unidirectional 
reinforced PREPEG glass fiber-epoxy (Murri & 
Martin 1993), carbon-epoxy and carbon-PEEK 
(Hojo & Aoki 1993), graphite-bismaleimide (Sriram 
et al. 1993). Some authors (Iwamoto et al. 1993) had 
worked in the relation between fracture toughness 
(intra and interlaminar) and the toughness behavior in 
mode I and II. 

It is commonly to find bibliography related to the 
harmful effect of sun light radiation. We found in the 
bibliographical revue some works related to the 
behavior of carbon-epoxy (Pintado 1992) glass 
fiber-epoxy (Evans et al 1995) to the high energy 
radiation behavior. But no works were found in the 
effects of sun light effect upon the loss of mechanical 

properties of multiaxial laminates. We try to study 
the accelerated effect on the mechanical properties of 
multiaxial reinforced polyester with UV-visible light 
emulating the sun light conditions. We also study the 
effects of kind of resins and cured temperature. 

2 MATERIALS 

Laminates were made of 8 asymmetrically sheets of 
equilibrated fabric with thickness of 3 mm for taffeta 
and 4.5 mm for multiaxial. 

The matrix that we employed were an orthophtalic 
polyester with two different reactivity levels BASF 
PALATAL P5 and P6. We decide to use these resins 
due to their dissimilar mechanical properties and 
commonly industrial applicability. As could be seen 
on table 1. 

Table 1 Resin phys cal properties. 
P5 P6 

Tensile Strength 80 MPa 65 MPa 
Elongation 2.3% 2.0% 
Flexural Strength 110 MPa 115 MPa 
E (flexural) 4GPa 4.5 GPa 
Toughness 14 kJ/m2 20 kJ/m2 

Reactivity level. Medium High 
HDT 70 °C 105 °C 

Tc, 95 °C 121 °C 
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Table 2 Physical Properties. 
Sample Reinforce- 

ment 
Density 
(g/cm) 

Vf(%) Va (%) 

ATI 
Taffeta 
(0-90°) 

1.66 
1.62 (T) 

31.7(A) 
32.0(F) 
32.2 (T) 

1.0(A) 
2.5(F) 
5.0 (T) 

AM2 
Multiaxial 
(0-90°) 1.58 

32.4 (A) 
32.9(F) 
33.6 (T) 

8.2(A) 
8.9(F) 
9.6 (T) 

BM3 
Multiaxial 
(0-90°) 

1.57 
1.61 (T) 

33.7(A) 
32.8 (F) 
32.2 (T) 

9.4 (A) 
6.8 (F) 
4.1 (T) 

BM3C 
Multiaxial 
(0-90°) 1.58 

33.4 
33.2 (T) 

8.7 (A) 
8.5 (F) 
8.2 (T) 

(A)   Axial Samples       ( F) Flexural Samples 
(T)    Fracture Samples 

The samples used on the fracture toughness test 
had an insert of Teflon sheet with thickness 45 ).tm 
and length of 22.5 mm ± 1.5 mm placed between the 
4th and 5th reinforced sheet. Laminates were cured 
at room temperature of 17° C with the exception of 
laminate BM3C which its controlled cured 
temperature was 40° C. We demolded all the 
laminates after 24 hours. 

Laminates characteristics are summarized in the 
Table 2. 

3 EXPERIMENTAL PROCEDURE 

3.1 Polymer Aging. 

The aging essay has been done applying UV light to 
the prepared samples. Samples were positioned in a 
chamber equipped with one sun light radiation 
adjusted lamp 300 Watt OSRAM V1TALUX. The 
chamber's temperature was of 50° C. Sample-lamp 
average distance were 50 cm which varies from 42 
cm on center to 65 cm on lateral sides. Mechanical 
characterization were done after 500, 1000, 1500 
hours of exposition, and in some cases up to 7000 h. 
These times are equivalent to an average sun light 
radiation of 300, 600, 900 and 4200 days (0.8, 1.6, 
2.5 and 11.5 years) 

3.2 Mechanical characterization. 

Tensile test were developed according to ASTM 
D3039-76 on an INSTRON 4202 Testing machine. 

Sample length was of 207 mm, and length 
between marks of 127 mm. The essay was developed 
using an extensometer. The displacement speed 
was 1 mm/min. 

The llexural test were developed according to 
ASTM D 790 M-86 with a three points bending tool 
on the INSTRON 4202. Sample length were of 150 

mm, width 25 mm. The length thickness ratio were 
25:1, with the exception on taffeta's laminates that 
was 30:1. Displacement speed was 5.1 mm/min. 

The fracture toughness test were done on an 
INSTRON 4202, according to ASTM D 5528 for 
fracture mode I, but one difference were employed, 
that the sample never was completely discharged. 
Test were done in double cantilever beam (DCB). 
Sample length of 140 mm and width of 25 mm 
displacement speed 1 mm/min. Sample were 
positioned between the grips, hanged by a couple of 
two steel piano hinges, bonded to the sample with a 
heat cured epoxy (2 h, 85° C). 

4 RESULTS 

The Mechanical characteristics that we evaluated are: 
Plasticity A% (relative enlargement or deflection), 
Young Modulus E (axial or flexural rigidity), 
Maximum stress a,„, on axial and flexural. See Tables 
3a and 3b. 

On the fracture test we evaluated the fracture 
toughness defined by the Strain Energy Release Rate 
Gi (SERR). Figure 1 shows one typical R curve, 
energy rate-crack length. 

The G determination has been obtained fitted to 
the analytical method proposed by Kageyama & 
Hojo (1990) accordingly to the equations 1 and 2: 
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Figure 1. Energy rate versus crack length. 
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Table 3a. Mechanical Tensile Properties. 
Laminate Time A% E (GPa) a,„ (MPa) 

(h) Axial Axial Axial 
ATI 0 3.6 17.5 293 

500 3.4 16.7 286 
1000 2.9 15.9 274 
1500 2.7 15.4 268 

AM2 0 4.2 17.0 263 
500 3.9 16.4 252 

1000 3.6 15.7 234 
1500 3.4 15.2 230 

BM3 0 4.5 15.6 247 
500 4.2 15.2 240 

1000 3.7 14.6 233 
1500 3.4 14.4 228 

BM3C 0 5.0 16.0 267 
500 4.7 15.3 254 

1000 4.4 14.6 246 
1500 4.1 14.2 240 

Figure 2. Surface breakage with   bridging process 
and intracrack deviation on laminate BM3C, x 100. 

Table 3b Mechanical Flexural and fracture toughness 
Properties. 
Sample A% E (GPa) a,„(MPa) GlA Giu 

Flex Flex Flexural (J/m2) (J/m2) 
ATI 3.2 14.6 317 412 882 

3.1 14.2 305 392 832 
2.9 13.4 295 278 859 
2.8 13.0 286 294 788 

AM2 4.0 12.5 369 393 1149 
3.8 11.9 356 237 1110 
3.6 11.4 338 278 1068 
3.5 11.2 333 234 1008 

BM3 3.9 12.8 376 439 983 
3.7 12.4 358 427 902 
3.6 12.1 348 365 929 
3.4 11.7 341 322 904 

BM3C 4.4 13.0 375 506 1015 
4.0 12.6 357 484 1004 
3.8 12.3 345 419 972 
3.7 11.8 336 407 958 

Where a = crack length; h = half thickness; C = 
flexibility or compliance, relation between the crack 
opening d and the applied force F; A0 and At = 
empirical values; and B = sample width. 

The mechanical characteristics evaluated were GiA 

critical energy rate after the crack tip is 2 mm beyond 
of precrack (just when it is clearly visible). GIB is the 
energy rate where G becomes constant related to the 
crack length, in other words where the fiber bridging 
process is elevated (Marques et al 1996) as could be 
seen on figure 2. 

4.1 On materials degradation 

A decreasing in the mechanical characteristics due to 
sun light exposition could be observed on all 
laminates. This decreasing should be observed on 
Figures 3, 4 where are represented the evolution of 
their characteristics respect of time of exposition. 

Some experiences up to 7000 hours of exposition 
shows that the value obtained for this time is nearly 
the 90 % of the that obtained at 1500 hours. So as 
hypothesis we could accept that for long exposition 
time must exists an asymptotic value 10% less than 
that obtained at 1500 h. This asymptotic value is 
dependent of its own laminate characteristic. On 
Figure 4 we could appreciate the evolution of the 
differences between the characteristics evaluated at 
each time and their asymptotic value. 

-AT1 

— -A — AM2 

- - o - -BM3 

— -X- BM3C 

0 500 1000 1500 

Time (h) 
Figure 3. Decreasing    on    mechanical    (axial) 
properties due to the sun light exposition time. 
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Figure 4. Critical SERR related to its asymptotic 
value versus time. 

4.2 Degradation model proposed 

The general  degradation   model   proposed  is  the 
damped exponential model as seen in equation 3: 

Y = A + B e ■Kt 
(3) 

Where A = An asymptotic value; B = difference 
between the characteristic evaluated at time 0 and its 
own asymptotic value A\ K = extinction constant in 
hour"1; and / = time in hours. The values of the 
constants can be observed on Tables 4a, 4b. 

We observed that the behavior in fracture is 
similarly and accordingly to the degradation of tensile 
and flexural mechanical properties. 

We noted that there is a decreasing on the 
deformation energy nearly adjusted to our model 
proposed. 

Table 4a. Degradation model' s Parameter (tensile). 
A% Axial E Axial o~„, Axial 
B k 10" B k 104 B k 104 

ATI 1.40 9.7 3.7 6.0 54 4.6 
AM2 1.20 8.7 3.5 5.5 57 6.4 
BM3 1.60 10.0 2.6 4.4 42 4.1 
BM3C 1.40 7.8 3.2 5.5 50 5.0 

Table 4b. Degradation model's Parameter (flexural). 
A% 
Flexural. 

E Flexural. a,,, Flexural 

B       || k 10" B     ||kl04 B     (I k 10" 

ATI 0.741     5.91   3.01       5.6 61 1       4.8 
AM2 0.86      5.6    2.4         5.3 69         5.2 
BM3 0.83       6.2    2.3         4.2 67        4.7 
BM3C 1.04       6.81   2.61       4.7 721        5.1 

4.3 On matrix effect 

Comparing the laminates AM2 and BM3 (multiaxial 
reinforced in two directions), which could be 
distinguished by the reactivity level of the resins. The 
results shows that there are a little better behavior on 
axial and fracture plasticity on resins of higher 
reactivity, it could be due to the higher reactivity of 
the resin, and it makes longer resin chains. 

The differences in the porosity levels probably 
would shadowed the results in some cases, the 
porosity could be distinguished on figure 5. 

4.4 On temperature of cured 

Contrasting the mechanical behavior of similar 
laminates BM3 and BM3C, could be perceived that 
the plasticity, tensile stress, modulus and G values 
are better those in BM3C, this phenomenon could be 
observed clearly on figure 6 and table 5b. 

The higher temperature of cure plays an important 
role on the chemical process of polymerization and it 
is probably that the higher temperature improve the 
residual styrene polymerization, so its increases its 
mechanical properties. Either too is probably that the 
higher temperature of cured affects favorably on the 
adherence of fiber-matrix, as illustrated on figure 6. 

The cure temperature affects favorably in all 
mechanical properties, except on the maximum 
flexural stress, reflected on BM3C laminate That 
must be due to the higher porosity of the BM3C 
laminate. 

Figure 5. Porosity on laminate AM2, 
tested sample. 

Tensile 
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Figure 6. Critical SERR versus exposition time. 

4.5 On the relative loss of characteristics 

The Intrinsic retention index I is the relation between 
the value of those characteristic at one time referred 
to time 0. The extrinsic retention index X is the 
relation between the characteristic of one laminate in 
relation to the taffeta's one at time 0. Table 4 shows 
those indexes. The extrinsic value are better because 
to its higher capability of discrimination. 

Highlighting the better index of fracture toughness 
on multiaxial laminates even after 1500 hours. The 
multiaxial with P5 shows the worst behavior, 
probably due to its porosity distribution and the low 
reactivity level. 

The typically taffeta waving did not represents an 
inconvenient on lost on interlaminar crack toughness 
as seen on figure 7. 

X50. 

|                 Intrinsic Parameter (I) 

1                          G|A Gm 
1 AT 

1 
AM 

2 
BM 

3 
BM 
3C 

AT 
1 

AM 
2 

BM   BM 
3   II 3C 

0| 100]   100 100 lOOllOOl  100| 100|    100 
500     95     60 97 96   94     97     92      99 

1000     67      71 83 83    97     93     95      96 
15001    711    60 73 80|   89|    88|    92|     94 

Table 5b. Extrinsic Retention Index 
||                Extrinsic Parameter ( X ) 
II                          Gl,\ Gm 

1 AT 
1 

AM 
2 

BM 
3 

BM 
3C 

AT 
1 

AM 
2 

BM 
3 

BM3 
C 

Oil   100|    95 107 123 100 130]   111 115 
500     95      58 104 117 94 126    102 114 

1000     67     67 89 102 97 121    105 110 

15001    711    57 78 99 89 1H|   102 109 

5 CONCLUSIONS 

The Sun light exposition degrade the plastic and 
resistant mechanical properties in axial and flexural 
stress and the fracture toughness of the composites 
laminates made of glass fiber reinforced polyester. 

The degradation follows a damped exponential 
model. The coefficients varies on dependence of the 
kind of reinforcement, resin and cure treatment. The 
losses will vary from 9 to 25 % in axial properties, 
from 9 to 21% in flexural and from 3 to 40% on 
fracture toughness. 

The multiaxial configuration of the laminates 
shows as good or better capability to support strain 
and stress on axial and flexural stress than taffeta's 
ones and clearly better behavior against inteiiaminar 
cracking. Multiaxial configurations shows higher 
porosity. 

The higher reactivity of the resin shows higher 
values on the plasticity in tensile mode and the 
behavior to the fracture toughness, but no relevant 
differences were observed in flexural behavior. 

The heat treatment increases the general 
mechanical properties. In some cases the porosity 
would shadow the increment on the mechanical 
resistance. 

The definition of the intrinsic and extrinsic values 
makes easier the comparison between the properties, 
and demonstrate that the multiaxial glass fiber 
reinforced polyester had better behavior than 
taffeta's one. 

The rigidity is the most valuable property on 
taffeta reinforced polyester, while the plasticity and 
toughness are the best properties on multiaxial 
laminates. 
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Abstract: As composite materials find increasing use in infrastructure applications where the design lives are 
typically much longer than aerospace applications, the issue of durability becomes more critical for these 
materials. The tolerance of composites to damage by cyclic loading and moisture ingression is of utmost 
importance. This study addresses the change in quasi-static and R = 0.1 (tension-tension) fatigue behavior of 
a commercial glass/vinyl ester system due to moisture. Quasi-static tensile strength is reduced by 24% at a 
moisture concentration of 0.95%, by weight. This reduction in strength is not recovered when the material is 
desorbed, suggesting that the exposure to moisture caused permanent damage in the material system. The 
fatigue performance of unaged, or "As Delivered", and saturated material is similar, but cyclical moisture 
ingression alters the fatigue performance of the composite system tested. This study highlights the effect of 
short term cyclic moisture aging and the effects on strength and fatigue performance of a glass/vinyl ester 
pultruded composite system. 

1 INTRODUCTION 

Fiber-reinforced polymer (FRP) composites are 
finding increasing use in construction and 
infrastructure applications where durability under 
harsh environmental conditions is required. The 
growing concern over the deterioration of the 
infrastructure has prompted civil engineers to 
consider alternatives for conventional materials. 
FRP's may offer superior resistance to fatigue and 
environmental effects as compared to metals, and 
they offer other advantages such as lower weight 
and ease of installation. However, while composites 
do not corrode via the same mechanisms as metals, 
they are prone to degradation. Moisture, caustic 
solutions, UV radiation, and freeze-thaw cycling 
may all significantly reduce the lives of composite 
structures. Moreover, damage caused by static and 
dynamic loading can be accelerated in the presence 
of these environmental factors. 

The issue of moisture ingression into a composite 
is of utmost concern. While the time-scale of 
moisture diffusion is much slower than heat transfer, 
the effects can be more dramatic. Absorbed 
moisture can act as a plasticizer in the matrix, 
lowering the effective glass transition temperature 
of the resin [1,2,4]. This can cause pronounced 
changes in modulus, strength, strain to failure, and 

fracture toughness [5,6]. While these effects may be 
reversible, the swelling stresses induced by moisture 
uptake can cause permanent damage such as matrix 
cracking, hydrolysis, and fiber-matrix debonding 
[2,4]. Moisture also corrodes glass fibers, especially 
under the presence of stress (i.e. stress corrosion or 
creep rupture) [1,2,3]. When the effects of 
moisture, temperature, and stress are combined, the 
damage mechanisms become even more complex 
and more difficult to predict. The implications of 
such changes on the design of structures are 
significant, especially in deflection-critical designs 
such as bridge superstructures. 

The bulk of durability data currently available is 
mainly derived from the use of FRP's in the 
aerospace industries. However, this data is largely 
restricted to carbon fiber and epoxy matrix 
composites. Much less data is available for glass 
fibers and vinyl ester or polyester matrices - the 
current materials of choice for construction and 
infrastructure. The effects of moisture on glass 
composites have been investigated, but the focus of 
most experiments have been on the effects of a 
single cycle absorption process [7,8,9]. This study 
takes a different approach by repeating the aging 
process, multiple absorption-desorption cycles, to 
determine if cyclical aging introduces additional 
damage into the composite system. This study 
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addresses the effects of cyclic moisture aging on the 
material properties and fatigue performance of a 
glass/vinyl ester composite system. 

2 MATERIAL SYSTEM 

A standard off-the-shelf pultruded composite plate 
was selected for this study. The composite contains 
both unidirectional glass roving and random-fiber 
continuous strand mat (CSM) at a reported fiber 
volume fraction of 40%. The matrix is a standard 
vinyl ester resin containing a UV inhibitor and is 
36% styrene content by weight. Coupons were cut 
with the long direction parallel to the unidirectional 
glass fibers. The edges of all of the coupons were 
sanded smooth using 180-grit sandpaper, and coated 
with a two-part epoxy and placed in an oven for two 
hours at 65°C to cure the epoxy. 

3 EXPERIMENTAL PROCEDURE 

3.1 Conditioning 

Coupons were submerged in a 45°C circulating 
water bath. The material was immersed for a period 

of approximately 30 days, until nearly saturated, 
removed, and then placed in a 45°C convection 
oven for 4 days to dry. The process was repeated as 
illustrated in Figure 1. 
The moisture history was determined as a function 
of the percent change in weight with the initial 
weight being the measured weight of each specimen 
at the beginning of the study. Coupons were 
removed at various stages of conditioning process, 
denoted by the numbers 1 through 8 as shown in 
Figure 1, and were mechanically tested to identify 
and reductions in the material properties. 

3.2 Quasi-Static Tension 

Quasi-static or monotonic tensile tests were 
conducted to determine the modulus and ultimate 
tensile strength (UTS) of the material. Specimens 
were tested on an Instron 4505 screw driven testing 
machine at a stroke of 1.7 mm/min (0.05 in./min). A 
2.5 cm (1 in.) extensometer was used to obtain 
strain data from the tests specimens. 

3.3 Fatigue Testing 

Fatigue S-N (stress-life) curves were constructed for 
specimens at points 1, 2, and 7 in Figure 1, by 
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a 
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O) 
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Time (hours) 

Figure 1: Moisture History 
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testing specimens at 45%, 55%, and 65% UTS. The 
fatigue tests were conducted on an MTS 810 servo- 
hydraulic testing machine at 10 Hz in tension- 
tension fatigue with a maximum to minimum load 
ratio of R = 0.1. A 2.5 cm (1 in.) extensometer was 
used to obtain a strain signal to observe stiffness 
reduction with cycles. The 1 cycle wet specimens 
were wrapped with moist towels during the testing 
to prevent moisture loss. Other work has indicated 
that this particular laminate heats up less than 5°C at 
10 Hz [10], so moisture loss due to internal heating 
is likely to be minimal. In order to characterize the 
remaining strength of the material with fatigue 
cycles, new specimens were again fatigued at each 
load level, but interrupted at various increments of 
cycles prior to failure. These specimens were then 
tested in quasi-static tension to obtain the remaining 
strength of the material. 

4 RESULTS AND DISCUSSION 

4.1 Quasi-static Tension 

Results from the quasi-static tensile tests indicate a 
mean Weibull modulus and strength of 15.5 GPa 
(2.25 Msi) and 212 MPa (30.8 ksi), respectively, for 

the as delivered material. For the 1 cycle wet 
material, the modulus and strength dropped to 13.0 
GPa (1.89 Msi) and 158 MPa (22.9 ksi), 
respectively. The results from the quasi-static 
testing are pictured in Figure 2, with the title 
numbers corresponding to the points in Figure 1. 

The results indicate that the material properties are 
reduced significantly after the first conditioning 
cycle, but damage does not continue to accumulate 
with exposure time. Statistical analysis, consisting 
of a comparison of means test with a 95% 
significance interval, was conducted on the strength 
data for the material at different stages to determine 
if there are significant differences after cyclical 
moisture absorption. The analysis indicates that 
there is a significant reduction in strength from the 
first moisture cycle, similar to what was observed 
by Schultheisz et al [8] for glass/epoxy composites, 
and further cycling does not cause a significant 
alteration in the material properties. The second and 
fifth cycle properties are similar at the wet and the 
dry stages. This initial damage is not recovered 
when the material is allowed to return to its initial 
moisture content, suggesting that there is permanent 
damage to the matrix or fiber. There is significant 
difference between the wet and dry material states 
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Figure 2: Material strength at different aging conditions 
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after the initial moisture cycle, but the changes in 
the strength are minimal and reversible, possibly 
indicating plasticization of the matrix material. 

Specimens were aged in a 45°C oven and tested in 
quasi-static tension to determine if visco-elastic 
relaxation could have caused the reduction in 
strength. The aging history and material properties 
are denoted by stage 8 in Figures 1 and 2. Statistical 
analysis indicates that the material properties are 
similar to the initial properties, thus, the degradation 
cannot be attributed to thermal relaxation of residual 
stresses created in the manufacturing process. The 
question of the 25% drop off in strength remains. 
Preliminary examination of the failure surfaces 
indicate that the material interphase region is not 
affected by the moisture, so one explanation would 
be the degradation of the glass fiber. McKinnis 
reports that the strength of E-glass fiber is controlled 
by a stress corrosion mechanism induced by the 
adsorption of water on the surface of the fiber [3]. 
The reaction of the glass with the surfacesorbed 
water produces a microflaw (stress concentration) 
which is the precursor to fiber fracture. It is also 
recognized that the process is irreversible, except 
when extensive drying processes are employed, i.e. 
heating by irradiation [4]. This would explain the 
loss in strength of the material system after the 
initial exposure to moisture. 

Data collected on the same material with a 
different moisture history (65°C for 17 days) but a 

similar moisture content (0.1 weight %) indicate that 
the material has a strength of 146 MPa (21.2 ksi) 
[10]. Although the materials have different 
moisture histories, the strengths at 0.1 weight % 
appear similar. Moisture content appears to be the 
major variable in strength prediction for this 
material. The diffusion coefficient, moisture 
history, and a material strength profile at different 
moisture contents would yield all the necessary 
information to determine the minimum expected 
strength of the sample in a given environment. 
Further effort is being made looking at the failure 
mechanisms of the composite in this study, as well 
as cyclical moisture effects on different glass 
composite systems. 

4.2 Fatigue Testing 

The S-N fatigue curves for the as delivered, 1-cycle 
wet, and 5-cycle dry samples are illustrated in 
Figure 3. Scatter in the fatigue data is typical of 
composites containing off-axis fibers; the variation 
being about one decade of life at each load level 
[2,12,13]. The curves have somewhat similar slopes 
with varying intercepts. The S-N curves are plotted 
again in Figure 4, with the curves normalized by 
their respective ultimate tensile strengths. The 95% 
confidence bands for the as delivered material were 
computed as per ASTM E 739-80 [11], and are also 
plotted in Figure 4. 
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The S-N curves for the three samples are within 
the 95% confidence bands for the as delivered 
sample. Statistical analysis performed on the as 
delivered and 1-cycle wet that the two normalized 
S-N curves are the same. The 5-cycle wet material 
is within the 95% confidence bands of the dry 
material, but the curves are not similar compared 
with the as delivered and 1-cycle wet. The slope of 
the S-N curve decreases as does its intercept. 
Analyzing the remaining strength plots and dynamic 
modulus of the materials, it can be seen that there is 
a greater variation in the fatigue data for the 5-cycle 
dry. The remaining strength data indicates that the 
material strength remains constant for the 5-cycle 
dry material throughout the fatiguing process. The 
remaining strengths of the as delivered and 1-cycle 
wet specimens degrade gradually throughout the 
fatigue process, whereas the 5-cycle dry breaks, on 
average, near the single cycle strength. The damage 
mechanics for the moisture cycled material appear 
to be changing but there is a large amount of 
variation in the 5-cycle dry material data that may 
indicate degradation of the material. 

Several other studies have dealt with the effects of 
moisture on the fatigue response of polymeric 
composites. Komai et al [14] examined the effects 
of water on unidirectional carbon-epoxy and 
aramid-epoxy under tension-tension fatigue and 
found that dry carbon-fiber specimens that were 

fatigued in a water cell at 80°C had slightly longer 
fatigue lives than specimens that were tested in a 
dry environment. This was attributed to an increase 
in ductility of the resin and a decrease in the 
interfacial strength. However, specimens that were 
first pre-conditioned in 80°C deionized water for 
two months exhibited a considerable decrease in 
fatigue life (roughly 1 decade). "Degradation" of the 
matrix was thought to be the main cause of the drop, 
and the loss in life occurred for two different carbon 
fiber types - even though one (a heat-resistant type) 
actually showed an increase in tensile strength with 
moisture absorption. For the aramid-epoxy 
composites, water absorption did not affect the 
tensile strength, but the fatigue life was improved 
with moisture. The improvement was again 
attributed to increased matrix ductility [14]. 

In another study dealing with a glass-fiber 
chopped mat composite, Ellis and Found [15] 
demonstrated an increase in tensile strength in 
specimens that were first pre-conditioned in 51°C 
water. They also showed a significant increase in 
residual strength after fatigue cycling. This 
behavior was attributed to an increase in matrix 
ductility and internal stress redistribution after an 
initial stage of fiber-matrix debonding [15]. 

In a study utilizing the same glass/vinyl ester 
system that was used here (although slightly 
thicker), Liao et al [13] constructed fatigue curves 
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for four-point bending tests on bar-shaped 
specimens. They examined several different pre- 
conditioning schemes and found tensile failure in all 
specimens and conditions. Specimens that were 
soaked in water for 5 months at room temperature 
were slightly weaker in bending than the dry 
specimens. In fatigue, however, the conditioning 
did not seem to affect the fatigue life. There was 
little difference between specimens tested in air or 
water and between specimens pre-conditioned or 
unaged, although at 30% UTS the aged specimens 
did not survive as long as the dry material [13]. 

It is interesting to contrast the results of Liao et al 
and the current study, which were conducted on a 
nearly identical material system. The present study 
utilized a thinner laminate, which may contain a 
different ratio of glass roving to CSM. Of course, 
the damage mechanisms in bending may be 
different, but it is surprising that with the longer 
aging time (5 months compared to about 1 month), 
the effects of the moisture on fatigue life in that 
study were still minimal. 
Mandell, et al. [16] produced results similar to those 
found in the wet and dry fatigue of the material 
system. Once again the material S-N curves shifted, 
and damage mechanisms throughout the fatigue 
process were similar, however no reference was 
made to the cause of the initial loss in fiber strength 
of the fiber upon short term exposure to moisture. 
The above process can possibly be described by 
work presented by McKinnis [3]. Thus, it appears 
that the stress concentration developed at the fiber 
surface does not change the mechanism of fatigue 
failure, but rather, only reduces the ultimate 
strength. 

5 CONCLUSIONS 

1. The properties of the material tested degrade at 
the maximum moisture content, but do not degrade 
any more if the material is cyclically aged to the 
same moisture content. 
2. The strength of the material, based on stress-free 
hydrothermal aging, may be predicted knowing the 
maximum moisture content a sample has endured. 
3. The S-N curves for the cyclically aged material 
system have similar slopes and intercepts, but the 
fatigue performance of the material appears to 
improve with increased moisture cycles. 
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Polymer composites for infrastructure 

A.Zureick 
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ABSTRACT: This paper outlines some highlights of an investigation aimed toward the development of ac- 
celerated test methods for determining the long-term behavior of fiber-reinforced polymer composite struc- 
tures. The work included the development of new destructive and non-destructive test methods for exam- 
ining the engineering properties of civil engineering polymeric composite materials as well as the generation 
of short- and long-term design data for composites subjected to a variety of mechanical and environmental 
loading conditions. 

1 INTRODUCTION 

Nowadays, high-performance polymeric composite 
materials are gaining substantial popularity within 
the construction industry. This is due mainly to 
their superior properties, such as high strength-to- 
weight ratio, corrosion resistance, non-conductivity, 
and thermal resistance capability. Because of their 
light weight, lower transportation costs and quick 
erection time may lead to a notable cost reduction in 
the project. The corrosion resistant property makes 
the structure almost maintenance free, which in turn 
saves fiiture costs. 

In 1993, The Federal Highway Administration 
embarked on a research program aimed toward the 
development of accelerated test methods for deter- 
mining the long-term behavior of fiber-reinforced 
polymer (FRP) composites for bridges. The pur- 
pose of the study was to provide future researchers 
with test methods acceptable to the highway bridge 
design community to examine the behavior of such- 
materials and structures so that design criteria can 
be developed. 

Because of the considerable interest in using 
polymeric composites for new construction, and 
also for the rehabilitation of existing structures, it 
was deemed necessary to devote the attention to: 

1- Test methods for the mechanical loading of 
stand-alone FRP composite material structures; this 
included creep, fatigue and impact and non- 
destructive tests. The effects of temperature and 
moisture fluctuations that do not cause irreversible 

material degradation were also considered. 
2- Test methods for the mechanical characteriza- 

tion of FRP/concrete hybrid structural materials to 
examine the mechanism of interaction between FRP 
reinforcement and concrete for both prestressed and 
non-prestressed systems. 

3- Test methods for the environmental loading of 
stand-alone FRP materials and FRP/concrete hybrid 
materials where the concern was with irreversible 
material degradation, damage and deterioration in 
the presence of adverse exposure and environmental 
conditions. 

Brevity precludes a complete presentation of the re- 
sults obtained from all the aforementioned tasks. 
Thus, only one task pertaining to the first of the above 
three categories will be presented in this paper. 

2 TEST METHODS 

2.1 Destructive Test Methods 

Destructive test methods were developed for the 
determination of the in-plane properties of compos- 
ites. These test methods were based upon current 
ASTM Standards (ASTM D3039, ASTM D341, 
and ASTM D5379) that required many modifica- 
tions to better represent the inhomogeneous materi- 
als at hand. These modifications varied in degree 
with most effort being devoted to the determination 
of the in-plane shear properties.   The newly devel- 
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oped in-plane shear test adopts a specimen whose 
basic geometry and loading system are shown in 
Figure 1. The overall length of the specimen is 20.3 
cm (8.0 in.) and the height is 3.81 cm (1.5 in.). The 
outside loads, Pe, are 15.2 cm (6.0 in.) and the in- 
side loads, Pi, are 5.08 cm (2.0 in.) apart. Loading 
pads of 2.54 cm (1.0 in.) locally distribute the ap- 
plied forces. This specimen and loading system are 
very similar to those devised by Iosipescu (1967) 
for producing a region of essentially pure shear in 
the central notch region. 

This specimen and test configuration were used 
in a series of experiments (Zureick et al. 1997) to 
study the shear stresses in the various principal 
planes of pultruded plate material. Electrical resis- 
tance strain gages were used. The results showed 
very low extensional strains compared to shear 
strains, especially in the plane of the plate with the 
fibers horizontal in the specimen. 

The loading system and the size of the specimen 
are different from those used in the ASTM shear 
test. The size in the specimen plane is twice as large 
as that of the ASTM specimen. The larger size is 
chosen to reduce the effect of the inherent hetero- 
geneity of the material (Wang and Zureick 1995). 
This is evident in the roving spacing, which is 
somewhat variable, and which is of the order of 1.5 
mm (0.06 in.). (The distance between the notches is 
2.54 cm (1.0 in.), but is only about twice as much in 
the ASTM specimen. Furthermore, the test retains 
the specific load application locations used by Io- 
sipescu (1967), compared to the flat platen used on 
the upper and lower specimen surfaces in the 
ASTM test. A typical shear stress-strain diagram 
resulting from this new test is shown in Figure 2. 

Figure 1: Time-reduction coefficient <(>, vs. time 

from a small area of the composite material. How- 
ever, the strain experienced by this finite location is 
influenced by the surrounding material, (since the 
entire specimen is being loaded) resulting in more of 
an average value. The ultrasonic wave speeds are 
only influenced by the material through which the 
wave passes; these ultrasonic techniques provide 
much more of a local measurement. Another bene- 
fit of the local measurements is that spatial varia- 
tions within a specimen can be observed. Further, 
these ultrasonic techniques do not destroy the 
specimen, so there is the potential for in-service 
monitoring of components or tracking time- 
dependent material properties in long term tests. 

First, an ultrasonic immersion technique is ap- 
plied to measure the phase velocities of ultrasonic 
waves that travel through the FRP specimens. 
These phase velocities are then used to calculate the 
components of the stiffness matrix.   The engineering 

2.2 Nondestructive Test Methods 

Under this part of the experimental investigation, 
new nondestructive techniques were developed to 
estimate the engineering constants of pultruded 
specimens using ultrasonic methodologies (Littles, 
Jacobs, and Zureick 1995; Jacobs, Littles, and 
Zureick 1996a, 1996b). These ultrasonic methods 
have several advantages over mechanical tests: all of 
the engineering constants are measured for a single 
specimen; the measurements are made over a "lo- 
cal" volume of material, so it is possible to evaluate 
small specimens (i.e., the transverse dimension of a 
101.6 mm. by 101.6 mm angle). Due to the finite 
size of strain gages (approximately0.125 in2), the 
actual strain values recorded in mechanical tests are 

10000      15000      20000      25000      3O0O0      35000 

Shear Strain y, \it 

Figure 2: Typical In-Plane Shear Stress-Strain 
Response of FRP Materials 
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constants, which are the preferred material con- 
stants for structural design, are then calculated from 
the components of the stiffness matrix. The validity 
and accuracy of these values is determined through 
comparisons with the results from mechanical tests. 
The immersion technique is also used to ascertain 
the degree of spatial variation of this material; engi- 
neering constants are measured at several locations 
parallel to, and perpendicular to, the pultrusion (fi- 
ber) direction. 

There are several limitations to ultrasonic immer- 
sion techniques; the most significant of which is that 
the specimen must be immersed in a water tank. As 
a result, it is impractical to use this immersion tech- 
nique to monitor large components. Further, due to 
significant variation in one of the elastic constants 
obtained using the immersion technique, another 
relationship between this constant and an ultrasonic 
wave speed is sought. Therefore, a second ultra- 
sonic technique is developed. This technique uses 
surface acoustic wave speeds for material charac- 
terization. These surface acoustic waves are gener- 
ated and detected optically with a Q-switched, pulse 
laser and a heterodyne interferometer, respectively. 
A third technique, which also uses surface acoustic 
waves, is developed that measures all five of the 
independent elastic constants of a transversely iso- 
tropic material, when access to only one side of the 
specimen is available. Surface acoustic wave meth- 
ods have great potential for applications where im- 
mersion is impractical; this research was a vital step 
toward the development of a technique for the "in- 
service" monitoring of polymeric composite struc- 
tural components. 

2.3 Long-Term Design Data 

The long-term design data generated under this re- 
search program included the in-plane uniaxial 
strengths and moduli of pultruded composite mate- 
rials under various mechanical and environmental 
loading conditions. Only the conclusion related to 
the compression creep test results will be presented 
in this paper. 

The prediction of the long-term behavior of the 
longitudinal modulus was based on a series of com- 
pression coupon tests subjected to three different 
stress levels for time duration up to 10,000 hours. 
The three stress levels corresponded to approxi- 
mately 20%, 40%, and 60% of the short-term com- 
pressive strength. All experiments were conducted 
in dead-weight lever-arm creep fixtures developed 
to apply compression loads to the coupons. The 
fixtures were constructed from structural steel with 

pillow block roller bearings functioning as the ful- 
crum. The lever-arm was designed to magnify the 
load applied to the specimens by a factor of 10. 
Each fixture is capable of loading three coupons 
simultaneously at a desired constant load. A set of 
cages was constructed for each fixture to transfer 
the tensile load applied by the lever arm to each 
coupon as compression. Strain gages were attached 
to each coupon and data were recorded at specified 
time increments ranging from one minute to two 
weeks for the entire duration of the experiment. 

Based upon the experimental results obtained 
from this creep experiment and from others 
(Holmes and Rahman 1980, Daniali 1991, Mosallam 
and Bank 1991, Bank and Mosallam 1992, Mot- 
tram, 1993, Scott, Lai, and Zureick 1995, McClure 
and Mohammadi 1995) the following practical 
power law creep model (Findley 1944, Findley and 
Khosla 1956) is proposed for the design of E- 
glass/vinylester pultruded structures: 

E(0 = <t.,Eo (1) 

Where 4>t is a time-dependent reduction factor 
given by: 

<t>, 
1 + ifit" 

(2) 

In the above equations, t is the time in years and 
E 

ß = —Lis a time-dependent parameter that can be 
Eo 

found in general for any polymeric composite mate- 
rial using Findley's power law from creep tests of 
only 1,000 hours in duration. For a class of com- 
posite materials for which the composition of the 
resin system is similar to that of the Derakane 411, 
values of ß are generally less than 80. Figure 3 
shows the reduction in the longitudinal modulus as a 
function of time for the case in which ß = 60. For t 
= 10, 25, 50, and 75 years, the estimated reduction 
in the longitudinal modulus will approximately be 
23%, 27%, 30%, and 33%, respectively. 
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Applications of composite materials in the oil industry: Case studies 
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Institut Frangais du Petrole, Rueil-Malmaison, France 

ABSTRACT: The oil and gas industry is faced to the challenge of exploration and production in deep water. 
In these conditions weight of the subsea equipment anchored to the platform or the vessel is one of the 
limitation; light materials are necessary. Composite materials are a good solution, due to their high specific 
properties. Two case studies are described in this paper: (1) high performance composite tubes used as risers, 
peripheral lines, or tendons and (2) composite tensile armors of Coflexip Stena Offshore flexible pipes. 

1 INTRODUCTION 

Up to now most engineering companies did not 
really consider organic matrix composites when 
designing offshore production platforms or drilling 
rigs, the main reason being that steel remained the 
cheapest and easy-to-design way. From now on, the 
oil industry, and especially offshore production and 
transport, is confronted with more and more severe 
conditions: deep water, high temperature, high 
pressure, corrosive crude or water, to say the least. 
This environment creates opportunities for 
innovative products and new materials to arise. 
Composite materials have high specific mechanical 
properties and therefore offer a good solution to the 
weight problem induced by deep water exploration 
and production. Moreover most composites behave 
well in hydrocarbons and water, as long as 
temperature remains reasonable (less than 100 °C). 

Potential applications of composites offshore have 
been reviewed many times in the past. The 
conclusions from a study conducted by CLAROM 
(Club pour les Actions de Recherche sur les 
Ouvrages en Mer) (CLAROM 1992-1993) are 
summarized on figure 1. As shown, many parts can 
be designed with composites, topside as well as 
subsea. Among these parts, pipings are the most 
developed nowadays and found their applications in 
firewater systems. Secondary equipment made of 
composite is also common: gratings, ladders, 
railways, tanks. The most promising future 
applications are probably production and drilling 
risers, peripheral lines, and tethers. Composite 
flooring and sandwich panels could also emerge as 

worthwhile options. In this paper the focus will be 
directed on high performance tubings, which have 
been extensively studied by the Institut Francais du 
Petrole (IFP) and Aerospatiale in the past (C. Sparks 
et al. 1986-1995) and have been lately subjected to 
renewed interest. Composite armors used in 
Coflexip Stena Offshore (CSO) flexible pipes 
(Dewimille & Martin 1989, Huvey 1989) will be a 
second case study examined hereafter. 

2 FIRST CASE STUDY: TLP PRODUCTION 
RISERS 

Many of the largest oil and gas fields and reservoirs 
are located offshore by deep water depths (for 
example, the Gulf of Guinea or the Gulf of Mexico) 
which could go as deep as 3000 m below sea level. 
In order to exploit these resources the oil industry is 
faced to technical challenges. The first step is to 
change from structures built on the seabed to 
floating structures, which is nowadays quite 
common. Several concepts have been developed and 
among these, Tension Leg Platforms (TLP) are most 
useful in deep water exploration and production 
conditions. TLPs are floating units anchored to the 
seabed by taut cables (tethers), the wellheads 
remaining subsea. With these structures, the problem 
of weight is coming soon. Indeed anything hanging 
on the platform increases the load on the deck and 
hence the dimension and cost of the floating unit. 
Reducing the weight of risers, tethers, pipes 
becomes therefore a necessity. 
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Figure 1. Potential applications of composite materials in the offshore industry. 

IFP, in partnership with Aerospatiale, has looked 
into this problem and proposed designs of high 
performance composite tubes, including end fittings, 
able to fit several cases: production and drilling 
risers, kill and choke lines, tubular tendons 
(figure 2). 

A riser is a tube of which function is to protect 
other tubes. In the production configuration, the 
inner tubes transport crude oil, water or fluids to 
control and enhance the production. In the drilling 
configuration risers protect the drilling rods and 
allows the drilling mud to circulate. Such tubes must 
withstand harsh environment conditions (sea water, 
hydrocarbons, heave, impacts...). The minimum 
lifetime in service is 20 years for the production 
risers and 5 years for the drilling risers. 

To demonstrate the good behavior of composite 
risers, 9"5/8 OD production risers have been 
manufactured (figure 3) and tested during two JIPs 
supported by several oil companies (Agip, Chevron, 
Conoco, Elf Aquitaine, Shell IPM, Statoil). The 
risers were designed to accomodate a twin 3" 1/2 
steel tubing completion system, to resist a potential 
35 MPa blow-out with a safety factor of 3, to reduce 
deck load and tensioning system complexity and to 
offer a fatigue resistance better than steel. Hybrid 
carbon fiber / glass fiber composite was used to 
manufacture the tube. Glass fibers were wound to 
resist blow-out pressure and carbon fibers wound to 
resist axial load (450 metric tons). Weight saving is 

significant since the total weight of the riser is 60% 
less than its steel equivalent. 

Figure 2. Example of drilling riser equipcd with peripheral 

lines. 

The JIP programs included tests to failure under 
pressure and in tension at 110°C, fatigue (figure 4), 
impact (figure 5), and evaluation of non destructive 
testing methods. 
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Figure 3. A 15-m long 9"5/8 OD tube, including end fitting. 

A second fatigue test was conducted in conditions 
close to operational ones, that is a fatigue damage 
equivalent to 110 years in the North Sea. The tube 
was heated at 70°C. The loading program is given in 
table 1. Regularly during the fatigue test, the tube 
was submitted to internal pressure (35 MPa) and 
external pressure (10 MPa). No leaks were detected. 
While completed, a tensile test at 300 metric tons 
was conducted. The tube was still very good. 

Composites offer other possibilities. Due to 
thermal or pressure changes, the length of a riser is 
modified and a 0.1% variation in length of a 1000 m 
riser equals   1  meter!  To balance this effect, 

The burst test at ambient temperature gave a final 
pressure of 111 MPa, which compared favorably to 
the specification of 105 MPa. Another tube was 
tested in tension at 100°C and failure occured at 475 
metric tons, again better than the specification. 
Several fatigue tests were carried out. One tube was 
subjected to 1 million cycles of +/- 75 metric tons 
about a mean tension of 100 metric tons, at ambient 
temperature. It is 3 times the number of cycles to fail 
a steel tube of equivalent strength. The test was 
stopped because a steel connection failed in fatigue 
after 984 000 cycles. The tube was still able to 
withstand a pressure test at 35 MPa. 

Figure 5.       Impact testing of a 9"5/8 OD production riser. 

Figure 4.       Fatigue testing of a 9"5/8 OD production riser. 
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tensionners are needed. With composite risers, an 
optimized design can to chosen so that the thermal 
expansion coefficient in the longitudinal direction is 
equal to zero and Poisson's ratio in the longitudinal / 
hoop direction is equal to 0.5. Such a tube has been 
manufactured and tested with success. Since 
tensionners are not needed anymore, a substantial 
cost saving is obtained. 

Table 1. Loading program equivalent to fatigue damage in 
operational conditions in North Sea. 
Sequence Force 

(metric tons) 
Number of cycles 

1 100+/-   6.2 0.13 106 

2 100+/- 12.8 0.08 10' 

3 100+/-27.8 0.34 106 

4 100+/- 16.6 7.60 106 

5 100+/- 11.8 32.4 10" 

Kill-and-choke lines are peripheral lines used in 
drilling operations to control the pressure and flow 
of muds and drilling fluids. These are very high 
pressure tubes, designed to withstand up to 
180 MPa. In 1983 two of these lines were tested on 
field. The 4" tubes were made of hybrid composite 
(carbon fiber + glass fiber) by filament winding. 
There were fitted in parallel to the actual operating 
lines. Three campaigns of drilling were conducted 
and no specific procedures of handling or storage 
were taken for the composite lines. A pressure test 
was performed before installation, weekly during the 
campaigns and after the test. A final burst test 
completed this trial. The conclusion of the trial was 
that all the lines passed successfully the field 
evaluation. The design service pressure was 70 MPa 
and the remaining burst pressure was over 170 MPa. 
The lines could have been used for other operations. 
The weight of a drilling riser equiped with 
composite peripheral lines is significantly reduced. 
For example, in 3000 m of water, the weight is 
reduced by 26% compared to its steel equivalent 
(table 2). 

Table 2. Mass of drilling riser for 3000 m water depth (in 

Steel Composite 

Mass without buyoancy elements 
Mass of buyoancy elements 

1 325 T 
880 T 

1055T 
570 T 

Total mass 2 250T 1625T 

water, but the dynamic behavior of the fully equiped 
riser is improved. This is due to the reduction of the 
resonant period of the line, resulting from its lower 
mass and the high specific mechanical properties of 
the composite. 

3 SECOND CASE STUDY : TENSILE ARMORS 
OF FLEXIBLE PIPES 

Flexible pipes are now commonly used in offhore 
operations, both as flowlines and as dynamic risers. 
A typical flexible pipe manufactured by CSO is 
depicted on figure 6. 

This kind of pipe can withstand high levels of 
hoop and longitudinal stresses, while remaining 
flexible due to the possibility of displacement intra- 
and inter-layers and the high yield elongation of the 
plastic layers. In deepwater applications, or when 
laying long lengths of pipe, the weight is such that it 
creates important loads on the floating structure. 
Here again, weight saving is sought. In 1975, IFP 
started to work on this problem. Tensile armors were 
ideal cases for substitution (figure 7). 

External plastic sheath 

Tensile armors 

Anti wear intermediate plastic sheath 

Figure 6.       Example of a flexible pipe manufactured by 
Coflexip Stena Offshore (CSO). 

Glass fiber / Epoxy resin composite 

Not only this reduction of weight allows deeper 
drilling operations with the same rig or conversely 
allows the use of a smaller rig for the same depth of 

Anti-wear thermoplastic mold 

Figure 7 Preformed composite tensile armor. 
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A specific manufacturing process had to be 
conceived, since straight pultruded sections would 
develop high torsion and bending stresses when laid 
on the pipe. In table 3 performance of 8" ID flexible 
pipes with conventional steel armors and glass- 
epoxy armors are listed. Weight and laying tension 
are reduced by a factor of about 30%. Furthermore, 
the lower modulus of elasticity of the composite 
allows a better dynamic performance; indeed for a 
same curvature, stresses in the material are lower. 

Table 3. Comparison of the performances of a flexible pipe 
with steel or composite tensile armors. 

Steel Glass Fibers 
/ Epoxy 

Design pressure (MPa) 16.5 16.5 
Weight in water full of water 84.7 58.6 
(daN/m) 
Water depth to collapse (m) 1430 1430 
Laying tension in 1000 m water 1067 738 
depth (kN) 

Aging tests have been conducted, one of these 
being carried out according to method C of the 
TM0177-90 standard (National Association of 
Corrosion Engineers). First developed to test the 
resistance of metals to environmental cracking in 
H2S environment, it was interesting as way of 
demonstration to prove that composites could 
withstand such environments without problem. 

C-shaped samples have been immerged at 
ambient temperature in a solution of water, salts, 
acid and H2S for 30 days, while being stressed at 
500 MPa, which corresponds to 50% of their 
strength (figure 7). The test has been prolonged up 
to 3 months. The samples have been cut out of rings 
manufactured by filament winding, with the same 
parameters (resin and glass fibers, cure cycle) than 
those used to manufacture the armors. 

After aging, the samples have been weighed and 
observed by optical microscopy. No visible 
degradations are noticed. The weight gain after 3 
months is 0.6% for the samples, which means 1.6% 
for the neat resin. This value is typical of such 
resins. Interlaminar strength have been measured on 
a universal testing machine, with a 3-point bending 
feature and a short span (table 4). Surprisingly 
enough, the interlaminar strength increases after 3 
months of ageing. It is attributed to relaxation of 
residual stresses (Plepys & Farris 1990, Kominar 
1996). 

Table 4 Interlaminar strength of samples vs. aging time.  
Aging time (month) 0 1 3 

Sample before deformation 
Figure 7 C-method of NACE TM0177-90 standard testing 
feature. 

Viscoelastic properties have been obtained by 
mechanical spectroscopy. Storage modulus E' and 
loss tangent tan 8 curves are shown on figure 8. The 
glass transition of the resin is not affected by ageing. 
The difference of E' is due to the volume fraction of 
fibers, not ageing. 

This aging test shows that composite materials 
can be very well suited in conditions severe for 
steels. It has been confirmed shortly after by on-field 
tests in Lacq (France), for the production of very 
acid gases. 

"Composite" flexible pipes are operational 
offshore nowadays. A first laying test was carried 
out in 1991 by 850 m water depth on the Marlim 
field in Brazil. A 11" ID pipe with composite armors 
has afterwards been manufactured and has been put 
in service in 1994 as a dynamic riser on the same 
field (910 m water depth). These pipes have been 
used without problem up to now. It confirms that 
composite tensile armors are a viable solution. More 
research is conducted to reduce the cost and broaden 
the application field of such armors. 

Interlaminar strength (MPa) 71.7+ 
2.5% 

71.9 + 
2.3% 

78.3 ± 
2.6% 

100 150 
Temperature (°C) 

Figure 8 Storage modulus and tan d of tensile armors, unaged 
and aged in NACE configuration. 
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CONCLUSION 

The oil and gas industry is facing technological 
challenges to exploit resources offshore by deep 
water depth. One of the most important parameters 
is weight, which is a barrier with conventional 
materials. Organic matrix composites have high 
specific mechanical physico-chemical properties and 
could be a solution to meet these challenges. It has 
been shown and proven through the two case studies 
presented in this paper, i.e. high performance 
composite risers and peripheral lines, and tensile 
armors of flexible pipes that composite materials are 
usable at an industrial scale in the offshore industry 
and could benefit their end-users. Other properties of 
composite materials have not been turned to account 
yet, like their low thermal conductivity for example 
and some applications could derive from these 
properties. Composite manufacturers should 
investigate all possible applications since large 
markets may open in a very next future if the right 
products are offered. 
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ABSTRACT: A fundamental problem of advanced airplane composite systems is the lack of understanding 
of the aging process and how it affects the material properties associated with degradation. The concept of 
Equivalent Property Time (EPT) was established and can be used to understand degradation of polymers and 
composites in a uniform manner, both for isothermal and dynamic elevated temperature exposures. In this 
work, bismaleimide neat resin and composite degradation was analyzed with isothermal and dynamic 
thermogravimetric analysis adapting a descriptive time-temperature concept originally developed for the 
curing of thermosets. The concept, defined as EPT, described the experimental data accurately for the 
experimental conditions tested. Thus, this methodology was demonstrated to be a useful tool in designing 
aging experiments and assessing lifetime of composite systems. An extension of this concept was developed 
to include Equivalent Cycle Time (ECT) which involves the effects of cycling - heating, cooling, holding, 
which can be used to understand degradation aging phenomena from repeated exposure. Analyses of 
degradation in relation to mechanical properties for composite laminates were performed to verify the 
concept. Collectively, this work focused on providing an understanding of cycling phenomena for polymers 
and composites as they relate to environmental influences and their accelerated aging behavior. 

1 INTRODUCTION 

Polymeric composites have become an integral part 
of aerospace structure due to their high strength-to- 
weight ratio. The most common matrix materials 
currently used in aircraft composite structures are 
epoxies because of their wide range of properties 
and ease of processing. As supersonic commercial 
aircraft and aerospace vehicles are being 
considered, high temperature polymeric composites 
with matrices such as bismaleimides are under 
consideration. A fundamental problem that 
remains, however, is that the long-term properties 
of composites are not well understood in 
comparison to metals such as aluminum. 
Accordingly, in the aerospace industry there is a 
tremendous need for reliable prediction of the 
maximum lifetime for polymeric composites which 
have been exposed to extreme environmental 
conditions such as hygrothermal cycling, load 
cycling, ultraviolet radiation, jet fuel, hydraulic 
fluid, and paint strippers that may be used during 
vehicle service (1). When the matrix candidates are 
selected for a specific application, evaluation and 

validation processes should be performed to predict 
long-term properties with respect to temperature 
and moisture since they can have detrimental 
effects on polymeric composites (2,3). Therefore, 
the concept of Equivalent Property Time (EPT) was 
developed to provide a means to calculate the time 
required to reach a specific degree of cure at some 
temperature when the time to this degree of cure 
was known at some reference temperature. In 
addition, by extending the concept of EPT to 
include temperature variation (4-6), Equivalent 
Cycle Time (ECT) was suggested as an effective 
method not only to understand the long-term 
properties of composites, but also to enable the 
technology to be implemented in a faster manner 
using controlled experimental conditions. 
Collectively, in this study, the concepts of EPT and 
ECT are reviewed and applied to degradation of 
polymers and composites. 

2 BACKGROUND   /THEORY 

Since the relaxation time of polymers can be 
significantly long, it may be a time consuming 
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process to investigate the long-term properties of 
viscoelastic materials. However, it can be more 
readily measured if a variety of temperatures with a 
fixed time scale are used (time-temperature 
superposition). A descriptive approach based on an 
Arrhenius expression for degradation phenomena 
was introduced by Prime (4) and first applied to the 
degree of cure for reacting thermoset systems (5-6). 
This approach was also applied to dynamic, non- 
isothermal conditions and viscosity change during 
cure for poly (amide imide) systems (7). 
Conversion may be defined as the ratio of actual 
weight loss to total weight loss corresponding to a 
given stage of the degradation process 

(M0-M) 
a = 

(M„-Mf) 
[1] 

where M, M0, Mf are the current, initial, and final 
weights of specimen, respectively. 

2.1 EPT 

2.1.1 EPT in Isothermal Conditions 

The rate of conversion commonly used in reaction 
kinetics is expressed as, 

da 

~d7 
= kf (a) [2] 

where the rate constant k is assumed to depend only 
on temperature and f(oc) is some function of 
conversion. In an ideal case, f(cc) is known and k is 
assumed to follow an Arrhenius-type expression. 
Often simple forms of f(a) do not fit the data, and 
thus a more complicated mechanism must be 
assumed (8-10). However, if the concept of EPT is 
used, the effect of f(a) can be eliminated. At 
constant temperature, Equation [2] can be 
integrated over time and conversion, 

C^=J> 
or 

F(a)=Jo'kdt 

[3] 

[4] 

where F(a) is the integral of f(a). To eliminate 
F(oc) at a fixed conversion (a = constant), Equation 
[4] at any temperature T can be divided by the 
corresponding equation at some reference 
temperature Tref. Since F(a) is independent of 
temperature, 

k 
[5] 

The rate constant may be assumed to follow an 
Arrhenius type expression: 

k = Aexp  
1    RT 

[6] 

where A, E, R are the pre-exponential factor, 
activation energy, and gas constant, respectively. 

Assuming E and A are constant and independent of 
temperature, Equations [5] and [6] can be 
combined as 

[7] 

where the activation energy can be determined from 
the slope of In t vs. 1/T. When activation energy 
and time to a certain conversion at reference 
temperature Tref are known, the time to the same 
conversion (EPT) at other temperatures can be 
obtained from 

r    f VI 
K 1 1 

exp       
R 1 lrcf j| 

t = EPT = trefexp 
1       1 

[8] 

2.1.2 EPT in Dynamic Conditions 

Equation [2] can be written for dynamic conditions 

da    A,/ -,    A 
— = — f(a) = —exp 
dt      q q 

f   _E_^ 

RT 
f(a) [9] 

where q is heating rate. Integrating over conversion 
and temperature, 

r« da (    E F(a)dT [10] 
Jo f(a)   "qeXP[   RT ) 

The integral on the right side of Equation [10] 
cannot be solved analytically. It can be integrated 
numerically (11) or by using Doyle's approximation 
(12) as first proposed by Flynn and Wall (11). 
Equation [10] can be written as: 

F(a) = ^P(x) 
qR [11] 

where p(x) = - f^^dx  and x = -E/RT 
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Doyle's approximation can be used to estimate the 
values of log p(x) as a function of temperature by 
taking the logarithm of Equation [11], in which the 
following expression is obtained: 

logF(cc)=log| 
AE 

R 
-logq-2.315 

-0.457 
RT 

[12] 

Activation energy can be determined from the slope 
of log q vs. 1/T at constant conversion. To 
eliminate F(a), Equation [12] at any heating rate q 
can be divided by the corresponding equation at 
some reference heating rate qref. At constant 
conversion, and assuming that E and A are 
independent of temperature, Equation [12] can be 
defined as: 

log-3- = 0.457— 
qref R 

f l    O 
[13] 

The activation energy can be determined from the 
slope of log q vs. 1/T at constant conversion as in 
the Flynn and Wall method (11). Solving for T in 
[13] allows for description of data at any heating 
rate: 

T = 
f    1 -a "»"' 
J 5_logS- 
Tref    0.457        q   j 

[14] 

Thus, when activation energy and temperature at a 
certain conversion and heating rate are known, the 
temperature at which the same conversion level is 
reached at other heating rates can be determined 
from Equation [13]. If a time to certain conversion 
is desired rather than temperature, it can be 
calculated from: 

t = EPT: 
T-T„ 

[15] 

where To is the initial temperature of the sample 
before heating. 

2.1.3 EPT in Mixed Conditions 

In real service conditions, composites are exposed 
to both isothermal and dynamic temperature 
profiles. If the temperature profile consists of a 
ramp followed by an isothermal hold, the EPT 
concept can be applied separately to both parts and 
combined as in the following expression. 

EPT = (EPT)dynamic + (EPT)isothermal [16] 

Combining Equations [8], [13], and [15], Equation 
[16] can be written as 

EPT = 
1 

0.457E       q 

+ t„ ,exp 
1 1 

T    T„ 
[17] 

Use of Equation [17] requires both dynamic and 
isothermal reference data, since experimental data 
(Tref.dyn) generated at reference heating rate qref are 
required for (EPT)dynamic, and experimental data at 
Tref,iso are needed for (EPT)iS0,hermai- If both dynamic 
and isothermal data are easily generated, then 
Equation [17] provides a simpler solution. 

2.2 ECT 

ECT by definition is the characteristic time which 
equates properties of an isothermally aged material 
to that subjected to temperature cycles. Figure 1 
shows a diagram of a thermal cycle and how it may 
be divided into four segments, i.e., isothermal 
holding (Tj), heating (T -> Tj) with a heating rate 
qij, isothermal holding (Tj), and cooling (Tj -> T) 
with a cooling rate qjj. These four segments repeat 
as a function of time. It would be reasonable to 
assume that most environmental thermal cycles can 
be approximated by this type of trapezoidal shape 
except for distinctive sinusoidal variables. Similar 
to Equation [17], the ECT that has been derived for 
isothermal holding in Equation [8] and dynamic 
heating in Equation [13] and [15] can be applied to 
each segment of the cycle with the reference 
temperature, Trcf. It should be noted that the 
reference temperature may be any temperature of 
interest. For the temperatures and times, the ECT 
at Tref can be derived as: 

ECT = £[EPTiS0 (T,)+ EPTdyn (T, >)+ EPTiS0 ^) 
k 

+ EVTdyn{TjX US] 

where N is the total number of cycles. ECT at Tref 
provides the isothermal time required for the same 
extent of reaction to be obtained through N cycles 
of thermal history. Only one parameter, the 
activation energy, is required in addition to 
experimental data. The activation energy can be 
evaluated from the isothermal or dynamic data for 
the degradation of the specimen. 
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Figure 1 Schematic diagram of a thermal cycle 
orientation effect 
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Figure 4 Data and prediction for BMI laminate in 
air (Heating Rates: 0.05, 0.1,0.3, 0.5, 1, 2, 5, 10 
°C/min from left to right) 
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Figure 2 Samples used to illustrate fiber Figure 5 EPT-plot for BMI laminate in air 
(with isothermal reference data) 
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Figure 3   Data and prediction for BMI laminate 
in air at 350°C - 380°C 

Figure 6 EPT-plot for BMI laminate in air 
(with dynamic reference data) 
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2.3 The Effect of Sample Anisotropy 

The effect of sample anisotropy, i.e. fiber 
orientation, in carbon fiber reinforced composite 
weight loss data from larger scale isothermal oven 
aging experiments has been reported for PMR-15 
(13-14) and BMI materials (15-18). Nam and 
Seferis (17-18) quantitatively analyzed this 
phenomenon for a layer toughened unidirectional 
carbon fiber reinforced bismaleimide, and details of 
the theory were discussed. It is thus very important 
when discussing degradation of fiber reinforced 
polymeric composites not to lose sight of the 
importance of anisotropy. Although EPT and ECT 
concepts are currently being extended to include 
anisotropy, in this study we will use existing data to 
demonstrate such influences in a simplified 
manner. 

3 EXPERIMENTAL 

The carbon fiber reinforced material investigated 
here included a toughened BMI obtained from 
BASF and a high temperature epoxy from Hexcel. 
Samples were cured and post-cured according to 
the manufacturer's recommendations. Weight loss 
for the bismaleimide was examined using a TA 
Instruments Thermogravimetric Analyzer TGA 
951. A flow rate of gas of nitrogen/air was fixed at 
50 cm3/min, and sample size was 20±0.1mg. 
Samples were cut from laminates and subsequently 
dried in an oven at 120°C for 2 days. All samples 
were stored in a dessicator to prevent moisture 
absorption. Both isothermal and dynamic 
experiments     were     performed. Isothermal 
experiments were performed between 300°C and 
380°C at 10°C increments whereas heating rates in 
dynamic experiments were 0.05, 0.1, 0.3, 0.5, 1, 2, 
5, and 10°C/min. 

To investigate ECT, carbon fabric/epoxy prepreg 
(F584) from Hexcel was used to make specimens. 
Prepreg was cured at 177°C (350°F) for two hours 
using 550 Kpa (80 Psi) autoclave pressure. Final 
specimen sizes were approximately 5 cm x 5 cm. 
A group of specimens was put into an oven and 
thermally cycled from room temperature (25 °C) to 
177°C to evaluate the thermal degradation 
behavior. A separate group was placed in an oven 
that was set to 170, 177, and 185°C to evaluate the 
kinetic constants for degradation. The specimens 
were weighed periodically within 0.0001g 
accuracy, and specimen morphology was observed 
using optical microscopy. In experiments to 
determine the effect of anisotropy, samples were 

carefully cut to constant weight (20 mg). Weight 
loss for bismaleimide was examined using TA 
Instruments Thermogravimetric Analyzer TGA 
951. Sample sketches and dimensions are shown in 
Figure 2, and the sample sizes were kept at 
approximately 1.8 mm by 1.8 mm by 3.8 mm 
(thickness). 

4 RESULTS AND DISCUSSION 

Weight loss data describing degradation 
phenomena using bismaleimide and epoxy 
laminates have been generated. Activation energies 
for bismaleimide were determined from isothermal 
data by plotting In t vs. 1/T at constant conversion 
and were found to be 143 kJ/mol in the temperature 
range 300-340°C and 240 kJ/mol in 350-380°C, 
respectively. Since derivation of equation [16] 
assumes constant activation energy, these two 
temperature regions must be treated separately. 
Thus, two activation energies obtained from the 
data as described above were used to predict 
isothermal data in air. In principle, only one 
reference temperature could be used if the reaction 
mechanism (f(oc)) was independent of temperature. 
However, this approach was unsuccessful, implying 
that not only the activation energy, but also the 
conversion dependent function, f(cc), was different 
in these two temperature regions. Therefore, two 
activation energies determined from the data as 
well as two reference temperatures were used to 
predict isothermal data. Figure 3 shows the 
comparison of data and predictions using EPT 
(EPT) for BMI laminates at temperatures higher 
than 350°C (Tref=300oC). It was found from the 
figure that the prediction matched well with 
experimental data. Activation energies from 
isothermal data were used to predict dynamic data 
at various heating rates. As with isothermal 
conditions, derivation of Equation [12] assumes 
constant activation energy. Therefore, prediction of 
data by two activation energies must also be done 
in two parts, and these parts combine to give one 
continuous weight loss curve. A reference heating 
rate of 0.5°C/min was used for the model. Data 
and predictions are shown in Figure 4. As shown 
in the figure, the concept of EPT described the data 
quite well. 

4.1 Application of EPT 

When considering polymeric materials for long 
term applications, the ultimate question is how to 
estimate their lifetime. Since EPT can describe 
both isothermal and dynamic data, it could be used 
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as a tool in designing tests for candidate materials. 
In these experiments, data can be presented as time 
(EPT) and as a function of reference time chosen. 
To convert dynamic data (temperatures) to a 
corresponding time, the initial temperature must be 
specified. Here, To = 50°C was chosen. Figure 5 
shows an example of a BMI laminate exposed to air 
at selected temperatures and heating rates. In this 
figure, isothermal data at 320°C are used as the 
reference, and both isothermal and dynamic data 
are then plotted as a function of this reference. In 
Figure 6, dynamic data at 0.5°C/min was used as 
the reference, and selected isothermal and dynamic 
data are plotted as a function of reference time. 
When the reference is isothermal, data at other 
temperatures should be linear when plotted as a 
function of reference time if activation energy is 
constant with respect to conversion. Similarly, 
when the reference is dynamic, dynamic data 
should be linear. This observation was found to be 
true for the data examined, validating the constant 
activation energy assumption. 

4.2 Application ofECT 

As mentioned earlier, ECT (ECT) was suggested as 
an effective method not only to understand the 
long-term properties of composites, but also to 
enable the technology to be implemented in a faster 
manner using controlled experimental conditions. 
Figure 7 shows the weight loss of the epoxy 
specimens as a function of number of thermal 
cycles. As expected, the weight loss increased as 
the thermal cycles proceeded. The rate of weight 
loss was found to be 3.17% at 650 cycles. As 
shown in the figure, the weight loss of the specimen 
was dramatically accelerated after 500 cycles. 
Figure 8 shows a cross-section of a specimen 
generated using optical microscopy. Microcracks 
were initially observed after 150 cycles and 
propagated from the. surface to the center of the 
specimen as the cycles proceeded. At 500 cycles, 
the number and length of cracks in the specimen 
dramatically increased as shown in Figure 8. 

These results indicated that the volume contraction 
due to weight loss initiated and propagated the 
microcracks in the matrix so that the effective 
surface area for the degradation reaction with 
oxygen increased, thereby accelerating the weight 
loss. Therefore, it is concluded that evaluation of 
weight loss represents not only the reaction kinetics 
of degradation, but also the degradation that results 
in the microcrack formation in the matrix. The 
microcracks   cause   decrease   of  strength   which 

affects the stiffness of composites. Accordingly, 
weight loss measurements may be regarded as an 
important method to evaluate the material property 
changes due to thermal degradation. 

Figure 9 shows the ECT of the specimens through 
650 cycles in comparison to the isothermal data. A 
fourth order reaction equation for f(a) was selected 
to evaluate the activation energy since it showed a 
linear relationship when the data were applied by 
using Eq.5 as shown in Figure 6. From the slope of 
the Arrhenius plot using the isothermal data at 
170°C, 177°C, 185°C, the activation energy was 
found to be 233 kJ/mol for the degradation of the 
specimen. It was found that the weight loss of ECT 
was lower than that of the isothermal experiments 
over the entire time range in this work. One 
possible reason for this behavior is that thermal 
degradation requires an induction period before 
reaction initiation. This induction period is related 
to the time lag caused by molecular relaxation as 
well as heterogeneity and anisotropy resulting in 
retardation of diffusion of oxygen and anisotropic 
intrinsic characteristics of the reaction kinetics of 
the composite material (10). In this experiment, the 
isothermal holding time, 2 hours, at 177°C may not 
have been long enough to overcome the induction 
period of the degradation reaction. 

4.3 Effect of Sample Anisotropy 

Experiments have been made to understand the 
effect of sample anisotropy, i.e. fiber orientation, on 
carbon reinforced composite weight loss. Sample 1 
(fibers along the longitudinal axis) in Figure 2 lost 
approximately 6% of its weight whereas Sample 2 
(fibers across the width) lost about 15% during 
5700 minutes. This is in agreement with previous 
studies which found that weight loss was 
accelerated in the fiber direction (13-18). Based on 
this and previous results, the fiber orientation must 
be taken into account when planning aging or TGA 
experiments, and applying EPT analysis. It can be 
assumed that the effect of the fibers is more 
pronounced in the high temperature region than in 
the low temperature region, as higher temperatures 
may promote fiber degradation and/or 
microcracking. Although direct comparison of the 
matrix and composite degradation may not be 
possible for this complex system, a simple 
qualitative comparison was shown here. 

The weight loss of a material from TGA 
experiments is always obtained on a weight percent 
basis.  Earlier work found that for laminates in air, 
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composite weight losses in air assuming surface 
area dependent degradation 
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Figure 9 ECT with isothermal data at 177°C for 
epoxy CF fabric laminate 

the weight loss can be expressed as a surface flux 
(13-18). Consequently, the conversions of the resin 
and the resin in the composite could be compared 
on a surface area basis. Another logical way to 
compare the conversions is to assume that the resin 
degrades uniformly, and therefore, the weight loss 
is not dependent of the surface area. This 
assumption, of course, is contradictory to surface 
area dependent degradation, but is used here for 
comparative purposes only. The latter assumption 
leads to the following connection between the neat 
resin and laminate conversion, 

a„ = w,a„ [19] 

where wr is the resin weight fraction in the 
laminate. The conversions ac and (\ refer to the 
measured total conversions for the composite and 
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neat resin as defined in Equation 1-2. Since the 
resin weight fraction was 0.37, it follows that total 
composite conversion should be about 0.37 times 
that of the neat resin. If degradation is assumed to 
be a surface area dependent phenomena, the 
comparison can be performed based on the resin 
surface area in the neat resin and composite. The 
composite samples had three different types of 
surfaces: the manufactured surface fully covered by 
resin, and two cut surfaces where fibers were 
exposed. The fiber angle in these surfaces was 
either 0° or 90°. Here, the macroscopic resin 
surface area was taken as 

A = Ara +vr (A0° + A90O [20] 

where vr is the resin surface area fraction, which is 
equal to the resin volume fraction. Am, Ao°, and 
Ago» refer to the areas of the resin covered surface, 
the 0°-surface (fibers perpendicular to the surface), 
and the 90°-surface (fibers parallel to the surface), 
respectively. Naturally, Equation [20] is not valid 
after the resin covering the manufactured surfaces 
has decomposed. Since this work concentrated on 
the initial degradation up to 6% weight loss, 
Equation [20] was assumed applicable. The sample 
size was kept at approximately 1.8mm by 1.8mm 
by 3.8mm (thickness). Using these dimensions, 
and assuming that the neat resin and composite 
samples had the same total surface area, the neat 
resin and composite conversion was simply related 
by, 

a„ 

_A_ 

'A. 
[21] 

which gives the composite conversion as 
approximately 0.74 times that of the neat resin. 

Figures 10 and 11 show comparisons of the 
measured conversion for the laminate at selected 
temperatures and the conversion obtained from 
Equation [19] and Equation [20] and [21] in air. 
Solid lines represented the weight loss data of neat 
resin, and weight loss data of the laminate in the 
figures were normalized with respect to resin 
surface    area. Clearly,    assuming    uniform 
degradation, Equation [19] underestimated the 
composite conversion whereas assuming a purely 
surface area dependent degradation overpredicted 
the conversion. The uniform surface area 
assumption seemed to successfully estimate the 
laminate degradation at 300-310°C, but at higher 
temperatures the laminate degraded faster than 
predicted. It was determined that the observed 
conversion was much closer to that estimated based 

on the surface dependent degradation than the 
uniform degradation assumption. This is in 
agreement with the hypothesis behind the 
anisotropic degradation phenomenon, i. e. that 
degradation in air proceeds from the sample 
surfaces towards the interior. 

5 CONCLUSIONS 

The EPT concept was used to describe TGA weight 
loss of BMI and epoxy composites. Both 
isothermal and dynamic experiments as well as 
thermal cycling were performed in air. Activation 
energies were determined from isothermal data, and 
then used to describe weight loss under both 
isothermal and dynamic conditions. The model 
successfully described up to 6 weight % loss for the 
laminate. To enhance the effect of the thermal 
cycling, thermal cycle conditions at high 
temperatures were devised which proved to be an 
efficient method to evaluate the long-term 
properties of the composite. It was found that the 
specimen lost weight as a function of the number of 
thermal cycles utilized. Microcracks were initially 
observed in the matrix after 150 cycles and they 
gradually increased as a function of thermal cycles. 
A methodology was used to convert thermal cycle 
time to ECT at a reference isothermal temperature, 
and it was demonstrated as an effective technique 
for the evaluation of long-term thermal degradation 
behavior by thermal cycling. Collectively, the EPT 
and ECT methodologies were shown to have the 
potential for correlating a variety of data relating to 
the time and temperature equivalence of properties 
that continuously change. 
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response of glass-fibre-reinforced composites 
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ABSTRACT: This paper describes the results of falling weight impact tests on glass-fibre-reinforced laminates. 
The test program consisted of (i) falling weight impact tests for the determination of the penetration energy 
and the influence of laminate construction on damage development and (ii) repeated falling weight impact tests 
for the determination of the impact fatigue life-time and damage development under repeated impact conditions 
at sub-penetration energy levels. The objective of this work is to compare the impact behaviour of cross-ply 
laminates based on a standard isophthalic unsaturated polyester and a rubber toughened vinyl ester resin and 
two types of glass reinforcement, i.e. a woven roving and a multiaxial fabric. The penetration energy of the 
various composite laminates appeared to be mainly influenced by the type of reinforcement, whereas damage 
development during (repeated) impact is strongly influenced by both fibre architecture and resin. No significant 
effect of the different material parameters investigated on the number of impacts to penetration (impact fatigue 
life-time) is observed. Especially when the repeated impact energy is normalized with respect to the penetration 
energy, all laminates showed similar behaviour. 

1 INTRODUCTION 

Upon impact loadings transverse cracking, 
delaminations, fibre/matrix debonding and fibre 
fracture are the potential failure modes in laminated 
composites. It has been demonstrated that damage 
due to impact substantially reduces the residual 
strength after impact of a composite structure, even 
when damage cannot be visually observed (Starnes et 
al. 1979). For these reasons, impact damage is 
generally recognized as the most severe threat to 
composite structures (Greszczuk 1975). The impact 
resistance of a composite material can be optimized 
with respect to different end-use requirements. 
Important criteria are: 

• Energy absorption 
• Damage resistance (or tolerance) 

These two types of approaches are to some extent 
conflicting. The first approach often involves energy 
absorption processes such as fibre breakage, 
delaminations, debonding, pull-out, etc. The latter, 
however, is controlled by energy storage processes 
other than damage. Several attempts were made to 
improve the impact behaviour of laminated 
composites. However, many of the concepts were in 
most cases applied to relatively brittle aerospace 
grade    carbon-fibre-reinforced    plastics     (CFRP) 

(Hunston et al. 1987, Peijs et al. 1990, Evans & 
Masters 1987). Less studies were directed towards 
glass-fibre-reinforced plastics (GRPs) (Van Eijk & 
Peijs 1995). Previous studies showed that, in addition 
to matrix based toughening concepts, the impact 
behaviour of laminated composites is also influenced 
by the architecture of the 2D reinforcement (Curtis & 
Bishop 1984, Winkel & Adams 1985). 

The present research had two objectives. First, the 
determination of the penetration resistance and the 
damage development during penetration of a number 
of thin section GRP laminates (energy absorption) 
and secondly, the repeated falling weight impact 
behaviour or impact fatigue behaviour of the same 
set of laminates at sub-penetration energy levels, 
including impact fatigue life and damage 
development during repeated impact (damage 
resistance/damage tolerance). 

Impact tests were performed on a number of GRP 
laminates. Material parameters that have been studied 
are: 

(i) Influence of fibre architecture: composite 
laminates were manufactured based on either 
E-glass woven rovings or biaxial stitched 
fabrics. 

(ii) Influence of matrix ductility: composite 
laminates were manufactured based on two 
types of resins,  i.e.  a 'brittle' unsaturated 

203 



polyester resin and a more 'ductile' rubber 
toughened vinyl ester resin with failure strains 
of 3% and 12%, respectively. 

Previous studies on the influence of reinforcement 
architecture have been mainly focused on single hit 
impact tests. Again most investigations focused on 
aerospace type of CFRP and less studies were 
directed towards GRP. 

Curtis & Bishop (1984) compared the damage 
tolerance under non-penetrating impact conditions of 
woven CFRP with those of cross-ply composites 
based on unidirectional (UD) prepregs. Results 
showed that impact damage (read: delaminated area) 
as a result of non-penetration falling weight impact 
tests (FWIT) was, significantly lower for the woven 
material. Delaminated areas in woven composites 
showed a more circular damage area, whereas in the 
case of UD's extensive splitting along the fibre 
direction at the back surface ply resulted in a highly 
non-circular damage area. Another study by Winkel 
& Adams (1985) on carbon-, aramid- and E- 
glass/epoxy focused on full-penetration FWIT and 
reported the highest energy absorption in the case of 
cross-ply laminates based on UD's for all laminate 
configurations investigated. The optimal type of fibre 
reinforcement for maximum penetration energy as 
reported by Winkel & Adams (1985), i.e. cross-plies 
based on UD's, and the optimal reinforcement for 
damage tolerance as reported by Curtis & Bishop 
(1984), i.e. woven fabric, showed ones more that 
materials should be optimized either for energy 
absorption or damage tolerance and that both types 
of approaches can, to some extent, be conflicting. 

Studies on the influence of matrix effects on 
impact performance of composite materials focused 
mainly on damage tolerance. Generally, toughened 
matrix systems with a higher strain to failure yield a 
reduction in the extend of the damage area and 
consequently improved residual strength after impact 
(Tobukuro et al. 1988). Although the ductility of the 
matrix material significantly affects the damage 
tolerance of the resulting composites under non- 
penetrating FWIT, matrix effects are less 
predominant with respect to energy absorption 
during penetration. In the case of full-penetration 
most of the energy absorption is the result of fibre 
breakage (Peijs et al. 1994). Even in the case of 
tough thermoplastics such as PEEK in the case of 
APC-2®, only a relatively small increase in total 
impact energy (-20%) was obtained compared to a 
brittle epoxy based CFRP system (Davies et al. 
1985). 

In certain practical situations, a composite can be 
subjected to repeated impacts. However, relatively 
few studies have been directed towards the problem 
of repeated impact or impact fatigue of laminated 
composites and the corresponding damage 
mechanism. Again also here most studies reported in 

literature are related to CFRP (Wyrick & Adams 
1988, Rotem 1988, Jang et al. 1992). A recent 
investigation by Boukhili et al. (1994) deals with the 
fatigue impact behaviour of quasi-isotropic 
carbon/epoxy laminates. Damage growth during the 
test was monitored by ultrasonic C-scan imaging. 
The damage area plotted as a function of the number 
of impacts displayed a multi-stage pattern behaviour, 
with stage 1 corresponding to matrix cracking in the 
region of the impactor, stage 2 to a rapid 
delamination propagation. 

2 EXPERIMENTAL 

2.1 Materials 

The composite laminates used in this investigation 
were manufactured by DSM'BASF Structural Resins 
(Zwolle, The Netherlands). From these laminates 
different test samples were cut with the dimensions 
100x100 mm. 

Table 1 shows the resins and reinforcements of the 
four materials used in this investigation. 

Table 1. Material codes 

Material code Reinforcement Resin 
WF/UP woven roving unsaturated 

polyester 
WF/VE woven roving rubber mod. 

vinyl ester 
MA/UP multiaxial 

fabric 
unsaturated 

polyester 
MA/VE multiaxial 

fabric 
rubber mod. 
vinyl ester 

Two resins were used for the fabrication of the 
laminates: a standard isophthalic acid based 
unsaturated polyester resin and a rubber modified 
vinyl ester resin. Laminates consisting of 4 plies of 
glass reinforcement were manufactured using a hand 
lay-up method. 

The woven roving is a E-glass fabric with a coarse 
(2x2) structure, with a yarn width of about 6 mm. 
The amount of warp and weft fibres is the same. 

The multiaxial stitched fabric had a relatively fine 
structure. In these fabrics the E-glass yarns are fully 
stretched in multiple directions. In this study, biaxial 
stitched fabrics with the fibres oriented in the 0° and 
90° directions are used. Since the fibres lie straight 
and flat, layer by layer, stress concentrations as seen 
in woven fabrics will not occur in these multiaxial 
reinforcements. 
Both the woven fabric and multiaxial reinforcements 
had an areal density of about 800 g/m^, giving for 
each layer of reinforcement an average thickness of 
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0.31 mm. The achieved average fibre volume fraction 
of the tested thin section laminates was in all cases 
about 35%. 

2.2 Impact testing 

Penetration energy: Full penetration falling weight 
impact tests (FWIT) were performed using the home 
build instrumented falling weight impact tester of the 
Eindhoven University of Technology. Tests were 
performed on laminates of the dimensions 100x100 
mm using a hemispherical dart with a diameter of 10 
mm. The laminates were clamped between two plates 
with a circular opening of 80 mm. Both force versus 
time and impact velocity just before impact are 
recorded and transferred to a data-acquisition board 
in a PC computer. Force was measured using a 
piezoelectric force transducer. Throughout the 
testing, the mass (2.85 kg) and the drop heights (2 
m) remained constant. Impact velocity just before 
impact is measured to eliminate (relatively small) 
effects of cross-head friction. Impact velocities were 
about 6 m/s, yielding impact energies in the order of 
50 J, which is high enough to give full penetration for 
all laminate configurations. Post-processing of data 
results in the complete energy history during impact 
and gives a listing of impact velocity, maximum 
force, total energy, absorbed energy and maximum 
deflection. 

At least four specimens of a total of four laminate 
configurations (four different reinforcement/resin 
combinations) were impacted. After penetration the 
specimens were C-scanned and visually examined to 
determine the size and geometry of the (largest) 
delamination. 

Repeated impact: Non-penetrating FWTT's were 
conducted with the instrumented falling weight 
impact tester using the same set-up as mentioned 
above. All four laminate configurations were tested 
in repeated impact. Impact energies were generated 
by dropping a hemispherical impactor loaded with a 
mass of 1.39 kg from different heights varying 
between 0.6 and 1.5 m. 

The energy levels at which the repeated impacts 
were performed were set at 25, 30, 40 and 50% of 
the penetration energy. At these fixed energy levels 
the different laminate configurations were repeatedly 
impacted until full penetration. Typical incident 
impact energies varied between 8 and 20 J. The 
complete energy history, similar to the listing given 
above for the single hit full-penetrating impacts, was 
intermittently recorded at different numbers of 
impacts. The evolution of damage area as a function 
of the number of impacts was determined from visual 
observation. 

3 RESULTS AND DISCUSSION 

3.1 Full-penetrating falling-weight impact tests 

Penetration   energy:   FWIT   were   performed   to 
determine the penetration energy of the various 
laminate configuration. Figure  1  shows a typical 
force-time curve of a falling weight penetration test. 
In this case the force-time curve for a MA/VE 
specimen is shown. After an impact time of about 2 
ms the force remains constant, indicating that the 
penetration process is completed and a remaining 
frictional force (~ 500 N) between dart and laminate 
is measured. For the calculation of the penetration 
energy, therefore, only the first part of the force-time 
curve is used. Typically, the force-time curves show 
linear behaviour up to a certain force. All laminate 
configurations tested showed a deviation from linear 
behaviour at a load around 3000-4000 N. Around 
this load level  delamination is  initiated and the 
laminate responds in a more compliant way with an 
almost linear secondary modulus up to the maximum 
load. The energy stored in the laminates up to this 
point of initiation of delamination, i.e. the threshold 
incident impact energy, is in the order of 3 J. 
An overview of the absolute penetration energies of 
all laminate configurations is shown in Figure 2. 
Absolute impact energies varied between 34 J for the 
WF/UP laminate system up to 40 J for the MA/UP 
laminate.   The   lowest   impact   performance   was 
reported for the systems based on woven fabric. 
Replacement of the woven fabric with multiaxial 
reinforcements showed an increase in penetration 
energy, presumably due to the higher strength of the 
multiaxial material (see Table 2 for strength data of 
laminates   based   on   unsaturated   polyester).   The 
influence   of  the   ductility   of  the   resin   on   the 
penetration energy is less clear, i.e. the penetration 
energy of the 'brittle matrix' MA/UP system is even 

8000 

12 3 4 5 6 

Time (ms) 

Figure 1. Typical force-time curve during penetration for a 
MA/VE laminate using the FWIT set-up. 
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somewhat higher than that of its 'ductile matrix' 
counterpart (MA/VE). 

In short, the following conclusion can de drawn 
from these full-penetration impact experiments. In 
general, the impact strength of the specimens with 
multiaxial reinforcement is upto 17% higher than that 
of specimens with woven fabrics. Similar effects 
were found in a previous study for the tensile 
strength of these materials, indicating some 
correlation between tensile strength and impact 
energy (Dorey 1987). These results are also 
consistent with previous studies on CFRP which 
showed an enhanced impact performance for cross- 
ply laminates compared to woven fabric composites 
due to the higher tensile strength of the non-woven 
materials (Winkel & Adams 1985). No clear effect of 
the influence of matrix ductility on penetration 
energy was observed, which is again in good 
agreement with previous studies, which showed that 
under similar impact conditions energy absorption is 
mainly controlled by fibre breakage with only a small 
contribution from matrix dominated failure modes 
such as matrix cracking and delaminations (Peijs et 
al. 1994, Daviesetal. 1985). 

50 
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20 
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WF/UP       WF/VE       MA/UP      MA/VE 

Figure   2.   Penetration   energy   for   the   different   laminate 
configurations as measured using FWIT. 

Table 2. Influence of type of fibre reinforcement on 
mechanical properties of unsaturatcd polyester based GRP 
laminates (Loete & Marissen 1996). 

WF/UP MA/UP 
Tensile strength 

fMPal 
224 (8) 272 (4) 

Young's modulus 
fGPal 

20.6 (0.5) 19.0(0.3) 

Damage development: Figure 3 shows the size of the 
(largest) delamination after penetration of the 
different laminates as obtained from visual 
observations. In spite of the similarities in penetration 
energy, significant differences in damage area are 
observed between the various laminate 
configurations. Obviously, the contribution of 
delaminations to the total energy absorption is 
relatively small and differences in delaminated area 
do not significantly affect the energy absorption, 
indicating once more that the penetration energy is 
mainly controlled by fibre dominated fracture rather 
than matrix dominated failure modes. 
Significant differences in shape and size of the 
delaminations are observed between laminates based 
on woven fabric and laminates based on multiaxial 
reinforcements. The largest delaminated areas are 
observed in the laminates based on the multiaxial 
tapes. Compare for example the delaminated areas of 
MA/UP with WF/UP. Delaminated areas in woven 
composites showed a more circular damage area, 
whereas in the case of multiaxials extensive splitting 
along the fibre direction at the back surface ply 
and/or plies resulted in a highly non-circular damage 
area. Generally, the use of woven fabric restricts the 

Figure 3. Size and shape of glass delaminated area after 
penetration for the different laminate configurations. 
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extend of the delamination, with the coarse fibre 
bundles acting as crackstopper. Particularly the 
splitting along the fibre direction at the back surface 
layer(s) that occurred in the case of multiaxial 
reinforcements (see MA/UP and MA/VE) is 
significantly reduced. Again, these results are in good 
agreement with previous impact studies on cross-ply 
UD's and woven fabric CFRP (Curtis & Bishop 
1984). 

Besides a significant influence of the type of glass 
fibre reinforcement, also a large effect of matrix 
ductility on damage area was observed. In the case of 
the woven fabric composites, the (circular) shape of 
the delamination remains the same but is simply 
reduced in the more ductile resin system (compare 
the delaminated area of 'brittle matrix' specimen 
WF/UP with 'ductile matrix' specimen WF/VE). In 
the case of the multiaxial reinforcements both the 
size and shape of the delaminated area are affected 
(compare MA/UP with MA/VE). It should be noted, 
however, that the length of the largest delamination 
crack is not significantly affected by the type of resin. 
In both cases the length of this crack is somewhat 
larger than the circular opening of 80 mm in the base 
plate, meaning that in this case the extend of the 
delamination is influenced by the test geometry. 
Although the resin did not have any (measurable) 
effect on the extend of the largest split length along 
the fibres in the outer ply, the use of a more ductile 
resin did significantly reduce the delamination in the 
second outer ply. In the case of specimen MA/UP a 
symmetric damage area is observed with equal crack 
lengths in the 0° and 90° direction, indicating not 
only extensive splitting along the fibres in the outer 
ply but a similar failure process in the second outer 
ply. In the case of vinyl ester resin (specimen 
MA/VE) extensive splitting occurred only in the 
outer ply, whereas no extensive delamination and 
splitting occurred in the other plies. 

incident impact energies in the repeated impact tests 
were varied between 8 and 20 J, which is sufficiently 
high to initiate delamination at the first impact. Upon 
non-penetrating impact the total impact energy can 
be divided into two parts: 

• The elastically stored energy in the composite plate 
which is released after maximum deflection by 
rebounding of the laminate. This rebounding energy 
is successively transferred back to the impactor. 
• The energy absorbed in the composite laminate 
which is available for damage and consequently 
controls the extent of damage. 

In Figure 4 the absorbed energy (= impact energy 
minus elastic energy) is plotted against the impact 
energy for all laminate configurations. All the 
investigated material parameters, i.e. glass 
reinforcement and resin type, do not result in a 
change in energy absorption mode. Surprisingly, for 
all specimens the absorbed energy is similar, meaning 
that for all composites the same amount of energy is 
available for damage. Based on these observations no 
significant differences in damage tolerance between 
the different specimens should be anticipated. It is 
interesting to note that extrapolation of the data to 
zero absorbed energy yields an impact energy of 4 J, 
which is close to the threshold energy for 
delamination as determined from the full penetration 
tests (~ 3 J). This means that all energy is elastically 
stored in the laminate and transferred back to the 
impactor at impact levels below this threshold 
energy. 

Following the impact tests the laminates were 
examined visually for the extend of damage. It can be 
expected that higher levels of absorbed energy results 
in more damage. Figure 5 shows the glass 
delaminated area after the first impact as a function 
of the impact energy. Clearly, large differences are 

3.2 Repeated impact tests 

The main objective of this part of the investigation 
was to obtain some data on the response of GRP 
laminates to repeated impact or impact fatigue. 

Response to first impact: Prior to the repeated 
impact tests, the load-time curves obtained for the 
different specimen in response to the first impact was 
recorded along with the numerical data of the 
maximum load and the absorbed energy. If the 
incident energy of the first impact exceeds a certain 
threshold energy level, the laminate will be damaged. 
All samples were impacted at four different energy 
levels, i.e. 25, 30, 40 and 50% of the penetration 
energy of each laminate configuration. Full 
penetration FWIT data indicated already that the 
energy necessary to initiate damage (read: 
delamination) is approximately 3 J. Typically, the 

Impact energy (J) 

Figure 4. Absorbed energy versus impact energy for first 
impact event: O WF/UP, • WF/VE, □ MA/UP and ■ 
MA/VE. 
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observed in initial damage area. The overall level of 
damage in all the laminates increased proportional 
with increasing impact energy. Similar to full- 
penetrating impacts, also at relatively low energy 
non-penetrating impacts the delaminated area is the 
highest for composites based on the rather brittle 
polyester resin system in combination with the 
multiaxial reinforcement (MA/UP). The smallest 
delaminated areas are obtained in the case of systems 
based on vinyl ester resin. At sub-penetration impact 
levels the effect of the type of reinforcement on the 
extend of the damage is less profound as in the case 
of full penetrating impacts (see Fig. 3). Again, linear 
extrapolation of the data to zero delaminated area 
yields an impact energy, which is in the order of the 
threshold energy for delamination. 
Impact fatigue life-time: All laminate configurations 
were repeatedly impacted at the same energy level as 
the first strike until penetration. Figure 6 shows the 
impact life-time curve for a MA/VE laminate. 
Typically, all laminates showed a similar 
exponentially shaped life-time curve with only a few 
impacts to penetration at relatively high energy levels 
(e.g. 50% of the penetration energy) and a large 
number of impacts to penetration at relatively low 
impact energy levels (e.g. 25% of the penetration 
energy). Moreover, the shape of the life-time curves 
suggests that there is a kind of fatigue limit below 
which no penetration will occur. It is not clear if this 
fatigue limit correlates with the threshold value for 
delamination. However, based on the data obtained 
sofar there is an indication that, at least for most 
practical applications, this fatigue limit (~ 9 J) is 
higher than the threshold value for the initiation of 
delamination (~ 3 J). 

20 40 60 80 

Number of impacts 

100 

Figure   6.   Impact   fatigue   life-time   curve   for   a   MA/VE 
laminate. 

For most laminate configurations no significant 
differences in the number of impact to penetration 
are observed. The similarity in relative resistance 
against impact fatigue for all specimens tested is 
clearly visualized in Figure 7, when the number of 
impacts to penetration is plotted as a function of the 
normalized impact energy. Especially when the 
(repeated) impact energy is normalized with respect 
to the penetration energy, all composites show the 
same behaviour, resulting in a sort of 'Master-Curve' 
for impact fatigue life-time. 
Damage development during repeated impact: 
Damage development of a large number of fibre 
composites subjected to impact fatigue has been 
examined. For a given material, there usually exists a 
critical impact energy, above which a significant 
delamination crack will initiate in response to a single 
impact.   In   our   experiments   delamination   was 

5 10 15 20 

Impact energy (J) 
25 

Figure 5. Glass delaminated area after first impact event as a 
function of impact energy: O WF/UP, • WF/VE, D MA/UP 
and ■ MA/VE. (Extrapolation of the data to zero delaminated 
area yields the threshold impact energy). 

Number of impacts 

Figure 7. Impact fatigue life-time curve normalized by its 
penetration energy: O WF/UP, • WF/VE, D MA/UP and ■ 
MA/VE. 
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observed in all specimens after the initial impact. 
When impacts are repeated this delaminated area will 
grow. These observations are shown in Figure 8 for 
all laminate configurations. In this graph the glass 
delaminated area with increasing number of impacts 
is plotted for a low energy repeated impact test (25% 
of the penetration energy). For most woven fabric 
specimens the glass delaminated area increased 
gradually with the number of impacts. Only in 
laminates based on multiaxial reinforcements a clear 
two stage damage growth process is active. The 
damage area remains constant at low impact numbers 
and increases rapidly at high (n > 10) impact 
numbers. Similar multi-stage delamination pattern 
behaviour has also been reported by Boukhili et al 
(1994), where stage 1 corresponds to matrix 
cracking in the region of the impactor and stage 2 to 
rapid delamination propagation. It is also shown in 
Figure 8 that for systems based on vinyl ester resin 
deviations between the laminates based on woven 
fabric and multiaxials only occur at high impact 
numbers, whereas at low impact numbers the 
delaminated areas in both laminates are the same. 
This is in good agreement with the similarities in 
delaminated area at sub-penetration impact levels as 
shown in Figure 5 and the differences in delaminated 
areas at full penetration impact levels as shown in 
Figure 3. 

Figure 9 shows that these delaminations grow at 
the same rate for both low and high energy impacts, 
as visualized by the slopes of the stage 2 
delamination growth curves for a MA/VE laminated 
composite, which was repeatedly impacted at 
different percentages of the penetration energy. 

10l 

Number of impacts 
102 

Figure 9. Damage growth in MA/VE laminates as a function 
of number of repeated impacts at different energy levels (25, 
30, 40 and 50% of the penetration energy), showing slow 
damage grow due to matrix cracking in the vicinity of the 
impactor (stage 1) and similar stage 2 delamination growth 
rates at different impact energy levels. 

Figure 10 shows the absorbed energy as a function of 
the number of impacts for MA/VE laminate. 
Typically, at low energy levels (25% of penetration 
energy) the absorbed energy remains relatively 
constant up to approximately 20% of its life-time 
(stage 1). Next, the absorbed energy starts to 
increase as a result of extensive delamination growth 
(stage 2a), whereas at relatively high impact numbers 
(above 70% life-time) a dramatic increase in 
absorbed energy is observed as a result an additional 
fibre breakage process in the vicinity of the impactor 
(stage 2b). This sudden change in absorbed energy, 
due to extensive fibre breakage in the vicinity of the 
impact, at approximately 70% life-time was observed 
for all the other laminate configurations. 

Number of impacts 

Figure 8. Delamination growth as a function of number of 
repeated impacts for low energy repeated impacts (25% of the 
penetration energy: O WF/UP, • WF/VE, D MA/UP and ■ 
MA/VE. 
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Figure 10. Absorbed energy force as a function of number of 
low energy (25% penetration energy) repeated impacts for a 
MA/VE laminate. Rapid delamination (stage 2a) and fibre 
breakage (stage 2b). 
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4 CONCLUSIONS 

• The optimal type of fibre architecture for energy 
absorption (penetration resistance) is a multiaxial 
fabric, whereas the optimal fibre architecture for 
damage resistance is a woven fabric. These results 
once more indicate that approaches towards 
improved energy absorption and damage resistance 
can be to some extent conflicting. 
• No clear optimal resin system could be identified 
for energy absorption, where the optimal resin 
system for damage resistance is the more ductile 
rubber toughened vinyl ester system. 
• For most laminate configurations no significant 
differences in the number of impact to penetration 
(impact fatigue life-time) are observed for the 
different laminate configurations. When the 
(repeated) impact energy is normalized with respect 
to the penetration energy, all composites show the 
same behaviour, resulting in a sort of 'Master-Curve' 
for impact fatigue. 
• For most specimens the glass delaminated area 
increased gradually with the number of impacts. Only 
in laminates based on multiaxial tapes a two stage 
damage growth process is active, where stage 1 
corresponds to matrix cracking in the region of the 
impactor and stage 2 to a rapid delamination 
propagation. 
• When the impacts are repeated the absorbed 
energy increases. Typically, at low repeated impact 
energy levels (25% of the penetration energy) the 
absorbed energy levels started to increase 
dramatically at 70% life-time, indicating that only in 
the last part of the impact fatigue-life extensive fibre 
breakage occurs in the vicinity of the impact. 
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Reliability methods for structural composite applications in vehicle 
suspensions 
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ABSTRACT: Delphi Chassis efforts in the area of advanced composites have focused on developing highly 
reliable suspension modules and components at a low cost and reduced mass. Delphi Chassis has developed 
two processes for use in automotive suspension applications. The first is a fiberglass filament winding process 
used to manufacture Liteflex™ composite leaf springs. A more recent process, used to manufacture Litecast™ 
suspension links, consists of die casting a metal (aluminum) end fitting directly onto a pultruded polymeric 
composite rod (fiberglass, graphite). High reliability and confidence targets are met through lab and field 
validation testing that duplicates customer usage. Accelerated lab testing is utilized to reduce test times and 
cost by identifying what types of inputs are damaging to specific component. An accelerated, multi- 
environment, overstressed forced failure approach is utilized to predict reliability based on customer usage. 
Delphi is utilizing this forced failure reliability test approach to thoroughly understand and optimize their 
components before reaching the customers hands. 

INTRODUCTION 

Delphi Chassis efforts in the area of advanced 
composites have focused on developing highly 
reliable suspension components, and more recently 
systems, at s. low cost and reduced mass. Delphi 
Chassis has developed two processes for use in 
automotive suspension applications. The first is a 
fiberglass filament winding process used to 
manufacture LITEFLEX™ composite leaf springs. 
Vehicle applications utilizing this process have been 
in the field for over 15 years. A more recent 
process, used to manufacture Litecast suspension 
links, consists of die casting a metal (aluminum) end 
fitting onto a pultruded polymeric composite rod 
(fiberglass, graphite). Delphi's LITECAST 
technology offers a unique solution for attachment 
problems with structural composites. A photo of 
LITEFLEX™ composite leaf springs and 
LITECAST™ suspension components are shown in 
Figure 1. 

DEVELOPMENT OF TESTING FOR 
LITEFLEX™ SPRINGS 

Liteflex™ composite leaf springs 

Liteflex™ composite leaf springs are manufactured 

Figure 1. Photo of LITEFLEX™ Composite Leaf 
Springs & Litecast™ Composite Suspension Links 
and Conrol Arm Components 

by Delphi Chassis Systems, a division of General 
Motors. The composite springs are composed of 
72% by weight unidirectional fiberglass reinforcing 
an epoxy matrix. The manufacturing process 
consists of a filament winding/compression mold 
process to shape and cure the final component. The 
specific strength of these composite materials is 
significantly greater than steel. Aluminum castings 
and/or forgings are typical end attachments, attached 
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by fasteners to the composite. LITEFLEX springs 
have been in production since 1981 on a variety of 
passenger vehicles and more recently on heavy-duty 
tractor/trailer trucks. More information on 
applications of LITEFLEX™ can be found in the 
literature as detailed by Mutzner and Richard . 

LITEFLEX™ leaf springs offer many advantages in 
comparison to steel leaf springs such as durability, 
weight savings, and unique design capabilities that 
can be translated into ride and handling advantages. 
For example, a composite spring is installed as a 
single leaf spring instead of multiple steel leafs, thus 
eliminating a large majority of the hysteresis in the 
suspension which translates into improved ride. 
Another ride and handling benefit is the ability to 
change the geometric cross-sectional area of the 
spring along its length, which can be utilized for 
optimization of a vertical to roll rate ratio (i.e. soft 
ride rate and high roll rate) in transverse suspension 
applications. Typical weight savings for tractor- 
trailer Class 8 applications, if all steel springs are 
replaced with composite springs can be on the order 
of 171 to 278 kg (377 to 613 lbs). One of the most 
advantageous benefits that a composite spring offers 
is a 'soft' damage mode. Instead of a large stress 
concentration which leads to catastrophic failure in a 
steel product, LITEFLEX™ leaf springs typically 
exhibit compressive, tensile, and shear damage 
modes which result in a slightly lower spring rate 
only. In this manner, the spring still retains its 
ability to operate and carry a load, with some 
indication to the operator of the vehicle. 

In addition, on some applications, a cost savings can 
be realized due to the extended durability of the 

composite. For comparison, a load vs cycle fatigue 
curve is shown in Figure 2 for a LITEFLEX M 

spring, an OEM steel spring and an aftermarket steel 
spring. Composite springs typically outlast a steel 
spring by 1 to 4 years. More information on this 
topic can be found in the literature as outlined by 
Knouff and Hurtubise2 or Sliemers and Knouff3. 

In the late '70s and early 80's time frame, 
LITEFLEX™ spring test methodologies were being 
developed to produce a spring that would be more 
durable than its steel counterpart. Typically, steel 
leaf spring suppliers were performing routine room 
temperature fatigue tests only. A good rule of thumb 
for testing back then was 100,000 cycles from 
design position to rebound position to full jounce 
position and back to design position without failure 
on a given number of springs (sample size is 
determined by reliability requirements). This was 
considered to be approximately equal to one life in a 
vehicle. Jounce and rebound position for a vehicle 
are typically defined as metal-to-metal limit of travel 
(or shock absorber limit of travel) in the upward and 
downward direction respectively. Design position is 
defined as the position of the suspension members 
when the vehicle is on level ground and at trim 
height. A typical application for a LITEFLEX 
spring in a suspension is shown in Figure 3. In most 
cases, failure of a spring is considered to be a loss in 
load and/or rate by more than 5 or 10%, depending 
on the application and/or test, not complete 
separation. Material selection is performed on 
springs to determine detrimental effects from 
chemical and environmental effects previous to a 
spring design. 

S-N Curves for Composite, OEM Steel and Aftermarket Steel Springs 
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Figure 2. S-N curves for truck trailer composite, OEM steel, and aftermarket steel 
springs fatigued in flexure. 
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Figure 3. Application of Liteflex™ Composite Transverse Leaf Spring in 
Rear Suspension of Passenger Vehicle. 

Delphi Chassis recognized that a composite spring 
would have to meet more stringent and extensive 
durability requirements, due to both the more 
complex nature of the material and the 
manufacturing process, in addition to bringing a new 
product to market. Delphi stepped up to these needs 
initially by doubling the number of cycles to 
200,000 cycles (2 lives) and performing extensive 
vehicle durability. Testing to multiple lives for a 
component using a standard 'representative' block 
cycle test is known as 'bogey' testing. In many 
cases, 'bogey' tests are more severe than they need 
to be, to ensure little possibility of failure in the 
field. Our customers were satisfied with this 
response, however Delphi felt that more extensive 
testing would be necessary. 

The next step was to refine our test methods by 
incorporating hot/cold temperatures during fatigue, 
time at temperature while under load (CREEP/Stress 
relaxation) and humidity. High temperature fatigue 
testing is performed in a chamber for 200,000 cycles 
and similarly for cold temperature fatigue testing. 
Temperatures are based on customer/vehicle data 
from the field. Stress relaxation resistance testing is 
also performed on a given number of springs. 
Typically, a spring is compressed to full jounce or 
design position in a fixture and then placed in a heat 
chamber at high temperature for a predetermined 
number of hours. Springs are also tested for stress 
relaxation resistance under heat and high humidity. 

Again, temperature, time at temperature and 
humidity requirements are driven by customer 
extremes seen in the field. Almost all of these test 
specifications were refined over the years to reflect 
customer usage and information from a proving 
grounds. 

Based on Delphi's historical data, it has been well 
established that if a spring can pass these types of 
tests, failure of a spring will not occur from normal 
customer usage during the specified 'life' of the 
vehicle (as defined by the customer). One of the 
problems with this type of testing philosophy is that 
large sample sizes must be tested (and/or long test 
times) to meet high reliability and confidence 
targets. One of the reasons for large sample sizes is 
because we are not testing the component to failure. 
Typically, for a composite spring, as long as the 
stress level in the part remains below the design 
(threshold) stress the spring will see a run out 
condition (i.e.: spring will never fail). Hence, testing 
multiple springs to multiple lives yields long test 
times with little confidence in the reliability. Based 
on this type of a testing philosophy, it would take a 
very long time to meet customer reliability and 
confidence levels for any new product and/or design 
change. In an effort to meet increased reliability and 
confidence in our products faster, Delphi Chassis has 
developed new test methodologies for new products 
that has allowed us to understand our components in 
a way that was previously unrealized. 
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RELIABILITY TEST METHODOLOGY--^ New 
Approach' 

Litecast    link(s) 

Delphi Chassis has developed another structural 
composite application that is not only economical, 
but offers many advantages to design and function in 
a suspension system. This product, called 
LITECAST™ LINK(S), involves die casting 
attachment fittings directly onto a polymeric 
composite which yields a high strength structure. In 
this process, a molding alloy with a low temperature 
melt point (i.e.: aluminum) is brought into contact 
with a highly filled polymer matrix composite 
utilizing a rapid casting technique. Prior to die 
casting the composite rod is notched to provide a 
mechanical interlock between the rod and casting to 
increase load transfer efficiency. More information 
on LITECAST™ LINK(S) can be found in the 
literature by Gentry & Graham . A current 
application for this product in a rear suspension 
(upper & lower fore/aft links) is shown in Figure 4. 

Due to the structural nature of the application, the 
environment, and the performance criteria for these 
products, the requirement for high reliability in the 
field is essential. The purpose of reliability testing is 

to ensure that the components strength distribution is 
sufficient to withstand the distribution of all the 
customer stresses during a vehicle's lifetime. The 
Delphi Chassis test philosophy that was utilized to 
validate the LITECAST™ LINK will be outlined in 
this paper. 

Test preparation 

The first step in developing a test plan is to 
determine the possible Design Failure Modes and 
Effects Analysis (DFMEA) for the component and 
its interfaces. A DFMEA expands on the thought 
process engineers go through when evaluating their 
designs. The intent is to identify potential failure 
modes and their causes and then prioritize the type 
and quantity of testing necessary to eliminate the 
potential failures identified at a component, system 
and/or interface level. 

The next step is to determine test specifications 
based on the 'customer profile'. The customer 
profile can be defined as the loads and environments 
accumulated by the product over the life of a 
vehicle. There are many test aspects that are critical 
for the optimization of the product design. The first 
is understanding the combined stress (i.e.: damage) 
during the life of the product. This includes not only 

Figure 4. Photo of current Litecast    Composite Suspension Links 
Installed in Rear Suspension of Passenger Vehicle. 
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load & displacements 01» fe omponent, but also the 
environment, such as chem.<;:?. temperatures and 
humidity. Typically, this inform' :on is gathered at 
a proving grounds with instrumeil ,■ vehicles (i.e.: 
road data). The second is a measure Oi the customer 
severity. Obviously, we would not want to design 
all of our components to withstand stresses outside a 
particular design window that a typical customer 
operates in. For most of Delphi's products, the 
typical customer severity level for suspension 
components is 97.5%. Customer usage is also 
necessary in determining test requirements. Typical 
customer usage levels for passenger vehicles range 
from 100,000 -150,000 miles. Finally, the reliability 
and confidence levels for a test must be determined. 
Delphi's goals for the LITECAST™ LINK product 
were 99% reliability with 90% confidence. All of 
these specifications determine the customer profile 
or the 'operating rectangle'. 

After determining the test specifications, much 
emphasis is placed on gathering representative 
customer/road data. This includes instrumenting 
individual components for loads, displacements, 
accelerations, temperatures and humidity levels. 
After data collection, it should be determined 
whether a durability test needs to encompass a multi- 
axis loading condition, or if a single-axis is 
sufficient. Multi-axis test rigs can become quite 
complex and expensive but are sometimes necessary 
for proper testing. The instrumented parts on the 
vehicle should be utilized in the lab to verify all 
stresses, temperatures, etc... To simulate the stresses 
in the lab on the component, hydraulic actuators and 
temperature/humidity chambers are utilized. To 
simulate environments such as harmful chemicals, 
per the DFMEA, preconditioning is sometimes 
necessary and/or immersion of the component in a 
fluid during fatigue. Delphi's current testing 
strategies include an overstress test technique that 
forces failure in a component to predict reliability 
and the distribution of failures. This technique is 
designed to detect the representative manufacturing 
variation in our parts relative to customer usage. 

Reliability overstress testing 

Overstress testing is designed to reveal any overlap 
of the operating load distribution and the part 
strength distribution. In general, overstress testing 
consists of gradually increasing the loads on a 
component until failure occurs. The robustness of 
the design is then measured by the difference 
between the tails of the distribution of the fracture 
strength and the design loads. This technique will 
then reveal the systems/components weakest failure 
mode. 

The first step is to come up with a list of all the 
possible environments and loading conditions for the 
component. In addition, the first 'foolish failure' of 
the component for each environment should be 
determined. In the simplest case, this might be an 
ultimate tension/compression test. This failure mode 
does not have to be similar in nature to typical field 
failures. It is an estimate utilized in the overstress 
step-size calculation. The overstress step-size for 
each environment should then be calculated. This is 
performed by determining the highest and lowest 
load/environment conditions in the operating 
rectangle. The overstress step-size percent is then: 

[(Foolish - Highest) / (Highest - Lowest)]/l 0       (1) 

where the lowest calculated step-size for all 
'stresses' is utilized in the test. 

Before utilizing the overstress portion of testing, it is 
necessary to condition (test) the part through the 
normal operating portion of its design life. After 
conditioning, the stresses are increased by the 
overstress step-size calculated above. Be aware that 
the corresponding number of cycles is decreased by 
the above percentage also. In this manner the 
stresses are continually increased after each phase 
until failure occurs. Keep in mind that this includes 
all stresses, such as temperatures, environmental 
effects and chemicals too. A good rule of thumb is 
to desire a minimum of ten total overstress steps 
after conditioning until failure (See figure 5). This 
allows enough resolution in the data for analysis 
purposes. 

Data analysis is performed by plotting the percent 
overstress at which failure occurred on Weibull 
paper using a median ranks approach. The weibull 
function is utilized because of its flexibility to 
represent many types of failures. One very 
important point, when utilizing this method is to 
analyze only similar failure modes on the same plot. 
The typical sample size ranges from to 12 
components/systems. For final design validation, 
these parts must encompass the expected range of 
variation in the manufacturing process. A typical 
weibull plot with components tested using the 
overstress method is shown in figure 6. A design is 
considered to have passed when the confidence band 
on the data is to the right of the operating rectangle 
at the a-priori specified reliability (99%). In this 
way, we are making a reliability prediction based on 
the operating range of the part. Therefore, it is 
extremely important to understand the customer 
stresses in the operating range. Care should be taken 
when performing a bogey test and then utilizing the 
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overstress technique. Many times, bogey tests are 
conservative and may in fact represent more than 
one operating life. In that case, you will predict 
reliability to something non-representative of the 
customer and over-design the system which will cost 
you time and money. The importance of this 
technique is not necessarily the number of steps it 
takes to fail the component but to understand the 
weakest link in the system and propose remedies. 
This process allows a thorough understanding of the 
types and number of failure modes in the system. 
Thus, it also allows the prediction of high reliability 
with high confidence using relatively small sample 
sizes in comparison to multiple life testing. More 
information on overstress reliability testing can be 
found in the literature by Carter5. 

Accelerated testing-using fatigue damage approach 

Accelerated testing is typically utilized when the life 
of the product is extremely long and information is 
needed quickly about failure distributions, 
reliability, etc... The approach that Delphi Chassis 
utilizes involves a calculation of the fatigue damage 
due to the loading conditions on the part and then 
eliminating the non-damaging portions. This 
process allows a thorough understanding of the 
stresses and their effects on the part thus giving way 

to a reliable and optimal product design. This 
technique has allowed test time reductions (1 test) of 
greater than 90% for the LITECAST™ LINK 
product. 

The first step in this process is to ensure that a 
damage model exists for the type of failure exhibited 
during testing. In this case, a uniaxial fatigue 
damage model was utilized, due to the nature of the 
loading on the component and failures seen in long 
term durability testing of the LITECAST™ LINK. 
Failures typically occurred due to low cycle fatigue 
at high stress levels beyond the operating rectangle 
stresses in the diecast aluminum attachments and not 
in the composite. The next step is to develop a 
Stress vs Cycles (S-N) curve for the product. The 
recommended sample size will vary with the 
product, however the knee in the curve should be 
well defined. This information can then be utilized 
to calculate a stress concentration factor (k,) which 
defines the load to stress relationship for the 
component. Next, the customer profile data (i.e. 
road surfaces, time histories, etc..) is utilzed to 
calculate the 'damage' using a cumulative fatigue 
damage model (eg: Miner). The road data 
encompasses many different types of road surfaces 
and is typically very lengthy. For this purpose, the 
data is reduced into a 'rainflow with mean' format 

LITECAST™ LINK OSP DAMAGE ANALYSIS 
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Figure 7. Fatigue Damage Analysis of Link Damage for Various Road Events 
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and fed into the model using the kt calculated from 
the S-N data. The output from the model will be a 
damage value where the summation of the damage 
from each event (along with the corresponding 
cycles for each event) are summed. A damage value 
equal to 1.0 would indicate failure. However, the 
damage summation for the operating rectangle 
stresses should be less than 1.0 if the product is to 
survive at least one 'life'. The next step in this 
process is to incorporate the overstress portion of the 
test data into the fatigue model. In many cases, 
events that were considered to be non-damaging 
before can be significant when utilizing overtstress 
techniques. An example plot of damage vs 
overstress step vs road input type is shown in Figure 
7. Notice that only certain events are damaging to 
the component and not until 150% overstress and 
above. In this particular case, the part was not 
overdesigned but had other requirements to meet 
besides durability (i.e. stiffness). 

Structural Composites", Proceedings of the 10th 
Annual      ASM/ESD      Advanced      Composites 
Conference, Dearborn, MI, USA, September 7-10, 
1994. 
5 A.D.S. Carter, "Mechanical Reliability", Halstead 
Press, Copyright 1986, 310-319. 

CONCLUSIONS 
Development of reliable, customer correlated, 
'damage-only' accelerated testing in the lab is 
necessary to ensure competetiveness in today's 
market. Delphi is utilizing this forced-failure 
reliability approach to thoroughly understand and 
optimize their components before reaching the 
customers hands. Currently, Delphi is starting to 
test suspension corner modules as a whole and 
utilize multi-axis, multi-environment overstress 
testing techniques to understand the component 
interface issues with our own and other customers 
components. Current low mass suspension systems 
developed with composites at Delphi show up to 
33% mass savings in the system. 
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Durability in the life cycle of polymer composites 
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ABSTRACT: The effect of interface structure and stress state on the long-term strength of polymer composites 
is investigated and related to the adhesion between the polymer and the second phase. The approach 
specifically accounts for the previous life-cycle steps of the material, through the evolution of the size of the 
reinforcement phase and of the interfacial internal stress state. PET/SiOx multilayer films are used and found 
appropriate to tailor the interface interactions and introduce controlled compressive stresses in the interface 
region. Adhesion is characterized by means of micromechanical and thermodynamic complementary 
approaches. The long-term strength of PET multilayer composites aged below the glass transition temperature 
of the polymer is predicted from the failure mechanism of the interface. It is shown that reliable predictions 
require the knowledge of the evolution of the interface shear strength, interface internal stress and particle size 
through the whole life-cycle of the composite. 

1  INTRODUCTION 

Durability prediction of polymer composites 
becomes a central activity in structural design, as 
reflected by the increasing body of literature on the 
topic (Ishida 1990, Cardon et al. 1996). It is also a 
considerable challenge since these materials exhibit a 
strong life cycle memory. Each life cycle step, 
including initial manufacture, recycling, and related 
service lives, changes both material structure and 
stress state, and therefore influences the subsequent 
steps, which ultimately impacts the durability of the 
material (Reifsnider 1987, Wyser et al. 1997). 

It is well established that the reliability of 
composite materials depends directly upon the 
adhesion between the different constituents. The 
long-term evolution of the interface characteristics 
determines to a large extent the durability of the 
composite. The mechanisms of adhesion between a 
polymer and another material have been extensively 
studied, although only partially elucidated. Among 
the reasons for this lies the variety of polymer 
structures and material combinations, and of bonding 
procedures, resulting in a multiplicity of interface 
structures and stress states. As a consequence, a 
large amount of adhesion theories and adhesion 
measurement methods have emerged since the early 
30's, and reviewed by several authors (cf. Mittal 

1987). According to Mittal (1987), the most 
appropriate adhesion measurement method is the one 
that simulates stress conditions achieved during 
service. This principle is at the base of the 
development of several quantitative methods 
developed together with a mechanical description of 
the interface stress transfer, to model the test results 
(Steinmann & Hintermann 1989, Pitkethly et al. 
1993). 

However, the practical dimensions and geometry 
of the manufactured product together with the often 
very complex arrangement of the various material 
phases, like in fiber reinforced composite parts, 
prohibit a direct and comprehensive characterization 
of interfacial adhesion. Nevertheless, most of the 
recent techniques have proven to be useful to 
determine the effect of specific treatments on 
adhesion performance, although the manufacture of 
the specimens inevitably generates inhomogeneous 
interfacial structures and internal stresses, resulting 
from polymer flow and thermal and pressure 
gradients. 

The influence of such factors on adhesion, and 
thereafter on the durability of the composite is a- 
priori unknown, although it is recognized that it can 
be considerable (Pitkethly et al. 1993, Andrews et al. 
1996), following for instance analyses of Huang & 
Young (1994). 
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Another challenging problem is to predict the 
structural evolution of polymers below their glass 
transition temperature, in the presence of a second 
phase, as discussed by Brinson & Gates (1995). In 
particular, it is of central importance to clarify the 
role of stresses on this evolution (McKenna et al., 
1991). 

To overcome these issues, the first objective of 
the study was to tailor the interface structure and 
independently control the interface stress state to 
elucidate their specific role on adhesion, with 
attention paid on long-term evolution. To this end, 
polyethylene terephthalate films coated with silicon 
oxide coatings of thickness of the order of 100 nm 
(PET/SiOx) were used. These materials are of 
considerable interest as oxygen-barrier for food and 
pharmaceutical packaging applications (Felts 1993). 
The films were processed and aged according to 
several procedures yielding precise, unique and 
homogeneous interface structures or stress states. 
The second objective was to scale the above 
understanding to simulate recycling and predict the 
long-term strength of multilayer PET/SiOx 
composites, with attention paid to the effect of the 
size of the reinforcement phase. Since the recovery 
of multiphase polymer based materials has become a 
central issue, the conclusions drawn from this work 
should thus be of a broad significance. 

2 THEORETICAL APPROACHES TO ADHESION 

The deposition processes of thin films on polymers 
are known to promote intimate contact between the 
two substances, resulting in a high density of short 
distance intermolecular interactions. It is therefore 
natural to characterize the basic adhesion between 
PET and SiOx from the wetting theory developed by 
Sharpe and Shornhorn (1963), and calculate the 
work of adhesion, defined as the reversible work 
done to create a unit area of interface between the 
two substances. Moreover, when limited 
delamination occurs at the interface, even at high 
applied strains, stress transfer models are likely to be 
best applied to derive basic adhesion (Leterrier et al. 
1994). These two independent approaches - 
thermodynamics and micromechanics - are briefly 
described in the following. 

2.1 Thermodynamic approach to adhesion 

The work of adhesion Wa between PET and SiOx 

was calculated according to the model of Fowkes 
(1987): 

Wa = ^yioxy
dPEr + l-iyfioXprr (D 

The model is based on the wetting theory indicated 
above (Owens & Wendt 1969), and accounts for the 

dispersive components YsiOx 
and 7PET (London 

interactions) and the non-dispersive components 

y£f0 and yj>£r (polar interactions, including acid- 

base interactions such as hydrogen bonds) whose 
respective sums constitute the surface energies of the 
oxide coating and the polymer. The various 
components were derived from contact angles 
measurements of water and apolar cc- 
bromonaphtalene of known surface energy 
characteristics (Fourche 1995,Leterrier et al. 1997c). 

2.2 Micromechanical approach to the adhesion 

The interface shear strength, T, was derived from the 
classical Kelly-Tyson (1965) model of stress 
transfer, accounting for the internal stress cr, (Wyser 
1997): 

T= 1.337- h 
(g-^y-^g,-) 

/„ 
(2) 

where h is the coating thickness, Omax is the coating 
strength at critical length lc and lsa, is the average 
fragment length at saturation, directly measured from 
micrographs of fragmented coatings on substrates 
strained above the saturation onset strain (Leterrier et 
al. 1994). The critical length lc was calculated to be 
very close to 7>I2-Isat. The dependence of the oxide 
strength amax with fragment length was calculated 
from a linear extrapolation of the initial part of the 
curve ln(CD) versus ln(e), where CD is the crack 
density, inverse of the average fragment length, and 
E is the nominal strain, assuming a two-parameter 
Weibull distribution (Weibull 1951, Andersons et al. 
1995). The coating strength was found to be equal to 
1500 MPa at critical length, and to be independent 
of the various treatments described later, within 
experimental uncertainty. 

2.3 The role and nature of the interfacial interactions 

The work of adhesion was related to the interface 
strength according to the approach developed by 
Nardin and Schultz (1996) based on elastic stress 
transfer, through the interaction distance 8 typical of 
physical interactions: 

S = Wa/(Esi0x/EPET) 1/2-T (3) 

The distance S was found to be of the order of 5 A 
in a number of composite systems (Nardin & 
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Figure 1. Effect of PET surface treatment on experimental (bars) and theoretical (lines) SiOx fragment length distributions at 
saturation; critical fragment lengths are also indicated. 

Schultz 1996), EPET  and   ESi0   are the elastic 

moduli of the polymer and the oxide coating. 
An independent determination of the interaction 

distance S would require a comprehensive 
description of the interface microstructure. 
Alternatively, 5 was calculated from Equation 3 
from the experimental values of the moduli, Wa 

and T. The calculation of S enables a detailed 
examination of the nature of the interfacial 
interactions, in particular the respective role of the 
dispersive and polar forces acting at the interface. 

3 THE ROLE OF INTERFACE STRUCTURE 
AND STRESS STATE ON ADHESION 

3.1 Effect of hydrolysis and silylation on 
interfacial interactions 

Different interface structures were prepared by 
means of hydrolysis or silylation of the PET surface 
prior to the deposition of 120 nm thick coatings. The 
polymer substrates were injection molded plaques of 
thickness 1 mm. Their Young modulus equal to 
2500 MPa was found to be unaffected by the 
surface treatments. Hydrolysis was done in a 
concentrated sodium hydroxide solution during 
20 min at 60 °C. Silylation was performed in y- 
aminopropyltriethoxysilane (y-APS, OSi Specialties 
Al 100) during 10 min at 60 °C. 

The experimental and theoretical distributions of 
fragment lengths at saturation resulting from 
straining the substrate are shown in Figure 1 for the 
untreated and treated PET/SiOx materials. The critical 
lengths of untreated and hydrolyzed materials, 
reported in the histograms, can be considered to be 
equal, the difference being less than 1 %, which is 
well below the typical uncertainty of the order of 

10 % related to such measurement (Leterrier et al. 
1997a). Conversely, the fragment length distribution 
of the silylated material is shifted to smaller lengths, 
its theoretical fit is better, and the corresponding 
critical length is much lower than that of the two 
other materials. 

The interface strength of the untreated material 
was found equal to 86 MPa and the work of 
adhesion to 190 mJ/m2, corresponding to an 
interaction distance close to 0.4 nm. These values 
were almost identical in the case of the hydrolyzed 
material. 

By contrast, the interface strength of the silylated 
material was found equal to 112 MPa, the work 
adhesion to 203 mJ/m2, and the interaction distance 
to 0.3 nm. This 25 % decrease compared to the 
untreated material indicates an increased interface 
interaction density, and a detailed analysis of the 
various components of the surface energies (Leterrier 
et al. 1997c) reveals that acid-base interactions such 
as hydrogen bonds control to a large extent the 
interface structure. 

3.2 Tailoring of interface stress and effect on long- 
term adhesion 

Axial compressive strains up to 1.3 % were 
introduced by bonding with an elastomeric glue 
biaxially stretched PET films of thickness 12 u,m, 
coated by physical vapor deposition with a 100 nm 
thin oxide layer, to a 90 nm thick polypropylene 
(PP) substrate. The PP was subsequently shrunk by 
means of an appropriate thermal treatment, resulting 
in the introduction of the desired compression in the 
coated PET (Wyser et al. 1997). 

The fragmentation process of the coating during 
straining the polymer is shown in Figure 2 at 
different levels of interface compression, by plotting 
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Figure 3. Experimental (dots) and theoretical (line) interface 
shear strength vs. internal stress. 

the crack density increase versus the applied tensile 
stress (Leterrier et al., 1997a). It is evident that 
compressive internal stresses increase the crack onset 
stress while it does not significantly affect the crack 
density at fragmentation saturation. Coated PET 
films were also aged at several temperatures below 
the glass transition temperature of the polymer up to 
250 days. It was observed that the structural 
recovery process of the polymer which takes place 
during aging could be described in terms of the 
progressive development of interface internal stress 
(Wyser 1997). 

The experimental findings were compared to the 
prediction (Equation 2), which was found to 
reproduce remarkably the linear increase shown in 
Figure 3. This agreement provides clues of the 
relation between interface stress transfer and internal 
stress. 

4  SCALING INTERFACE STRUCTURE AND 
STRESS STATE FROM FILMS TO 
MULTILAYER COMPOSITES 

Scaling to three-dimensional composite structures 
was performed with multilayer PET/SiOx 

composites, in which the oxide particles have the 
shape of platelets of different aspect ratios. Platelets 
offer a cost-effective alternative to fibers for 
reinforced composites with moderate drop in 
strength and toughness. The structures depicted in 
Figure 4 were compression molded from stacks of 
100 films. One multilayer type was plain PET for 
reference, a second type was characterized by oxide 
platelets all larger than several 100 u.m ("non- 
fragmented PET/SiOx"), a third type was 
characterized by oxide platelets all smaller than the 
stress transfer critical length, close to 4 u.m 
("fragmented PET/SiOx"). Similarly to the films, the 
composites were thermally aged at various 
temperatures below the glass transition Tg of the 
polymer to study specifically physical aging effects 
(Hutchinson 1995). In order to prevent the 
occurrence of other time-dependent mechanisms 
during the aging process, the multilayer materials 
were initially annealed above the Tg of the polymer 
to attain the maximum crystallinity and the aging 
temperatures were low enough so it was verified that 
recrystallization and oxidative degradation did not 
took place within the duration of the experiment. 

4.1 Analysis of the structural recovery process in 
multilayer composites 

The enthalpy recovery peaks of the aged materials 
resulting from the aging process (Struik 1978) were 
analyzed by means of differential scanning 
calorimetry in the vicinity of the glass transition 
temperature. While the plain and fragmented 
materials were found to exhibit almost identical 
recovery processes, a clear shift of the enthalpy 
recovery peak to higher temperatures was 
systematically observed at all times and temperatures 
for the non-fragmented material. A linear relationship 
was further observed between the peak temperature 
and the logarithm of the aging time, as reported by 
Hutchinson (1995). The slope of this linear 
relationship, which measures the structural recovery 
rate of the material, was found to be independent of 
the aging temperature, in agreement with the work of 
Hodge (1994). It was observed that the aging rates 
for the plain and fragmented materials were equal 
within experimental error. Conversely, the aging rate 
of the non-fragmented material was significantly 
higher by almost 40 %. 

Moreover, the activation energies of the enthalpy 
recovery process were found to be equal for all 
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Figure 4. Multilayer composite structures compression molded from stacks of 100 films. 

material types, indicating that it is not a change in the 
recovery mechanism which affects the enthalpy 
recovery peak position, but indeed a change in the 
enthalpy relaxation kinetics. It is therefore clear that a 
factor, other than the presence of the SiOx phase and 
the crystallinity of the PET (which is equal for all 
specimens and remains constant during the whole 
aging procedure), affects the aging kinetics of the 
PET. To elucidate this, plain specimens were aged 
one month at 55 °C under constant tensile strains of 
0.4 or 0.6 %, in order to simulate internal stresses. 
A clear shift of the enthalpy recovery peak towards 
higher temperatures is evident in Figure 5, indicating 
that it is indeed the internal stresses induced by the 
presence of the SiOx phase that increases the aging 
rate. Tool (1946) has introduced the concept of a 
fictive temperature, which controls the aging 
kinetics, defined as the temperature at which the 
polymer would be at equilibrium, considering its 
volume. A tensile strain, whether applied or induced 
by the presence of a second phase, increases the 
volume of the polymer affected by this strain, which, 
in turn increases the fictive temperature and, 
therefore the aging rate. This is confirmed by the fact 
that, as already observed by McKenna et al. (1991), 
the application of stresses during the aging procedure 
does not affect the time taken by a glass to reach 
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Figure 5. Enthalpy relaxation peaks of PET multilayer 
composites and PET aged under tensile strain. 

equilibrium. Starting from a higher volume, a 
strained (or stressed) polymer, has therefore to age 
faster in order to reach equilibrium in the same time. 

4.2 Prediction of the long-term interfacial failure 

The scaling from the film to the composite structure, 
i.e., from one life-cycle step to another, which 
simulates recycling, considers two factors. First is 
the interfacial adhesion and stress state, characterized 
on individual PET/SiOx films, where the latter could 
be precisely related to the aging process. Second is 
the particle size, accurately controlled from the 
fragmentation process described previously. A 
model was developed to predict interfacial crack 
propagation in multilayer composites, from the long- 
term evolution of interface stress. The model is 
based on the stress transfer equations developed by 
Hsueh (1994) for the platelet geometry. A criteria for 
interface failure versus particle failure was written, 
where the stress field at the interface vicinity 
resulting from an applied stress on the composite is 
balanced with the interface shear strength and oxide 
tensile strength (Wyser 1997). A critical toughening 
particle size t, is derived from the criteria. Particles 
smaller than Z, toughen the composite as these induce 
interface delamination. By contrast, particles larger 
than i; fail before the interface, and therefore the 
strength of composites containing such particles is 
expected to mimic that of the plain polymer 
throughout the aging process. It was observed that \ 
decreases from ca 20 |im to below 6 (im during 
aging as the internal interface stress increases. This 
evolution clearly defines a ductile-to-brittle transition: 
particles initially smaller than h, may well become 
larger than Z, upon aging, which therefore embrittles 
the composite, as t, decreases with aging time. 

Predictions of long-term mechanical endurance 
are compared in Figure 6 with experimental data for 
both non-fragmented and fragmented multilayer 
composites tested in three-point bending. As 
predicted by the analysis reported above, the non- 
fragmented material was found to behave similarly to 
the plain PET reference, with a rapid drop in strength 
resulting from embrittlement due to physical aging. 
By contrast, it is evident that the small SiOx flakes 
toughen  the  polymer.   Such  a  difference  in 
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behavior between composite materials with strictly 
the same composition, but different particle size and 
stress state, is worthwhile to point out. The present 
agreement obtained in the case of model composite 
structures indicates that accounting for previous life 
cycle steps enables reliable long-term predictions. 

The implications of this approach should be of a 
broad importance as life extension of polymer based 
materials, including recycling, are central concerns in 
technological developments. 

5 CONCLUSIONS 

Polymer composites are known to present a strong 
life-cycle memory. To study specifically this issue 
on the durability of the material, the effect of 
interface structure and stress state on the long-term 
strength of PET multilayer composites was 
investigated. It was related to the adhesion between 
the polymer and the second phase, and to the 
previous life-cycle steps of the material. 

PET films coated with thin oxide coatings 
developed for packaging applications were used and 
subjected to several treatments to tailor the interface 
structure and introduce controlled levels of internal 
stress. The films were also aged below the glass 
transition temperature of the polymer. Fragmentation 
tests and wetting measurements were carried out to 
derive the interface shear strength and the work of 
adhesion, and gain insight into the interfacial 
interactions. The films were further processed into 
multilayer composites whose mechanical strength 
was measured after long-term aging, during which 
any  crystallization  and  chemical  degradation 

processes  was  avoided.  The  analysis  of the 
experimental results leads to several conclusions. 

1 SiOx coated PET films are appropriate to tailor the 
interfacial structure and independently control the 
stress state, and explore their specific role on 
adhesion by combining micromechanical and 
thermodynamic approaches. 

2 Polar interactions such as hydrogen bonding 
control to a large extent the adhesion between 
PET and SiOx. 

3 The interface shear strength between PET and 
SiOx increases linearly with the interface internal 
compression. 

4 The strength of multilayer PET/SiOx composites 
is controlled by a critical toughening SiOx platelet 

Platelets smaller than the critical size toughen 
the PET, whereas larger platelets embrittle the 
polymer. 

The critical size decreases with aging time as a 
result of increased internal stresses. 
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Environmental stress cracking in polyimide composites and adhesives 
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ABSTRACT: High residual stresses and minimal crosslinking in some modern high performance composites 
and adhesives may enhance susceptibility to environmental stress cracking in the presence of organic 
solvents. Cross-ply laminates of several polyimide-based composite materials are subjected to various 
solvents and liquids which might be encountered during aircraft service conditions. Extensive matrix 
microcrackingis observed for several composite / liquid combinations. Unidirectional composite specimens 
subjected to such liquids for various exposure conditions also show strength reductions for certain 
combinations. Solvent resistance of a modern high performance polyimide adhesive is also determined. The 
most recent versions of the polyimide show improved resistance to environmental stress cracking. 

1.   INTRODUCTION 

For several decades, certain polymers have been 
known to be susceptible to environmental stress 
cracking (ESC) or crazing in the presence of certain 
liquids or gases (Lustinger, A 1986). Common 
thermoplastics such as polyethylene and 
polycarbonate have been shown to crack or craze 
in liquids such as detergent solutions or simple 
organic solvents. This paper will review the 
susceptibility of several high performance 
poly imides to environmental stress cracking in the 
presence of organic solvents and other liquids 
which may be routinely used in fabricating and 
maintaining modern composite or adhesively 
bonded structures. A previous paper addressed 
the ESC susceptibility of several other composite 
systems (Parvatareddy et al. 1996). 

Environmental stress cracking involves a 
synergism between an applied stress state and the 
presence of certain materials which lower the 
resistance of the polymer to cracking or crazing. 
The applied stresses can result from mechanical 
loading or can occur due to residual stresses which 
are present within a material due to the fabrication 

process. For the case of composites and adhesive 
bonds, both of which involve bi-material systems, 
the residual stresses can be quite large. This is 
especially true for some of the modern high 
performance thermoplastic systems which have 
very high processing temperatures and glass 
transition    temperatures. At    the    service 
temperature, the residual stress states can be very 
significant, and will be shown to be sufficient to 
cause considerable environmental stress cracking in 
the presence of certain liquids for some of the 
polymers considered. 

Several mechanisms have been used to 
explain environmental stress cracking. Suggestions 
that the presence of a liquid may decrease the 
surface energy of the polymer, allowing the crack 
to grow more easily, seem to have given way to 
the idea that the solvent may locally diffuse into 
the highly stressed region at a defect or crack tip. 
The triaxial tensile stress field seems to facilitate 
this diffusion which then results in significant 
plasticization of the polymer. Molecular mobility 
is significantly increased, and the molecular chains 
are able to reptate free from their surrounding 
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material. The rapid cracking commonly observed 
suggests that these processes can occur quite 
quickly. Amorphous thermoplastics are especially 
susceptible to ESC because of the lack of 
crosslinks which could reduce the molecular 
pullout, and the lack of crystalline regions which 
serve as physical crosslinks. In some systems, the 
solubility parameter has proven to be a useful 
parameter in estimating the susceptibility of a 
polymer to a given liquid. 

2.  EXPERIMENTAL METHODS 

2.1 Materials 

The emphasis of the paper will be on a family of 
polyimide materials which have been developed in 
the Composite and Polymers Branch (CPB) at 
NASA Langley Research Center for use as matrix 
material for composites as well as adhesives for 
bonding metal and composite structural 
components. The material systems studied were 
IM7/LaRC™-IAX, IM7/LaRC™-IAX2, 
IM7/LaRC™-8515 (5.5%), and IM7/LaRC™- 
PETI-5. The LaRC™-IAX, LaRC™-IAX2, 
LaRC™-8515 (5.5%) and LaRC™-PETI-5 resins 
were provided by IMITEC of Schenectady, New 
York. The fibers were 12k unsized IM7 carbon 
fibers supplied by Hercules. Further details on 
these materials and test results reported herein 
may be found in (Clifton, 1996) 

LaRC™-IAX and LaRC™-IAX2 are matrix 
resins based on their predecessor LaRC™-IA (Hou 
et al. 1995). Alterations in the LaRC™-IA 
polymers produced stiffer backbones, better 
mechanical properties and higher glass transition 
temperatures. LaRC™-8515 (5.5%) is prepared 
from 3,3',4,4'-biphenyltetracarboxylic dianhydride 
(BPDA) and a ratio of 85:15 of 3,4'-oxydianiline 
(3,4'-ODA) and l,3-bis(3-aminophenoxy)benzene 
(APB) (Hou et al. 1995a). LaRC™-PETI-5 is 
based on BPDA and a 85/15 mole percent ratio of 
3,4'-ODA/APB and has phenylethynyl 
endcappers    (Jensen    et    al     1995). The 
phenylethynyl endcappers provide the material 
with more chemical and thermal stability. LaRC™- 
IAX,    LaRC™-IAX2    and    LaRC™-8515    are 

thermoplastic polyimides; LaRC™-PETI-5 is a 
lightly-crosslinked thermoset polyimide. 
Laminates of each material system were prepared 
at NASA-Langley using cure procedures 
appropriate for each respective resin. 

Exposure liquids chosen for the study 
included runway deicer, aircraft deicer, JP5 (jet 
fuel), diglyme (sometimes used as an adhesion 
promoter), MEK (a common paint stripper), 
acetone (a degreaser), and Hyjet IV (hydraulic 
fluid). In addition to these liquids which might be 
encountered during usage or maintenance of an 
aircraft, two laboratory solvents were also used: 
toluene and TCE 1,1,1. 

The ESC resistance of an adhesive 
designated FM-5 has also been characterized. FM- 
5 is produced and supplied by Cytec Engineered 
Materials, Inc., Havre de Grace, Maryland. This 
adhesive is based on the LaRC PETI-5 material 
described above. 

2.2 Cross-ply Coupons 

Small coupons of cross-ply laminates were 
fabricated to be submerged in solvents or exposed 
to solvent vapors for small periods of time. In 
many cases, extensive matrix cracking was seen 
within the layers. Special 
[079070V90°2/0°2/90o

2]s laminates were selected 
because they provided 1, 2, and 4-ply groupings of 
90° plies. Although the residual stresses were 
nominally the same within each of these ply 
groupings, the available strain energy release rate 
for matrix crackingis linearly proportional to the 
thickness of the 90° group (Nairn 1989), thus 
providing a range of available energy release rates 
within a small coupon. No mechanical loads were 
applied to these specimens; the effects of the 
residual stresses were found to be sufficient to 
cause cracking in many of these polymer/liquid 
combinations. 

The specimens were immersed in the 
solvents for a total of 96 hours. During the 96 
hours, the specimens were removed from the 
solvents at specific time intervals and were 
allowed to dry briefly at room temperature and 
humidity. Upon drying, the polished edges of the 
specimens were examined for  solvent  induced 

228 



microcracking under an optical microscope. The 
crack densities was recorded for each of the three 
different transverse ply groups at each time 
interval. After recording the crack densities, the 
specimens were placed back into the solvents. 
Figure 1 illustrates the matrix cracking which can 
typically result from brief exposure to a solvent. 

[02/906] panels were also fabricated to 
measure thermal expansion properties. Changes in 
curvature of these unsymmetric laminates were 
monitored as the panels were heated in order to 
determine the stress-free temperature and 
coefficient of thermal expansion for each material 
system. The properties were used in conjunction 
with classical lamination theory to estimate the 
magnitude of the residual stresses. Predicted 
residual stresses in the transverse direction at room 
temperature ranged from +33 to +50 MPa, 
depending on the resin system 

In attempting to characterize the damage 
states which resulted in these composite coupons, 
standard dye penetrant solutions were employed. 
X-radiographs of dye penetrant conditioned 
specimens exhibited extensive damage which 
appeared to be greater than the damage seen in 
specimens which had not been exposed to the dye 
penetrant. Subsequent testing showed that the 
dye penetrant alone is sufficient to cause extensive 
matrix cracking in some of the composite systems 
studied. Figure 2 illustrates "through-the-width" 
cracks seen in a typical x-radiograph. Details of 
this work may be found in (Furrow et al., in press) 

2.3 Transverse Flex of Unidirectional Specimens 

Transverse flexure tests were conducted on 
unidirectional [90°8] specimens using three-point 
bending in the presence of solvents. Five solvent 
exposures were investigated: Solvent Drop, where 
2-4 drops of solvent were applied to the center of 
the specimen just prior to loading to failure; 
Solvent Vapor, whereby specimens were tested 
directly above a reservoir of solvent; Submerged 
Solvent, in which specimens were submerged in 
solvent and quickly tested while submerged; 
Solvent Soak - Wet, where specimens were 
removed from a 14 day soak in solvent and tested 
quickly; and Solvent Soak - Dry, where specimens 

were soaked in solvent for 14 days, allowed to dry 
under ambient conditions for 14 days, and then 
tested. The specimens were supported at a 
distance of 40 mm and tested at a rate of 1 mm / 
min. 

2.4 Adhesive Bond Wedge Tests 

In addition to the studies on the polyimide-based 
composites, the effects of several organic solvents 
on adhesive bonds have also been studied. Ti-6A1- 
4y adherends having a thickness of 3.18 mm were 
prepared using a chromic acid anodization (CAA) 
surface pretreatment. Glass cloth scrim-supported 
films of FM-5 adhesive were used to bond the 
titanium adherends during a sequenced processing 
procedure. 2 mm thick wedges were inserted into 
the bonded samples using a vice. Groups of 
specimens were then exposed to several liquids at 
room temperature (including water), and to boiling 
water. Debond lengths were periodically 
measured, and rates of debonding were estimated. 
Using a simple relationship for determining the 
available strain energy release rate for the geometry 
and adherend stiffness, debond rates as a function 
of available strain energy release rates could be 
determined. 

G = 
9A2EI 

Aba* 
where A is the wedge thickness, E is the Young's 
modulus of the adherends, I is the second moment 
of area of the adherend, b is the specimen width, 
arid a is the debond length. 

I 

3, RESULTS AND DISCUSSION 

3.1 ESC of Cross-ply Laminates 

Monitoring crack density within the single, double, 
and quadruple ply groupings proved to be tedious 
and somewhat subjective. In many cases, optical 
microscopy of the polished edge revealed cracks 
which spanned the entire group of 90° plies. 
These cracks opened noticeably, and were 
assumed to extend throughout the width of the 
coupon.    Attempts  to verify that these cracks 
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Figure 1. Typical environmental stress cracking 
patterns in a LaRC™-IAX2 laminate showing single, 
double, and quadruple 90° ply groupings. 
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extended across the width using dye penetrant and 
x-radiography were unsuccessful for reasons cited 
earlier. In some cases, the cracks did not span the 
entire ply group, and the crack did not open 
significantly. These flaws may have been limited 
to the surface of the specimen. In many cases, 
flaws appeared to initiate from observable defects 
on the surface. In spite of difficulties in 
monitoring these solvent-induced cracks, some 
useful insights were gained into the susceptibility 
of matrix / liquid combinations. Because the 
residual stresses present are similar to any 
practical laminate, the microcracking observed is 
indicative of how an actual laminate might respond 
to these liquids. 

The matrix cracks such as those shown in 
Figure 1 may develop in a time-dependent fashion 
as illustrated in Figure 3. The saturation spacing 
of the matrix cracks is predicted to be proportional 
to the thickness of the ply grouping. As seen in 
Figure 4 the LaRC-8515 showed a substantial 
increase in crack density for the smaller ply 
groupings for several solvents, consistent with 
expectations for saturation cracking. Figure 5 
illustrates that the saturation spacing is not 
reached on the smaller ply groupings in LaRC- 
PETI-5, suggesting that the available strain energy 
release rate is not sufficient to cause the saturation 
damage state. Based on the degree of cracking in 
the various groupings, one may estimate the 
critical strain energy release rate in the presence of 
these liquids. Further results on this can be found 
in (Clifton, 1996, Dillard et al., in prep). 

3.2 Flexure Strength Reduction 

Significant reductions in the transverse strength 
were seen for some of the polymer / liquid / 
exposure method combinations. For MEK, 
acetone, and toluene solvent drop exposure, Figure 
6 illustrates that all four of the composite materials 
exhibit a reduced strength. Strength reductions are 
not as pronounced when exposed to solvent vapor 
as shown in Figure 7. As might be expected, 
solvent soak produces the greatest reductions (see 
Figure 8). Even though the exposure to solvent is 
brief, the simultaneous presence of solvent and 
stress leads to failures at lower loads. Following a 

14 day soak in the respective solvents, no 
significant strength reduction is observed in Figure 
9 except for the diglyme exposure. Diglyme has a 
very low volatility compared to the other solvents 
studied, and does not evaporate as quickly as the 
other solvents. Figure 10 illustrates that strength 
retention is excellent even for the diglyme exposed 
specimens if allowed to dry 14 days prior to 
testing. None of the solvents appear to cause any 
lasting damage provided they have evaporated 
prior to the introduction of significant stresses. 

3.3 DebondKinetics of Wedge Specimens 

Debond growth as a function of the applied strain 
energy release rate is plotted in Figure 11 for the 
titanium / FM-5 wedge specimens. Data points 
represent an average of five specimens. Failures 
for samples appeared to be occurring near the glass 
scrim interface as opposed to the titanium 
interface. It is interesting to note that for this 
adhesive, the presence of solvents resulted in 
debond rates which were intermediate between the 
rates of debonding seen in room temperature and 
boiling water, suggesting a fairly weak sensitivity 
to solvents for this system. Again, the FM-5 is 
based in part on the LaRC PETI-5 polyimide, 
which also showed the best ESC resistance in the 
composite tests. Further details on this work can 
be found in (Parvatareddy, 1997, & Parvatareddy, 
in press). 

3.4ExpectedSignificance 

In spite of the rather extensive matrix cracking seen 
in some of the cross-ply laminates, it is not clear 
how significantly the structural properties would 
be affected by such damage states. Matrix 
cracking is often encountered in polymer matrix 
composites, and is not believed to substantially 
alter static strengths. On the other hand, such 
matrix cracks can serve as initiation sites from 
which delamination and other more detrimental 
damage patterns can develop. Further studies 
should be done to examine how residual strength 
and life of practical laminates are affected by 
solvent-induced matrix cracks. Ultimately, the 
polymer  synthesists   should  be  aware of the 
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potential for such damage, and minimize its 
likelihood. As can be seen from the material series 
considered, the PETI-5 system appears to 
represent an improvement over some of the prior 
systems in resistance to ESC. 

The flexure tests clearly reveal that some 
polymer / solvent combinations have significant 
strength losses when solvent (or vapor) comes in 
contact with stressed material. Although all of the 
LaRC-IAX showed susceptibility to matrix 
cracking in the presence of runway deicer and 
Hyjet TV, both 8515 and PETI-5 showed good 
resistance to runway deicer, aircraft deicer, JP-5, 
and Hyjet IV at stress levels induced by residual 
stresses alone. It is encouragingthat these latter 
polymers are resistant to fluids commonly used 
under aircraft service conditions.   Organic liquids 
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used in aircraft maintenance, however, produced 
matrix cracking and noticeable strength reductions. 

4.  SUMMARY AND CONCLUSIONS 

Concerns are raised over the resistance of some 
high performance polymeric composites and 
adhesives to even brief exposure to a variety of 
liquids which may be commonly used around high 
performance structures. Thermoplastic systems 
appear to be particularly susceptible because of 
the high residual stress states present and the lack 
ofcrosslinking. Of the materials tested, the PETI- 
5 system with light crosslinking appears to be 
more resistant to environmental stress cracking 
than the related thermoplastic systems. Industries 
making use of these materials should be aware of 
the possible damage states which can develop 
within these material systems. Even a common 
dye penetrant was found to produce extensive 
matrix cracking in some of the materials, raising 
cautions about its use and interpretation. 

A 20-ply cross-ply laminate containing 1, 
2, and 4-ply groupings of 90° plies was introduced 
for evaluating ESC resistance in composite 
materials. The residual stresses induced are similar 
to those encountered in practical laminates, and 
afford a self-loading specimen which can be easily 
subjected to various environments. Observations 
of matrix cracks, evident along the edge of the 
specimen, permit qualitative and even quantitative 
estimates of ESC susceptibility. 

Unidirectional specimens tested under 
three-point bend conditions showed reduced 
transverse flexure strength for some polymer / 
liquid combinations. For most susceptible 
systems, testing specimens submerged in solvent 
produced the greatest strength decrease. A two 
week soak in solvents showed no significant effect 
provided the solvent was allowed to evaporate 
prior to testing. Clearly ESC of these material 
systems requires the simultaneous application of 
stress and solvent. In real composite laminates 
and bonded joints, however, ever-present residual 
stresses may be sufficient to induce ESC upon 
even brief exposure to liquids used in servicing 
aircraft, etc. in susceptible systems. 
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ABSTRACT: The success of transferring high performance composite materials technology from defense-related 
to civilian applications depends primarily on making material and manufacturing costs affordable. Carbon fibers 
are highly desirable for their mechanical properties and corrosion resistance, but their per-pound cost is currently 
too high. Structural laminates in aerospace use are amazingly strong, stiff, and fatigue resistant, but their 
manufacturing cost, even with state-of-the art automation of layup and autoclave processing, is too high for 
civilian structural applications, even when total life-cycle cost is considered. This presentation will discuss 
important factors in reducing carbon fiber production costs, as well as a new injected pultrusion process for 
continuously producing structural shapes at much reduced costs. 

1 INTRODUCTION 2 CARBON FIBER PROCESS 

The success of transferring high performance 
composite materials technology from defense-related 
to civilian applications depends primarily on lowering 
material and manufacturing costs. Carbon fibers are 
highly desirable for their mechanical properties, 
lightweight, and corrosion resistance, but their per- 
pound cost is currently too high. Structural laminates 
utilizing carbon fibers are amazingly light, strong, 
stiff, and fatigue resistant, but their manufacturing 
cost, even with state-of-the-art automation lay-up and 
autoclave processing, is too high for civilian structural 
applications, even when total life-cycle cost is 
considered. In what follows we describe full 
simulation models for the oxidation reactors in a 
continuous carbon fiber process and for a new injected 
pultrusion process pioneered by the Hexcel, Inc. 
These models involve the process equipment 
geometry and operating parameters as boundary 
conditions for solving the differential equation sets 
describing the basic materials physics. They can 
indeed be used for process design, optimization, and 
eventually for model-based, on-line control strategies. 

The manufacture of carbon fibers from 
polyacrylonitrile-based (PAN) precursor involves 
several steps and chemical reactions (Fig. 1). The first 
reaction is thermooxidative stabilization of the PAN 
fibers, after which the fibers can be carbonized 
without melting. This complex reaction is one of the 
most expensive and time-consuming steps in the 
manufacture of carbon fibers. Because the 
stabilization reactions are exothermic, control of the 
temperature within the tow is critical to the 
stabilization process. Currently, process conditions 
are developed through trial and error for each specific 
precursor. Thus, optimization of the stabilization 
process requires a significant amount of testing that 
must be repeated if the precursor is changed. This 
increases the cost of the process and limits the ability 
to take advantage quickly of new, and possibly less 
expensive, precursor fibers. 

A new simulation model has been developed for 
the oxidation process. Based on the shrinking core 
model for gas-solid reactions in porous catalyst 
reactors (1), the model can predict temperature and its 

235 



Exhaust 
Gases 

l?\ 

Tension 
Control 

V 

Air      / 

Oxidation Oven 

PAN 
Supply 

Electrostatic Surface 
Treatment 

■ Oxidzed 
Fibt' -^ 

rr ***-*•     „        »• E*,aus, 
Nitrogen,, u'S Nitrcoen . .'/.\ 

St /t 
Graphitization 

Furnace 

Carbon 
Tiber 

Surface 
Finish 

^P # 

Carbon Fiber 
Taxe-Up Creels 

Figure 1 • Schematic of Commercial Continuous Carbonization Line 

Dimensionless 
Oxygen      0.5 

Concentration 
0.4 

600 BOO 
Time ;s) 

i.ooo        i.2o: 

0.5 

Dimensionless 
Tow 

• .0 Thickness 

Figure 2 • Predicted Oxygen Concentration Within Tow as a Function of Time Within Four 
Oxidation Reactors in Series 

236 



gradient, oxygen concentration and its gradient, the 
fraction of fiber radius reacted, and the fiber density, 
all as a function of location in the tow, air flow rate, 
tow tension, residence time in the reactor, reactor size, 
tow thickness and geometry, physical properties of the 
tow, and the reaction kinetics of the PAN precursor. 

Figure 2 shows the oxygen concentration at a low 
air flow rate as a function of location in the tow 
thickness and residence time (or location) in each of 
the four oxidation reactors in a typical commercial 
carbon fiber process. The oxygen concentration is 
lowest at the center of the tow due to a high Thiele 
modulus (ratio of kinetic to diffusion parameters) and 
at the reactor exits after the reaction has depleted the 
oxygen supply. Oxygen is replenished at each reactor 
entrance. The model can predict the air rate at which 
oxygen starvation takes place. 

The PAN precursor reaction kinetics were 
measured using both isothermal and constant heating 
rates on a differential scanning calorimeter (DSC). 
From the reaction rate and conversion data, the 
reaction rate constant and activation energy were both 
determined as a function of temperature. From the 
conversion data for single fibers and an isothermal 
mass balance, the effective oxygen diffusivity was 
also calculated. Table 1 (top) shows the effect of fiber 
tension on the kinetic parameters of a typical PAN 
precursor used by industry. The fibers were held 
under tension in a Rheometrics Mechanical 
Spectrometer and reacted using the temperature 
profiles found in commercial reactors. The effect of 
tension is significant. 

Table 1 also shows the predicted and actual 
conversions for reactions run under commercial 
reactor temperature profiles with and without 
commercial tension values. The agreement is within 
that necessary to assure high quality fiber during 
commercial production. 

It also turns out that the DSC-RMS analysis can 
detect "bad" lots of PAN precursor. When heated in 
the RMS under proper tension, the tow "fuzzes" and 
destabilizes much like it does in the commercial line. 
The rate constant and activation energy also differ 
considerably when measured in the DSC. 

The simulation model can be used with currently 
operating lines to specify the proper values of process 
parameters needed to produce an oxidized stabilized 
fiber with 50-60% conversion for optimal mechanical 
properties. It can also be used to optimize the reactor 
design of new continuous fiber lines. 

3 INJECTED PULTRUSION PROCESS 

Continuous Resin Transfer Molding (CRTM™) is a 
manufacturing process which consists of an injection 
chamber where the resin impregnates the fiber preform 
as it is fed through a pultrusion-like die. The 
CRTM™ process is non-isothermal and the analytical 
modeling of such processes is precluded by the 
temperature dependent viscosity, rate of cure, energy 
convection, and arbitrary shape of the cavity, along 
with non-Newtonian behavior of the fluid. Although 
finite difference and boundary element methods can 
be adopted to simulate such flow, the finite 
element/control volume method offers the most 
flexibility and computational efficiency in terms of 
dealing with arbitrary cavity shapes as well as variable 
physical properties. 

The current version of the code has the flexibility 
of generating an arbitrary computational domain using 
triangular and quadrilateral elements that may be open 
(i.e., partly filled) or closed (i.e. filled) to the flow. 
The current flow model is two-dimensional and is 
based on Darcy's law with the capability of handling 
variable permeability and thickness for arbitrary 
alignment of the fibers. It can also couple the energy 
calculation with temperature-dependent viscosity and 
the rate of cure under specified temperature and/or 
convective boundary conditions. Two or more 
different conducting materials may enclose the mold 
that is subjected to the inlet flow boundary conditions 
of a specified pressure and/or a specified flow rate. If 
required, the energy calculation allows heat 
conduction to occur in the third dimension (mold 
thickness direction). The computational efficiency of 
this model allows its use in complex geometries 
frequently encountered in industrial operations. 

The actual process die consists of an approximately 
isothermal entry region where the resin is injected, 
followed by a longer non-isothermal region where the 
viscosity, degree of cure, and temperature are all 
changing with position and time. 

A schematic of the die geometry and finite element 
mesh is shown in Figure 3. The non-isothermal 
section is shown in three dimensions. The solution is 
made 3-dimensional by solving the energy balance 
and flow equations for a 2-dimensional slab in the y-x 
plane and then marching this solution in the z 
direction for the same instant in time. The actual 
isothermal entry region is not rectangular, but we will 
illustrate the model capability by assuming a 
rectangular cross section.    The actual geometry is 
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TABLE 1:                Predicted and Actual Conversion of 
Rheometer-Reacted PAN 

No Tensile Force                              Tensile Force (3.45 MPa) 

D^ = 3.5e-12 m2/s                              DM=3.5e-12 m2 / s 
*0=3.76e4                                              *o=1.20e8 
£ = 9.99e4                                             £ = 1.34<»5 

Experimental Run Actual 
Conversion 

Predicted 
Conversion 

657.5 sec@206.6°C 
657.5 sec @211.6*C 
657.5 sec@216.5'C 
657.5 sec@221.6'C 
Tensile Force (3.45 MPa) 

51.4 45.7 

Ramp 0.5°C/min 212.2°C to 222.2'C 
Tensile Force (3.45 MPa) 

31.2 28.3 

Ramp 0.5°C/min 206.6°C to 216.6"C 
Tensile Force (3.45 MPa) 

24.9 20.6 

• Domain Discretization 

 10 cm- 

2cm P.0 
i_L 

Gate 
Tt-100*C   *n"        p=2 

Isothermal 
(2-D) 

- Plane ot Symmet7-^ ■$•«-^ - o 

~ ■ 20 cm  

1 P»0 

Non-lsotfierrnal 
(3-D) 

■^=0;-^ = 0       T$-150«C 

z 

Temperature: 
Top Surtace = 150*C 
Bollom Surface = 150*C 

Figure 3 - 3-D Finite Element Model for CRTM™ Process showing Boundary Condittons 

currently a proprietary design variable which is a 
geometric boundary condition accounted for in the 
finite element meshing procedure. For the results 
shown here, the temperature of the isothermal region 
was held at 100°C. Resin is fed at 2 bars gage 
pressure through two gates at the center of the xz walls 
of the isothermal section of the die. The top portion of 
Figure 3 shows only half of the xy plane of the die; the 
boundary conditions at the plane of symmetry are 

indicated. In the non-isothermal section, the top and 
bottom (xy) walls of the die are kept at 150°C, while 
the side walls (xz) are insulated. For the boundary 
conditions shown, n is the unit normal to the flow 
direction. 

For the 3-dimensional calculation illustration, we 
have chosen the following input parameter values: 
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Figure 5 - Profile of the Extent of Cure on the 
Symmetric Plane of   Figure 3 

Thermal Diffusivity:       = 1.9x10 'cm/s 
Pcn 

network-based control algorithm to provide a model- 
based, on-line control strategy. 

Heat of Reaction: AHR = 473.6 J/g 
4 REFERENCES 

Permeabilities: kxx=kyy = \.0xl.0",cml 

k.„ = 0 

1. J. Szekely, J.W. Evans, and H.Y. Sohn, Gas-Solid 
Reactions. Academic Press, (1976) 

Fiber Volume Fraction: V, = 0.5 

The viscosity and cure kinetics data are for 
Hercules 3501-6 resin. 

The velocity profile on the same symmetric plane 
as the above figure is shown in Figure 4 for a fiber 
pull of one cm./sec. Note that for the input parameters 
employed, the model shows a finite resin velocity at 
both the die entrance and exit, meaning that the resin 
has not yet gelled and is squirting out both ends. This 
of course is an unallowable condition in practice, and 
illustrates the utility of the model in defining improper 
die designs and operating conditions. 

Figure 5 shows the extent of cure in the x direction 
on the plane of symmetry as a function of distance 
along the thickness direction. In agreement with the 
prior figure, the extent of cure is lower in the cooler 
regions. The very low extent of cure is the reason why 
the resin has a finite velocity at the exit and entrance 
and the resin is squirting out both ends of the die, a 
condition of course to be avoided. 

We are in the process of upgrading the model to 
full 3-D capability. It will then be verified against the 
full-scale commercial process at Hexcel. We hope to 
eventually  link the  model  to  a non-linear,  neural 
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Improved adhesive performance through surface treatment 
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ABSTRACT: A surface mount tape ball grid array package uses flexible polyimide film that has been circuitized 
on both sides. To facilitate processing and handling, a picture frame metal stifFener is bonded to the film. The 
opening in the stiffener defines the location wherein an integrated chip is placed and interconnected to the flexible 
circuit with thermo-compression bonds or flip-chip solder balls. With the chip backside exposed, heat transfer is 
enhanced by adhesively bonding a metal heat spreader. This heat spreader is also bonded to the stiffener and 
appears as a cover plate on the package. The adhesive bond to the cover plate, above the chip, degraded during 
the high heat exposure of solder reflow and temperature stress testing. Adhesion was improved significantly by 
oxidizing and hydrating the nickel plated surface of the cover plate. A silane coupler was also applied to the 
cover plate and further improved adhesion reliability. 

1 INTRODUCTION 

Three major challenges in microelectronic packaging 
are increased function density, improved electrical 
performance and increased heat dissipation. Polymer 
materials must interface and join materials that have 
a mismatch in coefficients of thermal expansion as 
much as 20 ppm/°C in the case of silicon to alumi- 
num (Gaynes & Shaukatullah 1993). 

In addition, these materials must maintain reliable 
performance through a life of extreme and varied 
environmental conditions. 

A new semiconductor chip package, Tape Ball 
Grid Array (TBGA), provides advances in all three 
areas. The TBGA package (Figure 1) consists of a 
flexible polyimide tape with copper circuitry on both 
sides. The flex circuit is attached to a nickel plated 
copper stifFener using an electrically 

:OVERPLATE 

•ADHESIVE 
TAPE 

U  U__LL 
:HIP ENCAPSULANT 

SOLDER BALL 

Figure 1.   Cross-section schematic of the Tape Ball Grid Array (TBGA) package. 
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insulating adhesive. An integrated circuit chip is 
bonded to one side of the tape using thermo- 
compression bonding or flip-chip solder balls, both of 
which provide improved electrical performance 
compared to wire bond interconnection. The other 
side of the tape has an array of solder balls for 
soldering the package to the card. Due to the metal 
stiffener and exposed back side of the chip, the 
TBGA package lends itself well to thermal enhance- 
ment. A metal cover plate can be bonded directly to 
the back side of the chip and stiffener to improve the 
thermal performance. For further thermal enhance- 
ment, heat sinks can be attached with thermally 
conductive adhesive to the cover plate. 

A flexible thermally conductive epoxy adhesive 
was selected to bond the cover plate to the chip and 
the stiffener. The low Young's modulus of 69 MPa 
(10,000 psi) accommodated the thermal mismatch 
between copper and silicon during thermal cycling. 
As part of new package evaluation, the TBGA 
package was tested to establish thermal performance. 
Details of the thermal test hardware and procedure 
have been published (Shaukatullah et al. 1996). 
Initial testing was done using six 25 mm TBGA 
packages with 240 I/O connections and 9.6 mm 
nominal size test chip. During thermal tests, the 
internal thermal resistance, R„„ (chip-to-cover plate 
thermal resistance), defined as 

Rim = 
-* chip      * ct 

0) 

Here, Tcur is the average temperature of the chip, 
Tecs, is temperature of the cover plate and P is the 
power dissipation in the chip. The R„, is an indicator 
of the thermal resistance of the adhesive bond 
between the chip and the cover plate. During been 
testing, it was observed that the RM of one of the 
packages (#6) increased as the package temperature 
(power) was increased. This is shown in Figure 2. 
The other five packages did not show this behavior 
and their thermal resistance remained almost 
constant with temperature. 

To understand the increase in thermal resistance 
and check for adhesive coverage on the chip, the 
packages were scanned using C-mode scanning 
acoustic microscopy (C-SAM). The C-SAM image 
of package #6 whose R,„, increased with temperature 
is shown in Figure 3. The dark area in the center 
shows complete delamination between the adhesive 
and the cover plate over the chip. The light colored 
areas indicate good adhesion between the cover plate 
and adhesive. The delamination observed in the 
C-SAM image was verified by peeling off the cover 
plate in one of the packages. Areas where the 
adhesive peeled away cleanly from the cover plate 
matched the delaminated areas that were observed in 
the C-SAM image. The other five TBGA packages 
also showed varying amount of delamination 
between the cover plate and the adhesive, but not as 
complete as in package #6. Difficulty in bonding 
resulted because of the low surface energy of the 
nickel plating on the copper in conjunction with 
thermal degradation of the adhesive. Adhesive 

§ 

■ TBGA 1 
TBGA 2 
TBGA 3 
TBGA + 
TBGA 5 
TBGA 6 

40 80 120 
AVERAGE CHIP TEMPERATURE,   oC 

160 

Figure 2. Chip-to-case thermal resistance of 25 mm, 
240 I/O TBGA packages with 9.6 mm nominal size 
chip as a function of chip temperature in natural 
convection. 

•*ffirfif"*f4T sift». 

Figure 3. C-SAM image of TBGA package #6 
showing delamination between the cover plate and 
adhesive. 
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Figure 4.   Adhesive fracture mode in peel of two 
bonded cover plates reveals poor adhesion. 

fracture modes were observed at the nickel surface 
of a test coupon (Figure 4). This weak interface 
provided a fast diffusion path for oxygen ingress at 
high temperature. The adhesive was found to 
oxidize when exposed to solder reflow (220 °C) or 
150 °C environmental stress. Process enhancements 
were used to improve the epoxy adhesion. These 
included controlled oxidation of the nickel surface 
and application of a silane coupler.  The treatments 

did not completely eliminate adhesive degradation, 
but did significantly improve adhesion durability. 

2 ADHESION PROCESS IMPROVEMENT 

Nickel and nickel coating are highly desirable 
because of their appearance, resistance to corrosion 
and absence of particle release. Because of these 
properties, they are well suited to many applications 
in the computer industry regarding chip carriers and 
heat sinks, especially where particle release may be 
extremely detrimental. The TBGA package is one 
such application where the stiffener and cover plate 
are nickel plated. In such applications, it is usually 
necessary to utilize a thermally conductive adhesive 
that will perform without bond degradation during 
the mechanical and thermal stresses through which 
the package is subjected during assembly and subse- 
quent usage. Because of serious adhesion problems 
in attempting to bond chips to electroless nickel or 
electrolytic nickel platings with brighteners, it 
became necessary to find a way to effect a good 
bond without visually altering the surface or adding 
ionic contamination (Arndt et al. 1996). It had been 
noted that increased water wettability correlated with 
better bonding, and cleaning methods giving better 
wettability generally showed some improvement, but 
were not consistently adequate. Several cleaning 
procedures were investigated, including 10%-100% 
isopropyl and various detergents, but none of these 
could consistently give a completely wettable 
surface. Some attempts at chemical etching using 
HNO3 and other acid solutions appeared to be 
inappropriate because of significant visual alteration, 
difficulty in controlling the remaining nickel thickness 
and increased potential for particle release. 

Knowing that a highly wettable surface probably 
consisted of a clean, hydrated oxide surface an 
approach to achieving good wettability seemed to 
consist of a way of simultaneously cleaning, oxidiz- 
ing and hydrating the nickel without otherwise 
substantially altering the surface. To this effect an 
ideal treatment would utilize only H202, preferably 
30%, since no extraneous salts would be formed, as 
in acid etching, which might be an additional corro- 
sion concern. However, at ambient temperature 
without the addition of an acid or base, 30% H202 

reacts very slowly on nickel and no improvement 
would be observed. 
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One very useful method of determining the poten- 
tial for improved nickel-epoxy adhesive bonding is by 
observing the water wettability of the nickel surface. 
Wetting angles are typically used, but a water break 
test according to ASTM B-3 22-68 can be used for a 
real-time evaluation of the effectiveness of treatment. 
Parts are immersed in deionized water and 
withdrawn. Wettability or water break is assessed by 
observing the uniformity of wetting and whether 
beading exists. Observation of the water break on 
the nickel surface quickly showed that at elevated 
temperatures, 30% H202 became very effective at 
increasing the surface wettability to 100%. No water 
beading was observed and water did not pull away 
from the edges. Above 40 "C, the auto catalytic 
decomposition of H202 to H20 and 02 begins to 
provide increased wettability with the resultant 
improved epoxy adhesive bond. 

3 RESULTS AND DISCUSSION 

Typically, adhesion improvement is assessed by 
measuring the fracture strength of the bonded 
members. An alternative is to observe fracture 
modes and changes in fracture modes. Table 1 
describes the fracture mode differences for four 
cover plate conditions. The adhesion test was done 
by bonding two coverplates face to face. The bond 
area was the width of the 25 mm square cover plate 
and about 13 mm deep. This 13 mm band was 
off-centered so that two adhesive free bands about 
eight and four mm respectively bordered the bond 
area on either side. The bond line thickness was 0.08 
mm. These samples could be peeled apart by prying 
to reveal fracture mode. A more controlled alterna- 
tive was to bond fixture blocks on either side of the 
bonded cover plates to yield a test specimen that 
resembled a compact-tension mode I fracture tough- 
ness sample. The sample as pulled in tension to 
provide fracture mode information as reported in 
Tables 1 and 2. 

Table 1 
Comparison of Adhesion at Time Zero 

Table 2 
Comparison of Adhesion Treatments Through 

Thermal Stress 

Treatment Cohesive Fraction 
As-received 0% 
02-plasma 15% 
H202 90% 
H202   + cou pier 80-95% 

Treatment Cohesive Fraction 
Untreated controls 0%-10% 
H202 20%-80% 
H202 + coupling agent 75%-100% 

Adhesion was very poor for no treatment and the 
adhesive would separate cleanly away from the cover 
plate. Oxygen plasma treatment yielded encourag- 
ing 
results as mild cohesive fracturing appeared in the 
adhesive. Controlled oxidation and hydration of the 
nickel surface resulted in a very significant improve- 
ment in cohesive fracture mode. The use of a 
coupling agent, 3-glycidoxypropyltrimethoxysilane, 
did not provide any noticeable improvement. Table 
2 shows the results for three cover plate conditions 
after three passes of solder reflow with a peak 
temperature of 220 °C. Bond degradation was 
observed for the controlled oxidation condition, 
although this cell s still better than no treatment. 
Even though time zero observations showed that 
H202 treatment alone was equivalent to H202 + 
coupling agent, subsequent thermal stress caused a 
faster degradation without the coupling agent. 

The optimized treatment process began with an 
ultrasonic preclean with heated 70% isopropyl 
alcohol to remove organic and ionic contaminants. 
Next, hot H202. further oxidized the nickel and 
hydrated the oxide at the surface. The final step was 
to apply the chemical coupler. Silane reacts with the 
hydrated nickel oxide to form SiO bonds. The glyci- 
doxy group reacts with the curing epoxy. In this 
manner, the interface between the nickel and epoxy 
adhesive is chemically linked and the fast diffusion 
path for oxygen ingress is reduced significantly. 
Figure 5 shows a cohesive fracture mode in peel of a 
test coupon with this treatment. Figure 6 shows the 
C-SAM image of a TBGA package whose cover 
plate and stiffener were treated, indicating no delami- 
nation after reflow. Dark areas represent adhesive 
coverage. 

DISCUSSION 

The water break test showed that the treated nickel 
surface would wet with water readily. Water contact 
angle measurements made with a goniometer showed 
wetting angles less than 10°. Adhesion tests showed 
a shift in fracture mode from adhesive to cohesive. 
C-SAM imaging showed that delamination from 
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Figure 5. Cohesive fracture after bonding with cover 
plate that was treated with H202 and silane coupler. 

exposure to solder reflow temperatures was elimi- 
nated. In an effort to understand how the nickel 
surface was altered, chemical analysis was performed 
using scanning electron microscopy (SEM) and 
electron spectroscopy for chemical analysis (ESCA). 
SEM images of untreated and treated nickel surfaces 
revealed no morphological changes. ESCA depth 
profiles of untreated and treated coverplates reveal 
that the nickel oxide layer increases from about 0.1 
nm to about 0.8 nm. 

Figure 6. C-SAM image of TBGA package showing 
no delamination between the treated cover plate and 
adhesive after solder reflow. 

CONCLUSION 

Epoxy adhesives were found to bond poorly to 
nickel plated surfaces. Cleaning in isopropyl alcohol 
removed organic and ionic surface contaminants. 
Hot H202 treatment deepens the oxide layer by a 
factor of eight and most likely hydrates it. The result 
is improved adhesion as evidenced by a change in 
fracture mode from adhesive to cohesive. This treat- 
ment still resulted in some delamination occurring 
during exposure to temperature aging at 125 °C and 
to solder reflow at 220 °C. A chemical coupling 
agent was used to provide long term reliability to the 
adhesive-nickel interface under high temperature 
conditions. 

While TBGA packages could be made successfully 
with the flexible epoxy and treated cover plate, a 
more robust adhesive was found that could survive 
the  arduous  stress  tests  without  mechanical  or 
to  achieve  a cohesive  fracture  mode.     Silicone 
adhesives are very flexible and can withstand both 
extreme thermal cycling as well as long term high 
temperature storage. C-SAM imaging of a TBGA that 
was bonded with a thermally conductive silicone 
adhesive and aged at 175 °C for 1000 hours showed 
no evidence of delamination.    Shear test specimen 
showed no degradation in strength after environ- 
mental stress testing. 
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ABSTRACT: This paper presents a neuro-fuzzy approach in characterizing and predicting the nonlinear 
viscoelastic-viscoplastic behaviour of a carbon fibre reinforced polymer under cyclic loading. The data collected 
from the first loading-unloading cycle was used to train the Neuro-Fuzzy model. Then this model was used to 
predict the creep and creep-recovery strain under cyclic loading. The predicted results were compared with the 
experimental data. 

1. INTRODUCTION 

The structural applications of composites with spec- 
ified reliability require the quantitative characteriza- 
tion of the composites time-dependent behaviour and 
time-dependent damage evolution. For the prediction 
of the long term behaviour, it is necessary not only to 
consider the simple loading modes, but also the accel- 
erating effects on the damage development resulting 
from the interaction between different loading modes 
(Cardon EMAMP 1995). It is important to identify 
accelerators of the material properties in order to be 
able to extrapolate long term behaviour under normal 
conditions of the accelerators from the short term re- 
sults obtained under hight level of those accelerators 
(Cardon ICCM-W 1995). 

This paper presents a neuro-fuzzy approach 
for characterizing and predicting the nonlinear 
viscoelastic-viscoplastic behaviour of a carbon fibre 
reinforced polymer under cyclic loading. With the 
neuro-fuzzy inference system, a material designer may 
simply connect the processing units with the funda- 
mental theory such as Schapery's viscoelastic theory; 
collect all information and experimental data from the 
concerned material; use them all as model input and 
run the program on a computer. The parameters of 
the material constitutive relation and/or the predicted 
properties will be obtained as model output. 

The experimental data collected by Edward M. Wu 
(Wu 1969) on carbon fiber reinforced polymer lam- 
inate under cyclic loading are used here. The data 
collected from the first loading-unloading cycle was 
used to train the Neuro-Fuzzy model, the  other data 

are used to compare with the predictions  obtained 
from the trained model. 

2. MATERIAL CONSTITUTIVE MODEL 

The irrecoverable strain was found from experimen- 
tal data as shown in Figure 1. Based on this observa- 
tion, a modified Schapery (Schapery 1969) nonlin- 
ear viscoelastic-viscoplastic constitutive model was 
chosen for the characterization and prediction. 

For the case of uniaxial loading at a constant 
temperature, and applying the stress history of a 
creep/creep-recovery testing cycle, the Schapery 
theory is reduced to the expressions: 

«c = 5oSo<r + <7i<7a l + l^f)"' 

for creep and 

«r=ffa[ 
(5*00 — 5p) (ff,» — So) 1 

i + (nf!=r)n    ! + (i^)" 

(i) 

(2) 

for creep-recovery with 

^ = i!+t-ti; ^ = ^. 

where, for a constant temperature and humidity, both 
To and n are constants, So and Sx are the initial and 
the infinite compliance respectively, jo. gi, gi and aa 

are stress and temperature dependent nonlinearizing 
material parameters. 
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Figure 1: Irrecoverable strain found in experimental 
data 

The viscoplastic response was modeled by the func- 
tional introduced by Zapas and Crissman (Zapas 1984) 
in their study of ultra-high molecular weight polyethy- 
lene. According to their approach the viscoplastic 
component of the transverse strain, t^, induced by an 
arbitrary stress history <r(<) is given by: 

etv = 4{J*g3W*WW) (1) 

where <j>{ } is a stress history dependent functional 

and o-*(t/>) = ((r{il>)/<r) is a dimensionless stress. We 
found that the viscoplastic response of the T300/5208 
composite can well be modeled by using a form as: 

(2) 

with     g3(<r) = j^p . 

A Theological schematic diagram for this modified 
Schapery viscoelastic- viscoplastic model is shown in 
Figure 2. 

•--Wrll 
Off n 

«0E- & -{£- 

Figure 2: Schematic diagram of modified Schapery's 
VE-VP model 

amount of) local memory. The units are connected 
by unidirectional communication channels {connec- 
tions), which carry numeric (as opposed to symbolic) 
data. The units operate only on their local data and on 
the inputs they receive via the connections. 

The neural network, as shown in Figure 3, is a 
multi-layer feedforward network. Each layer consists 
of nodes which receive their input from nodes in a 
layer directly below and send their output to nodes in 
a layer directly above. In a feedforward network each 
node performs a particular function (node function) on 
incoming signals as well as a set of parameters per- 
taining to this node. The nature of the node function 
may vary from node to node. 

In order to achieve a desired input-output mapping, 
the parameters of the neural networks are updated ac- 
cording to given training data and a gradient-based 
learning procedure. This procedure is generally re- 
ferred to as the back-propagation learning rule be- 
cause the gradient vector is calculated in the direction 
opposite to the flow of the output of each node. 

3.2 Fuzzy Inference System 

The fuzzy inference system is a computing framework 
based on the concepts of fuzzy set theory, fuzzy if- 
then rules, and fuzzy reasoning. Figure 4 illustrates 
the block diagram of a fuzzy inference system. 

The rule base contains a number of fuzzy "if-then" 
rules; the data base defines the membership functions 
of the fuzzy set; the decision-making unit performs 
the inference operations; the fuzzification interface 

3. NEURO-FUZZY INFERENCE SYSTEM 

3.1 Neural Networks 

A neural network is a processing device, either an al- 
gorithm, or actual hardware, whose design was moti- 
vated by the design and functioning of the human brain 
and components. It is a network of many very sim- 
ple processors (units), each possibly having a (small 

Figure 3: A feedforward neural network 

250 



INPUT 

knowledge base 

• ' database rule baas •• 
flusificatloD 

intarbc« 

leftuifflcatloi 
interlace L,         rJ . t 

dedalon-making unit 
OmiT (fi-n) 

OUT 

(crisp) 

Figure 4: Diagram of a Fuzzy inference system 

transforms the crisp input into degrees of match with 
linguistic values; the defuzzification interface trans- 
forms the fuzzy rules of the inference into a crisp 
output. 

3.3 Neuro-Fuzzy Inference System 

The combination of neural networks and fuzzy in- 
ference system offer the possibility to integrate prior 
knowledge to simplify the learning process and/or to 
extract knowledge in form of rules from the trained 
networks. 

Figure 5 shows a neuro-fuzzy model based on 
Schapery's thermodynamic constitutive theory. The 
model has two inputs, time t and stress <r (f lt the load 
removing time, is a point on t), one output, the strain 
e and five layers (considering the inputs as Layer 0). 

4. RESULTS AND DISCUSSION 

The test data were collected by Edward M. Wu (Wu 
1984) on four ply ±45° T300/5208 symmetric lami- 
nates. The test coupons were submitted to 8 loading- 
unloading creep/creep-recovery cycles at 6 stress lev- 
els from 22.15 MPa to 48.95 MPa. The data col- 

layer 1 layer 3 
layer 2 I layer 2 | 

i  \ 
layer 4 

lected from first cycle were used to characterize the 
behaviour of the material and the other data were used 
to compare with the predicted results. 

4.1 Training Results 

After model training with experimental data collected 
from the first creep/creep-recovery cycle at all test 
stress levels, the result of the output of the proposed 
neuro-fuzzy inference system (NNFIS) are compared 
with the test data in Figure 6. The experimental data 
(marked as "o") are fitted by model output (marked as 
"+") very well. 

The nonlinear parameters in Schapery's model are 
obtained directly in the closed-form expression after 
model training as shown in Figure 7. 

From this Figure, it can be seen that the nonlinearity 
does not appear at the same stress level for these four 
parameters. 
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Figure 5: NNFIS based on modified Schapery Theory 

Figure 6: Neuro-Fuzzy Inference System training re- 
sult 
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Figure 8: Irrecoverable strain obtained after system 
straining 

Figure 8 shows the irrecoverable strain obtained 
from the trained model. The dotted line indicates the 
loading release time t\. 

4.2 Prediction 

The expression for a multi-step loading creep test in- 
troduced by Schapery (Schapery 1969) is used to- 
gether with the trained neuro-fuzzy model to make 
the prediction on creep behaviour under the loading- 
unloading cycles. The experimental data were used to 
check the prediction. 

By using identical mathematical procedures, as 
used by Mark Tutüe (Turtle 1984), the recursive rela- 
tionship can be obtained. It gives the summation of 
viscoelastic and viscoplastic strains e,- at time t > tj, 
following j-steps in stress: 

+tä'i-9l*i)*S{rl>-§) 
+(93

2<r3-gfa)AS(tl> -(^ + P 
+ 

{^„(tO+^S^u-ti) 
+ßSv(u - (* - h + U)) 

+ 

(3) 

+«?• &P(U-U')} 

where 

<* = £ 
*=i 

t-tk. *-**- 

i-i 

*=i 

*><*- 

*>**- u = £*-**- 
*=1 

In Equation (3) the superscripts associated with each 
of the non-linear parameters denote the stress level 
at which these parameters are to be evaluated. (g'0 

indicates that g0 is to be evaluated at stress <r;). 
Equation (3) constitutes the closed-form solution 

for the non-linear response to j-step in stress based 
upon the modified Schapery non-linear viscoelastic- 
viscoplastic model. By setting the time step smaller 
and smaller, Equation (3) can be used to obtain an 
approximate solution to any complex uniaxial stress 
history. In this case, Equation (3) becomes, essen- 
tially, a numerical integration of the original Schapery 
single-integral constitutive equation plus a viscoplas- 
tic term. 

The prediction made by the Neuro-Fuzzy model 
is compared with experimental data in Figure 9, the 
dotted line being the experimental data and the solid 
line is the model output. It can be seen from Figure 
9 that after two loading-unloading cycles, the creep- 
recovery strain in the experimental data is larger than 
the predicted one. This may be caused by aging (phys- 
ical and/or chemical), micro- and/or macro-damage 
induced during the loading from zero to the test stress 
level. 
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5. CONCLUSION 

We have described the architecture of a neural network 
based fuzzy inference system (NNFIS) for the charac- 
terization and the prediction of long term viscoelastic 
behavior of fiber reinforced polymer composites under 
cyclic loading. The NNFIS refines the fuzzy logic ob- 
tained from human experts to describe the input-output 
behavior of the system and approximate a desired data 
set. 

By treating the data collected at all test stress levels 
together, the Neuro-Fuzzy inference system character- 
izes the transient compliance for the material not only 
from those data collected in the linear domain, but 
also from those collected in the nonlinear domain. In 
other words, by using this new approach, the transient 
compliance can be represented in a much better way 
than by characterizing it using only linear creep data. 
Moreover, with this Neuro-Fuzzy inference system, 
the nonlinear parameters in the Schapery model are 
obtained directly in a closed-form. No further curve 
fitting is required. As consequence, the predicting 
accuracy of the prediction is improved. 

To obtain a good prediction on long term behaviour 
of polymer based composite materials, the interaction 
between the loading modes, aging and micro-/macro- 
damage evolution should be taken in to account. 
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ABSTRACT: A novel experimental method based on temperature-controlled in-situ SEM (scanning electron 
microscope) combined with micro-lines printed on specimens was proposed to measure quantitatively the 
microscopic interlaminar deformation and damage evolution in composite laminates. Microscopic interlaminar 
deformation and damage near the transverse crack tip was clearly visualized under tensile loading for CFRP 
cross-ply laminates with and without the interlaminar resin-rich region. Temperature dependence of interlaminar 
shear deformation near transverse crack tips and the axial COD (crack opening displacement) was measured to 
demonstrate the effect of thermal residual stress, and then successfully compared with the modified two- 
dimensional (2D) approximate elastic analysis. 

1   INTRODUCTION 

In many applications of fiber-reinforced plastics, they 
are mainly used in the form of multi-directional 
laminates. Among these composites, cross-ply lami- 
nates have been extensively investigated through both 
theoretical and experimental studies because this is a 
basic laminate configuration (for example, Garrett & 
Bailey 1977). The failure process of cross-ply lami- 
nates is known to involve an accumulation of trans- 
verse cracks and delamination (Reifsnider 1982). 

Most previous studies of the failure process in 
cross-ply laminates have been focused on the 
experimental measurement of transverse crack density 
as a function of applied load or the theoretical 
prediction of the onset of transverse cracking and its 
multiplication. In conjunction with the theoretical 
prediction of mechanical behavior and damage 
progress of cracked laminates, micro-mechanical 
stress analyses of damaged cross-ply laminates have 
been conducted. In-situ observation of microscopic 
failure process in CFRP cross-ply laminates at R.T. 
and at 80°C was conducted, and probabilistic 
prediction was made for progressive damage 
parameters, the transverse crack density and 
delamination ratio (Takeda & Ogihara 1994a, b, 
Ogihara & Takeda 1995). It was pointed out that the 
thermal residual stress had significant effect on the 
failure process. Variational 2D stress analysis for 
cracked cross-ply laminates under tension was found 
effective to predict the stiffness reduction due to 
transverse cracking, where the principle of minimum 

complementary energy (Hashin 1985) and the 
principle of minimum potential energy (Lee et al. 
1989) were used. Hashin' s analysis was extended to 
consider the thermal residual stresses and the energy 
release rate associated with transverse crack formation 
was derived (Nairn 1989). The energy release rate was 
used to predict transverse crack density as a function 
of laminate stress. Another accurate approximate 2D 
solution was obtained by satisfying the stress-srrain- 
temperature relations either exactly or in an average 
sense (McCartney 1992). 

In recent years, interleaved laminates have been de- 
veloped in which resin-rich layers are placed in inter- 
laminar regions to enhance the interlaminar fracture 
toughness of CFRP laminates and to restrict delami- 
nation onset (Takeda et al. 1997a, Ogihara et al. 1997). 
The corresponding 2D elastic solutions (Ogihara et al. 
in press) should provide a basis for material opti- 
mization of the thickness and stiffness of the interleaf. 

In spite of the above progress in the theoretical 
model, few micro-mechanical experiments have been 
conducted to quantify the microscopic deformation 
and damage evolution especially in the interlaminar 
region. A novel experimental method based on 
temperature-controlled in-situ SEM combined with 
micro-lines printed on specimens has been proposed 
by the authors (Takeda et al. 1997b, c) for quantita- 
tive measurement of the microscopic interlaminar 
deformation and damage evolution for comparison 
with the theoretical results of cross-ply laminates. 

In this paper, our recent studies are summarized for 
microscopic interlaminar deformation and  damage 
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near the transverse crack tip of some representative 
CFRP cross-ply laminates with and without the 
interlaminar resin-rich region. Temperature depen- 
dence of interlaminar shear deformation near trans- 
verse crack tips and the axial COD was measured to 
demonstrate the effect of thermal residual stress, and 
then successfully compared with the modified two- 
dimensional (2D) approximate elastic analysis. 

2   EXPERIMENTAL PROCEDURE 

2.1 Materials 

Three material systems were used and all of them were 
supplied by Toray Inc. The laminate configuration 
was cross-ply [0/902]5. The first one was toughened 
CFRP,T800H/3631. T800H is a high strength carbon 
fiber. The 3631 is a modified epoxy system with 
improved toughness compared with a conventional 
TGDDM/DDS epoxy system. The second one was 
interleaved CFRP, T800H/3631-FM300, with tough- 
ened epoxy resin film layers (FM300) about 100 u.m 
thick between 0° and 90° plies. The third one was also 
interleaved CFRP, T800H/3900-2, with selectively 
toughened interlaminar layers about 30 u,m thick at all 
the ply interfaces. The interlaminar layers contain 
tough and fine thermoplastic resin particles dispersed 
in the base epoxy resin (Odagiri et al. 1988). The 
average thickness of each ply excluding the interleaf 
region was 0.135 mm. The fiber volume fraction was 
about 60% for T800H/3631, 45% for T800H/3631- 
FM300 and 55% for T800H/3900-2. All the 
specimens were cut into 60 mm long and 3 mm wide, 
and stored in a desiccator to conduct tests in a dry 
condition with the water content less than 1 wt%. 
Some typical mechanical properties are listed in Table 
1, and will be used later for quantitative theoretical 
prediction. 

2.2 Preparation of micro-lines 

The micro-lines (or micro-grids) were made using the 
photolithography technique on specimen edge sur- 
faces, as schematically shown in Figure 1 (Takeda et 
al. 1997b). First, the edge surface of the specimen was 
polished using an automatic polishing machine and 1 
(j.m diamond paste, then coated by the photo-resist, or 
photo-chemical reactive resin. The specimen was, then, 
heated to cure the resist, and the surface was exposed 
to the light through the photo-mask, or the glass plate 
with micro-lines or grids. After that, the exposed part 
of the resist was removed in the developer, and 
vacuum-evaporated metal was deposited on the surface. 
Finally, the remaining resist was removed in the 
solvent to prepare the micro-lines or grids on the 
specimen surface. The minimum reproducible line 
width and spacing is 1 u.m at present. 

Table 1.  Properties of unidirectional laminates and 
interleaf materials used in the analysis. 
T800H/3631 FM300 
EA (GPa) 169 

-o.nixr 
£< (GPa)       2.65 

-O.OlOxJ 
£j-(GPa) 9.62 

-O.OlOxJ 
v i                0.38 

GA (GPa) 4.50 0* (/°C)         60.6xl0"6 

VA 0.349 
VJ 0.490 

<*A (fQ O.lOxlO"6 

aT(fQ 35.5xl0"6 

T800H/3900-2 
Base 
Composite 

Thermoplastic Particle 
-Dispersed Layer 

EA (GPa) 132 
-0.090x7 

£'(GPa)       2.71 
-0.0105x1 

£7-(GPa) 8.17 
-0.007xJ 

v 1                 0.38 

GA (GPa) 4.50 of (/"Q         60.6xl0"6 

VA 0.349 
VJ 0.490 
<*A (.rc) -1.73xl0"6 

aT(fC) 34.7xl0"6 

T; degrees centigrade (°C). Subscripts A and J denote 
axial and transverse directions, respectively, 

P □ q 
■ specimen 

(i) 

developping 

(4) 

_ photoresist pBj«|p|-*—deposited metal 

coating of resist 

(2) (5) 
depositing 

MS _ light beam 
— mask 

exposure of light 

(3) 

stripping of resist 

(6) 

Figure   1.   Procedure   to   print  micro-lines/grids   by 
photolithography technique. 

2.3 Tensile test and measurement of microscopic 
deformation 

Tensile tests of CFRP symmetric cross-ply laminates 
were carried out in a SEM with a servo-hydraulic 
loading machine and a specimen hearing unit, as 
shown in Figure 2. The specimen was loaded at 20°C 
until the transverse crack intervals became uniform, 
and the images of local area near the crack tip and a 
whole view of the crack were photographed. Then the 
temperature was raised to 80°C and the crack was 
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Figure 2. Experimental setup for in-situ SEM tests. 

photographed again. This procedure was repeated at 
120°C and 160°C. The COD of the transverse cracks 
and the interlaminar shear strain, yxy (= dv/dx + du/dy) 
near the transverse crack tip were measured from these 
photos, where u and v are displacements in x and v 
directions, respectively. Since the du/dy component is 
considered small, the shear strain was replaced by 
dv/dx in the following. 

v.-l-T-a-l«*-*)^) 
if*    E 

-d"(y) M-\x'-a*) + ±a\x-a) 
E'[   6K '2 

ia+t+i) -(x*-a2)-a(x-a) 

(1) 

■■^{a-3(h+t)}(x-a) +AÖ0 

{J(*4-«Vf«(*+0(*,-«,)} + 4(>') 
(2) 

where 2a and 2b are thicknesses of 90° and 0° plies, 
respectively, C(y) is a function found for each case, 
and Az(y) is an arbitrary function arising from 
integration. E, fi, and v are constants determined from 
the mechanical properties of the plies and the interleaf 
material. Here, the shear strain and crack opening 
displacement are compared with experimental results. 

3   ANALYSIS 

In the present study, 2D stress and displacement 
fields in CFRP cross-ply laminates with transverse 
cracks proposed by Lee et al. (1989) and McCartney 
(1992), were modified for comparison with the 
present experimental results. The analysis by Lee et al. 
(1989) was extended and used for cross-ply laminates 
without interleaves. The thermal residual stress was 
considered, which was not included in the original 
analysis, and the details can be found in our recent 
paper (Takeda et al. 1997b). 

The analysis by McCartney (1992) was extended 
and used for cross-ply laminates with interleaves at 
0790° interfaces. The analysis is based on the 
approximated two dimensional elastic model which 
assumes that generalized plane strain conditions 
prevail. Account is taken of thermal residual stresses 
arising from a mismatch in thermal expansion 
coefficients of 0° and 90° plies as well as the interleaf 
layer (Ogihara et al. in press) as in the following. 

Consider a cross-ply laminate subjected to 
mechanical and thermal loading as shown in Figure 3 
in which interleaf layers are of thickness t. In the 
present study, two cases are considered; (a) the 
transverse crack tip stops at 90°/interleaf interface, and 
(b) the transverse crack penetrates into the interleaf 
and stops at OVinterleaf interface. The displacements 
in v-direction in interleaf, v,-, and that in 90° ply, vm, are 
expressed as equations. (1) and (2), respectively. 

4   RESULTS AND DISCUSSION 

4.1 Cross-ply laminates without interleaves 

Figure 4 shows a transverse crack in a T800H/3631 
laminate (laminate stress a = 260 MPa, crack interval 
2L = 1.4 mm). It is observed that COD decreases at 
higher temperature although the applied stress is the 
same, due to the reduction in thermal residual stress in 
90° ply. Figure 5 shows the temperature dependence 
of COD as a function of normalized thickness, where 

Ä> 
transverse crack 

\ 
(m) 

* V< >< >< >< >K 
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Figure 3, Models of interleaved cross-ply laminates 
containing transverse cracks in 90° ply. 
Case (a): Transverse crack tips stop  at 90°/interleaf 
interface, Case (b): Transverse cracks penetrate into the 
interleaf and stop at interleaf/0° interface. 
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0 and 1 correspond to the center of the 90° ply and 
0/90 interface, respectively. The experimental results 
are well predicted by the modified theoretical analysis 
considering the thermal residual stress. 

(a) R.T. 

mil 

(b) 160°C 

Figure 4. A transverse crack in a T800H/3631 [0/902]s 
cross-ply laminate (a= 260 MPa, 2L = 1.4 mm). 
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Figure 5, Temperature Dependence of COD in a 
T800H/3631 [0/90Js Cross-ply Laminate (c= 260 MPa, 
21 = 1.4 mm). 
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Figure 6. Shear deformation near the transverse crack tip 
in a T800H/3631 [0/902]s Cross-ply Laminate (a= 160 
MPa, 21 = 2.1 mm). 
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Figure 7. Distribution of interlaminar shear strain at 0/90 
interface in a T800H/3631 [0/902]s cross-ply laminate 
(CT= 160 MPa, 1L = 2.1 mm). 

Figure 6 shows a local deformed area near a 
transverse crack tip in a T800H/3631 laminate (a = 
160 MPa, 2L = 2.1 mm, R.T.). An interlaminar shear 
region can be observed, as assumed in the so-called 
shear lag analysis. The shear strain is found to 
become very large near the crack tip. Figure 7 shows 
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the temperature dependence of the shear strain 
(averaged in the thickness direction) distribution as a 
function of distance from the crack tip. The shear 
strain reduces as the temperature rises, which is also 
considered due to the reduction in the thermal residual 
stress. This tendency was also well predicted by the 
present modified analysis. 

Figure 8 shows other experimental results of (a) the 
displacements in the tensile (y) direction at 0°/90° 
interface and the mid-plane, and (b) half COD of the 
laminates with delamination (a = 222 MPa, 2L = 1.6 

a = 222 MPa, 2L • 1.6 mm 

2d o 500 ^m  

"*"—-JTip of delamination 

0 200 400 600 81 

Distance from the center of two transverse cracks( pm) 

- 0790' Interface- 
■   Experiment 
■••- McCartney's analysis 
■*- Lee and Allen's analysis 

 Mid-p]ane(.r=0)  
•  Experiment 

-*- McCartney's analysis 
-*- Lee et al.'s analysis 

(a) Displacement in the  tensile direction  at  0°/90° 
interface and at mid-plane. 

(a) R.T. 

(b) 100°C 

Figure 9. A transverse Crack in T800H/3631-FM300 
[0/902]s cross-ply laminate (o= 296 MPa). 

sio 
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(b) Half crack opening displacement. 

Figure 8. Temperature dependence of displacements in a 
T800H/3631 [0/90Js cross-ply laminate with delami- 
nation (a= 222 MPa, 2L = 1.6 mm, 2d = 500 um). 

mm, delamination length 2d = 500 um), which also 
shows reasonable agreement with the theoretical pre- 
dictions considering delamination initiating at trans- 
verse crack tips (Takeda et al. 1997c). 

4.2 Cross-ply laminates with interleaves 

Figure 9 shows a transverse crack in a T800H/3631- 
FM300 cross-ply laminate (a = 296 MPa). By print- 
ing micro-lines, we can much clearly observe shear 
deformation in the FM300 layer. By inserting the 
FM300 layer, delamination initiating from the tips of 
the transverse cracks is restricted, which is due to the 
enhancement of interlaminar fracture toughness. The 
transverse crack tip propagates into the FM300 layer 
at some depth and crack tip blunting can be observed. 

Figure 10 shows the temperature dependence of the 
shear strain for T800H/3631-FM300 as a function of 
distance from the crack tip. The shear strain at 160°C 
is much larger than that at other temperatures, which is 
considered due to the drastic reduction in the shear 
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modulus of FM300 at 160°C. The average shear strain 
in the interleaf layer is larger than that at 90°/interleaf 
interface. In Figure 10, the analytical predictions are 
also shown only for Case (b), because it seems more 
realistic than Case (a). 

20 

^T^l^r:-rÄ.^.-r.-^ 

0 
0 20        40        60        80       100 
Distance from Transverse Crack Tip (u.m) 

Results Prediction 
°   20°C   A   80°C     20°C    80"C 
E   120°C +   160°C  " " ■ 120°C —'" 160°C 

Figure 10. Shear strain as a function of distance from the 
transverse crack tip in T800H/3631-FM300 [0/902]s 
cross-ply laminate (a= 216 MPa). 
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Figure 11. COD as a function of distance from the 
central plane in T800H/3631-FM300 [0/902]s cross-ply 
laminate (a= 216 MPa). 

Figure 11 shows the temperature dependence of 
COD as a function of the position in the thickness 
direction. The experimental results shows that temper- 
ature dependence of COD is small. This is due to the 
combined effect of the decrease in the thermal residual 
stress and the decrease in shear modulus of the 
interleaf and 90° ply at higher temperature. The 
analytical predictions are also shown in Figure 11 for 
both Cases (a) and (b). Cases (a) and (b) are consid- 
ered lower and upper bounds for COD, respectively. 
For more quantitative estimation of COD, a model in 
which a transverse crack penetrates into the interleaf at 
arbitrary depth is necessary. 

Figure 12 shows a transverse crack in a T800H/ 
3900-2 cross-ply laminate (a =160 MPa). As the 
temperature rises, the COD in the interlaminar layer 
increases, while that at the center of the 90° layer 
changes little. 

Figure 13 shows the temperature dependence of 
COD as a function of the position in the thickness 
direction for T800H/3900-2. Similar to T800H/3631- 
FM300, temperature dependence of COD is small. 
This is considered to be due to the reduction in the 
thermal residual stress and the decrease in the load 
transmission capability of the softened interlaminar 
layer. In Figure 13, the analytical predictions are also 

(a) R.T. (b) 160°C 

Figure 12. Atransverse Crack in T800H/3900-2 [0/902]s 
cross-ply laminate (a= 160 MPa). 
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Figure 13. COD as a function of distance from the 
central plane in T800H/3900-2 [0/902]s cross-ply 
laminate (a= 160 MPa). 

shown for both Cases (a) and (b). The difference in 
lower and upper bounds for COD is smaller than for 
T800H/3631-FM300, because the interleaf thickness 
is small. Case (b) seems to be a good approximation 
to this material system. 

Figure 14 shows the local highly-deformed area 
near a transverse crack tip in a T800H/3900-2 cross- 
ply laminate {a =160 MPa). It is observed that at 
160°C the shear strain in the interlaminar layer 
becomes rather large. The shear strain in 90° ply, on 
the contrary, slightly decreases. 

Figure 15 shows the temperature dependence of the 
shear strain for T800H/3900-2 as a function of 
distance from the crack tip. Larger shear strain is 
observed in the mterlaminar layer at higher temper- 
ature, which is considered due to the softening of the 
interlaminar layer. This corresponds well with the 
experimental results where the COD in the inter- 
laminar layer magnifies at higher temperature. In 
Figure 15, the analytical predictions are also shown 
for Case (b). A reasonable agreement is obtained 
between the experimental and analytical results except 
for 160°C. With more proper selection of mechanical 
properties of interleaf material as a function of temper- 
ature, the deformation will be predicted more pre- 
cisely. 

5   CONCLUSIONS 

Tensile tests of CFRP cross-ply laminates without and 
with interleaves were carried out in a SEM, and 
microscopic mterlaminar deformation and damage 
around the transverse crack was observed at different 
temperatures by means of micro-lines printed on the 
specimen edge surface.    Temperature dependence of 
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Figure 14. Shear deformation near the transverse crack 
tip in a T800H/900-2 [0/902]s Cross-ply Laminate (a = 
160 MPa). 
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the experimentally-obtained interlaminar shear strain 
and crack opening displacement were successively 
compared with the approximate two dimensional 
elastic analysis. 

The present in-situ SEM/micro-line method can 
also be applied generally to any kinds of fiber 
reinforced composites. The authors have recently 
extended it for use in short glass fiber reinforced 
thermoplastic composites (Takeda et al., in press) as 
well as SiC fiber reinforced glass matrix composites 
(Takeda & Kiriyama, in press) to demonstrate the 
validity of this method for precise micro-mechanical 
experimental characterization. 
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Micromechanically based constitutive models for damage evolution 
in composite laminates 

P.Gudmundson 
Department of Solid Mechanics, Royal Institute ofTechnology (KTH), Stockholm, Sweden 

ABSTRACT: The structure of micromechanically based constitutive models for composite laminates develop- 
ing transverse matrix cracks, local delaminations, fibre/matrix debonding and fibre fractures is discussed. Non- 
dimensional damage variables describing these four damage modes are introduced and the principal form of a 
damage dependent constitutive law is formulated. As a special case transverse matrix cracking is investigated 
in further detail. A previously developed model for stiffness changes resulting from transverse matrix cracking 
is presented and criteria for initiation and growth of transverse cracks are discussed. In particular, limitations 
of the linear elastic fracture mechanics approach are investigated and a cohesive zone model capturing crack 
bridging effects is suggested. 

1 INTRODUCTION 

Composite laminates generally develop various 
kinds of damage prior to final failure. The damage 
often initiate at relatively low loads and then progres- 
sively evolves with increased loading. A common 
scenario is that transverse matrix cracks first initiate 
and grow. At some higher load, local delaminations 
and/or fibre fractures may form, sometimes triggered 
by the presence of matrix cracks. The above men- 
tioned damage modes influence the thermomechani- 
cal properties and hence lead to load redistribution in 
a composite component. In order to capture these 
phenomena in finite element calculations, damage 
dependent constitutive models must be applied. Basi- 
cally two approaches have emerged for the develop- 
ment of such models, a phenomenological 
(continuum damage mechanics) and a micromechan- 
ically based approach. The differences between the 
two methods are in fact not so large. In the extreme 
case, a phenomenologically based constitutive model 
is purely based on macroscopic measurements of the 
mechanical behaviour at various damage states 
whereas a micromechanically based model is entirely 
based on micromechanical models. Models which 
have been presented in the literature are generally 
either phenomenologically based with some micro- 
mechanical submodels or micromechanically based 
with phenomenological submodels. For an overview 
on continuum damage mechanics, confer to Talreja 
(1994). In this paper, the micromechanical approach 
will shortly be described and for the case of matrix 

cracking as the sole damage mechanism, more 
detailed results and a thorough discussion on initia- 
tion and growth criteria will be presented. 

2 DAMAGE DEPENDENT CONSTITUTIVE LAW 

Four damage modes will be discussed, namely trans- 
verse matrix cracking, local delaminations, fibre 
fractures and fibre/matrix debonding. First of all, 
damage parameters must be defined which describe 
the extent of damage for the individual modes. All 
four damage modes have in common that they repre- 
sent the formation of new crack surface areas. A con- 
venient measure would then simply be the crack 
surface area per unit area of the laminate. Since the 
damage generally vary from ply to ply and from ply 
interface to ply interface, damage parameters for 
each ply and ply interface have to be defined. For 
matrix cracking (MQ, fibre fracture (FF) and fibre/ 
matrix debonding (FM), the damage parameter for 
each ply is here defined as the corresponding crack 
surface area in the ply per unit area of the laminate. 
For local delaminations (DE) the damage parameter 
for each ply interface is defined as the delaminated 
area in the ply interface per unit area of the laminate. 

A laminate with N plies is considered. According 
to the definition above, nondimensional damage var- 
iables for each damage mode can be defined as: 

K     At 

A0 
(1) 
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where A; denotes the crack surface area in ply (i) or, 
in the case of local delaminations, interface (;') of 
damage mode K (K= MC, FF, FM, DE) within the 
representative laminate area A0. All the damage var- 
iables (cofc, cofF, co™) for / = 1, 2,... Wand <ofE for 
i = 1, 2,... N-l may be collected into a single damage 
vector co,, i = 1,2,... 4N-1. 

If for simplicity only linear elastic material behav- 
iour without effects of residual stresses is considered, 
the laminate is described by a damage dependent 
laminate stiffness matrix C(co,-) or equivalently a 
damage dependent compliance matrix 5(co() which 
define the relationship between the six-dimensional 
vector of in-plane strains and curvatures e and mem- 
brane forces and bending moments per unit length a. 

a = C(co,)e 

e = S(co,)a (2) 

Using the micromechanical approach, it is evident 
that a micromechanical model including all damage 
variables must be developed. A general model of this 
type does not exist today, but for particular cases 
accurate models have been developed. 

Incremental changes in stresses, strains and dam- 
age may be investigated by taking the time derivative 
ofeq. (2). 

4/V-l 

Ce + 
9co co,e (3) 

0.5        1.0 1.5 
Crack density 

2.0 

Figure 1. Normalized bending stiffnesses for a [90,- 
55,02,-552,90,552,0] CFRP laminate (Adolfsson & 
Gudmundson 1997). The solid lines denote analyti- 
cal predictions and the symbols FE-results. 

Many authors have suggested that the energy 
release rate may be a proper parameter for control of 
damage initiation and growth, see for example Aves- 
ton & Kelly (1973), Parvizi et al. (1978), Wang & 
Crossman (1980), Nairn (1989), Xia et al. (1993), 
Hashin (1996). With the definition of damage varia- 
bles according to eq. (1), it may be shown that the 
energy release rate (G,), defined as the change in 
potential energy resulting from an increase in crack 
surface area, simply can be expressed as: 

It is evident from eq. (3) that the contitutive rela- 
tionship (2) must be complemented by damage evo- 
lution laws for cb, in order to model the stress-strain 
behaviour. A criterion for initiation and growth of 
damage variable (0 may be expressed in terms of a 
damage and load dependent variable, say \p., and the 
corresponding critical value of that variable, say yic. 
In case of an energy release rate criterion, Y|f,- should 
be interpreted as the applied energy release rate, 
which depends on laminate geometry and loading, 
and V|/JC as the critical energy release rate. The com- 
plete constitutive law for a laminate with evolving 
damage can then be expressed in incremental form as 
eqs. (3-5): 

cb, = 0 if \|f,. < v|/,c or if y,. = i|/,c and vj/, < 0      (4) 

V, = V,cifV, = V|>,candvj/,.>0 (5) 

n 1 TdC 
'       2~ am- 

or in terms of the compliance matrix as: 

(6) 

1   TdS 
2"  9co,~ 

G; = ±o'^ (7) 

Thus, if a micromechanical model for the damage 
dependent stiffnesses has been derived, the energy 
release rate may easily be determined from eq.(6) or 
eq.(7). 

If a micromechanical model has been developed 
for determination of laminate stiffness, it is generally 
possible also to derive expressions for alternative ini- 
tiation and growth parameters ly,. In the case of 
energy release rate as the controlling parameter, 
explicit expressions are given in eqs. (6, 7). A more 
difficult task is to determine which loading parame- 
ter that actually controls damage initiation and 
growth. To be generally applicable, the damage evo- 
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lution law should only depend on the material and 
not on geometry such as ply thickness, laminate 
layup, etc. In the case of matrix cracking it seems 
that an energy release rate approach is relevant for 
moderately small ply thicknesses, but for larger ply 
thicknesses a stress or strain criterion is better suited. 

3 TRANSVERSE MATRIX CRACKING 

As an example of a micromechanically based dam- 
age dependent constitutive model, the case of trans- 
verse matrix cracking without fibre fractures, fibre/ 
matrix debonding and local delaminations is consid- 
ered. Adolfsson & Gudmundson (1997) have 
recently developed an analytic model that can predict 
the laminate stiffness matrix to a good accuracy for 
arbitrary layup configurations and matrix crack dis- 
tributions. In Figure 1, predictions of bending stiff- 
nesses are compared to unit cell finite element 
calculations for a [90,-55,02,-552,90,552,0] carbon 
fibre reinforced composite laminate containing 
cracks in all plies. A range of laminate layup config- 
urations and transverse crack densities were consid- 
ered by Adolfsson & Gudmundson (1997) and it was 
found that the analytic model to a good accuracy 
could predict the thermoelastic properties of lami- 
nates containing transverse cracks. The principal 
structure of a periodic unit cell used in the finite ele- 

ment calculations is shown in Figure 2. 
If it is assumed that the energy release rate controls 

the initiation and growth of matrix cracking, it can 
simply be estimated from eqs. (6) or (7) and the con- 
stitutive model is defined in eqs. (3-5) with \|/(- inter- 
preted as Gi and \fic as the critical energy release 
rate Gc. 

In order to verify the analytic model for stiffness 
prediction in tension and bending for various lami- 
nate layups and to investigate relevant matrix crack 
initiation and growth criteria an experimental pro- 
gram on glass fibre reinforced epoxy laminates was 
conducted by Adolfsson (1996). For the particular 
composite material investigated, it turned out that the 
energy release rate was not a proper criterion, since it 
did not give consistent results at varying ply thick- 
nesses. More consistent values were obtained if the 
laminate strain normal to the matrix cracks was used 
as a criterion, see Figure 3. A criterion based on lam- 
inate strain fits into the general description in eqs. (3- 
5). Simulations of the stress-strain behaviour using 
eqs. (3-5) based on a strain criterion according to the 
curve fit in Figure 3 are compared to experimental 
data in Figure 4. 

In the literature, several investigations have shown 
that the strain necessary to initiate matrix cracking 
generally is dependent on the ply thickness, see for 
example Parvizi et al. (1978), Bailey et al. (1978). 
For ply thicknesses larger than a material dependent 
transition thickness, the critical strain is almost con- 

l.Or 

Figure 2. Example of a periodic unit cell used in th; 
finite element calculations (Adolfsson & Gudmund- 
son 1997). The shaded parts denote transverse 
matrix cracks. 

i.O   0.5    1.0    1.5   2.0   2.5    3.0 
Strain transverse to fibres (%) 

Figure 3. Normalized crack density versus laminate 
strain transverse to the fibres for GFRP cross ply 
laminates of varying ply thicknesses (Adolfsson 
1996). 
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stant but for smaller ply thicknesses the critical strain 
increases with decreasing ply thickness. An interpre- 
tation of the results by Adolfsson (1996) would then 
be that the investigated ply thicknesses were larger 
than the transition thickness. The transition between 
large and small ply thicknesses may be explained by 
the concept of initial flaws, see for example Wang & 
Crossman (1980). If the critical flaw size is smaller 
than the ply thickness, then the critical strain will be 
independent on ply thickness. In case the critical flaw 
size is larger than the ply thickness, the flaw is pre- 
vented to grow due to the small ply thickness and the 
stress necessary to initiate unstable growth of the 
crack will be larger. Arguments based on linear elas- 
tic fracture mechanics will then predict a critical 
strain which is inversely proportional to the square 
root of the ply thickness. 

4 DISCUSSION 

The energy release rate criterion discussed above for 
transverse matrix cracking is based on concepts of 
linear elastic fracture mechanics. Hence, it is implic- 
itly assumed that the fracture process zone is much 
smaller than other geometrical dimensions such as 
the ply thickness and that linear elastic conditions 
prevail outside this process zone. In reality one can 
expect that a zone of crack bridging is active in front 
of a growing transverse matrix crack. Several investi- 
gations have shown that a transverse crack is devel- 
oped from microscopic fibre/matrix debonds or 
matrix cracks which under increased loading grow, 
coalesce and finally form a crack without bridging. 

When the crack has fully developed, its opening is 
generally of the order of fractions of the fibre diame- 
ter, say 1-5 |im. This opening may be compared to 
the crack opening which can be predicted from linear 
elastic calculations. It may be shown that the average 
transverse crack opening u for a ply of thickness t 
under a macroscopic strain e is of the order 

u~zt (8) 

For a strain of 1% and a ply thickness of 125 [Lm, a 
crack opening of 1-2 \im is predicted. It is observed 
that this opening is of the same order as that esti- 
mated for crack bridging. If also fibre bridging is 
considered, even larger crack openings are required 
to effectively release the bridging stresses. 

Generally, there will be a minimum ply thickness 
which enables the crack to grow without bridging. 
An energy release rate criterion results in a critical 
strain which is inversely proportional to the square 
root of the ply thickness t. The resulting crack open- 
ing at the critical condition will then according to eq. 
(8) be proportional to Jt, and for a sufficient small /, 
the opening will be less than that required to release 
crack bridging. A transverse crack initiation and 
growth criterion based on linear elastic energy 
release rate will hence not work for arbitrary small 
ply thicknesses. 

It is here suggested that a model for transverse 
crack growth may be based on a cohesive zone 
description, which in a natural way gives a connec- 
tion to linear elastic fracture mechanics. It is assumed 
that the stress ab necessary to open the crack can be 

Strain (%) 
Figure 4. Predicted stress-strain behaviour for cross- 
ply laminates [0/90n/0] (n= 1, 2, 3, 4) and compari- 
sons to experimental data (Adolfsson 1996). 

u0 

Figure 5. Simplified model of a bridging stresses in 
a cohesive zone. 
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determined as a function of crack opening u, say 
ab = cb(u). Just as an example, a simplified rela- 
tion as in Figure 5 can be considered. The crack 
opening u0 denotes the opening necessary to release 
the bridging stresses and the area under the curve can 
be interpreted as the critical energy release rate Gc, 

Depending on the shape of ob{u), different scenar- 
ios can be expected. If ab(u) is in the form of a 
Dirac delta function a u = 0, then the linear elastic 
fracture mechanics result is recovered for all ply 
thicknesses t. If ab(u) vanishes for u > u0, then if 

Gc = 2Mo°o (9) 

A laminate with a transverse crack that has grown 
a distance L is now considered. If the energy balance 
for an assumed increase in crack length AL is consid- 
ered, it is possible to judge whether the crack growth 
is possible or not. Without going into details, it may 
be shown that the relation between the transverse 
stress GT far away from the crack and the crack 
opening displacement u may be written as: 

a£T 
yr = —u + cb(u) (10) 

where ET denotes the transverse modulus, ab the 
bridging stress and a a nondimensional constant of 
the order of one. The energy criterion for crack 
growth may then be formulated as: 

GT(u) ■ u > foT(u)du (ID 

t>tn 

aE. 

2G„ 
T   2 

(12) 

the linear elastic result is again obtained. For t < t0 

eq.(ll) has to be further investigated. Considering 
the simplified cohesive law according to Figure 5, 
the criterion (12) is translated into oT = a0, which 
corresponds to a laminate strain of about 
e = a0/ET. Thus for thicknesses larger than t0 

according to (12) the critical strain is inversely pro- 
portional to Jt and for ply thicknesses smaller than 
t0 bridged cracks are expected over the whole speci- 
men width at a strain of e = a0/ET. These observa- 
tions can be summarized in Figure 6. Considering 
now the initial flaw concept which define another 
characteristic ply thickness and strain level, it can be 
expected that for certain materials there may be a 
very limited range in which the linear elastic fracture 
mechanics result is valid. 

The concept of cohesive zones may also be applied 
to the simulation of growth of local delaminations, 
which develop in a similar way as transverse matrix 
cracks. This would open possibilities for a unified 
treatment of these two damage modes. Much remains 
however to be done in this area. 

5 CONCLUSIONS 

Strain e 

Crack bridging 

Energy 
release rate 
control 

Initial flaw control 

Ply thickness t 

Figure 6. Critical strain as a function of ply thickness 
for initiation transverse cracking. 

The structure of micromechanically based constitu- 
tive equations that govern damage evolution in com- 
posite laminates has been formulated. The large 
number of damage variables which may be active in 
a composite laminate makes the micromechanical 
approach difficult to apply in a general case. To be 
able to model more complex damage states, probably 
a combination of a continuum damage mechanics 
and a micromechanically based approach is the most 
fruitful way to go. 

In case there are only a few damage modes active, 
the micromechanical approach is more feasible. The 
example of transverse matrix cracking discussed 
above shows that micromechanical models well can 
capture the stiffness changes due to transverse 
cracks. A more difficult task is however to determine 
a reliable criterion for initiation and growth of trans- 
verse cracks. As was shown in the discussion above, 
one can expect that methods based on linear fracture 
mechanics concepts will fail in certain cases. Meth- 
ods based on nonlinear fracture mechanics has to be 

267 



applied in these cases. A simplified approach based 
on a cohesive zone model was introduced in the dis- 
cussion. This model includes as a special case linear 
fracture mechanics and it can capture effects of crack 
bridging. A cohesive zone model would also be suit- 
able for the modelling of local delaminations, which 
basically develop in a similar way as transverse 
matrix cracks. 
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of carbon/epoxy fibre composites 
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ABSTRACT: In the present work, a method for the characterization of the nonlinear viscoelastic response of 
a UD/90" carbon/epoxy composite is presented. Based on the characteristic creep-recovery response of the 
material, both analytical and numerical expressions for the nonlinear parameters included in the Schapery's 
constitutive thermodynamic equation were developed. The viscoplastic response developed during creep is 
also taken into account. For the full viscoelastic characterization of the material under consideration, creep- 
recovery tests at different applied stress levels were conducted. A generic function for the prediction of the 
variation of all the four parameters with the applied stress was developed. A minimum number of 
experimental data for the prediction of the nonlinear parameters is needed. 

1 INTRODUCTION 

Fiber reinforced composites have received much 
attention during the last decades as their use as 
structural parts increases rapidly in a wide spectrum 
of engineering applications. Although their excellent 
mechanical properties are advantageous in 
comparison to conventional materials, these 
properties are strongly time dependent and their 
evolution as design tools has to be taken into 
account. The long-term mechanical degradation of 
these materials is affected by the above-mentioned 
time-dependent behavior they exhibit under 
mechanical and/or environmental conditions and 
which is due to the viscoelastic nature of the 
polymer matrix. This behavior becomes more 
complex due to the nonlinearity that occurs under 
high loading conditions. Thus, although the linear 
viscoelastic principles are quite useful for 
preliminary design purposes, the nonlinear effect has 
to be taken into consideration too. Efforts for 
modeling this behavior have led to a certain number 
of representations most of them based on multiple 
(Green & Rivlin 1957, Pipkin & Rogers 1968) or 
single integral approaches where the nonlinearity is 
expressed by functionals or nonlinear factors. 

Due to its simplicity in application and accuracy 
of results in a wide range of composite systems 
special attention has been given in Schapery's single 
integral formulation (Schapery 1966, 1968, 1969) by 
a number of researchers (Mohan & Adams 1985, 
Howard  &   Hollaway   1987,   Walrath   1991).   In 

comparison (Smart & Williams 1972) to other 
formulations as those of Leaderman (1943) or BKZ 
theory (Bernstein et al. 1963), Schapery's single 
integral formulation gives in many cases more 
accurate results while it can be used satisfactory to 
complex stress histories (Turtle et al. 1993). 

In the current investigation, the nonlinear 
viscoelastic behavior of a unidirectional carbon 
fibre-reinforced polymer composite is studied. 
Schapery's nonlinear formulation is used for the 
description of the nonlinearity occurring in the 
viscoelastic response of a unidirectional 
carbon/epoxy composite. Based on a modified 
Schapery's constitutive relation a new data reduction 
method for the determination of the nonlinear 
parameters has been developed. The method takes 
into account the viscoplastic response of the material 
through an additional term introduced in the model 
formulation. According to this method, the 
viscoelastic parameters go, gi, g2 were analytically 
estimated while a numerical procedure has been 
applied for the determination of the shift factor aa. 

Apart from the method, a generic function for the 
prediction of all the four parameters is also 
presented. For the experimental evaluation of both 
the proposed method and the generic function 
predictions, creep-recovery tests under different 
stress levels were performed. Useful conclusions for 
the applicability of the method and the long term 
viscoelastic characterization of the material have 
been extracted. 
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2 THEORETICAL BACKGROUND 

Boltzmann, based on the linear stress-strain 
behavior, suggested a single integral formulation, for 
the linear viscoelastic strain response: 

where   X = ,  is the nondimensional time and 

Aec is the amount of transient strain accumulated 
during creep : 

da 
E(t) = D0a0 + j[AD(t-T)—dx 

dx 
(1) 

where  Do  and  AD(t)  is  the  instantaneous  and 
transient compliance value respectively. 

The nonlinear viscoelastic response can be 
described by means of the Schapery's nonlinear 
principle, which under constant stress and 
temperature conditions can be expressed as : 

6(t) = g0D0a0+g,l[AD(M;-v)/
1)^|^dT       (2) 

where Do and AD(v|/) are the instantaneous and 
transient creep compliance components respectively, 
while f and \y' are the so-called "reduced" times 
defined as: 

Asc= g,B2C —1 ^o+£vp(t.) (7) 

In the linear viscoelastic case, where go=gi=g2=ao=l, 
equation (6) takes the form : 

Er(t)=A6£[(l + X)"-Wn] (8) 

3 THE PROPOSED DATA REDUCTION 
METHOD 

At t = t~ (Fig. 1), which is the time just before the 
unloading in the creep-recovery test, the pure 
viscoelastic part of AEC can be given from Eq. (5) as : 

<-£ 
df 

and        V|/'=V|/(T)=£. 
df 

AEc(
t
a")-evp(t:) = g,g2AD(-^)a0 (9) 

and go, gi, g2, eta are time independent, but stress 
dependent nonlinear parameters. 

For the description of the viscoplastic creep 
strain component, a viscoplastic term, Evp, can also 
be introduced into the above constitutive equation, 
so that: 

^^gflob+aHv-^fe^du+^t)      (3) 

By applying a unit step stress history to the above 
formulation, we obtain for the creep and the creep- 
recovery response respectively: 

Ec(t)=goDo<Jü+g,g2A^^-Ja0+Evp(t),for 0 < t < ta (4) 

sr(t) = ^+t-ta]-AD(t-ta) IA+MC)' 
f°r l > *• (5) 

Next, if we assume that the compliance of the 
material follows a power law of time i.e. 
AD(t) = C* t" then eq. (5) can also be rewritten as : 

Er(t) = ^[(l+a^)"-(a^)"]+Evp(t:)   for   t > t.   (6) 

Similarly, the recovery response at t = t*, i.e. just 
after unloading, can be given by Eq. (6) as : 

tl 
er(t;) = g2AD-ä-o0 + Evp(t:) (10) 

It is worth to notice that, for perfect linear 
viscoelastic behavior, the instantaneous strain 
response at t=0+ is equal to the instantaneous strain 
jump at t = ta

+ (Fig. 1). However, in the nonlinear 
case these two responses are not equal. This is a 
significant point which enables us to study in a more 
detail manner the sudden material responses at the 
moments of instantaneous loading and unloading 
respectively. 

Thus, if AEO is the difference between the two 
responses corresponding to the time of the 
instantaneous unloading (t = t*) and the time of the 
instantaneous loading (t = 0+ ) respectively, then we 
obtain : 

AE0 _E0r _s0c (11) 

where Eor and Eoc can be given by Eqs. (10) and (4) 
respectively, as : 
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Figure 1. A typical creep - recovery curve. 

% =6.(t;)-8I(t:)=6.(t;)-g1AD[j-jo0-8,(t:)    (12) 

Soc = gcA°o =Ec(t-)-g1g2AD-!-Ja0-sM,(t-)    (13) 

Substitution of Eq. (12) and (13) into Eq. (11) and 
taking into consideration that 

evp(ta) = Svp(t;) = svp(ta), yields to: 

(14) A60=g2(gl-l)Ari-Mo 

Then partial division of Eq. (9) and (14) results in: 

Ae„ -£., 

AE^ASO-S^ 
(15) 

The obvious significance of Eq. (15) comes from the 
fact that the nonlinear parameter gi can be easily 
calculated, as the values of Aso, Asc and Evp can be 
experimentally measured from the creep/recovery 
test. 

It is also obvious that the parameter go, which 
indicates the nonlinear elastic response E(0

+
) due to 

the instantaneous application of the given load at 
t=0+, can be determined from the initial experimental 
values of the strain response of the material. In other 
words, the ratio of the value of the instantaneous 
compliance of the system in the linear viscoelastic 
case (i.e. at very low applied stress level) over the 
value of the instantaneous compliance in the 
nonlinear case (i.e. at high stress level) provides the 
value of go- 

Having analytically determined the values of g0 

and gi, while Aec and evp can also be experimentally 

measured, the value of aa can be found by means of 
a numerical fitting of Eq. (6) to the experimentally 
found er(t) values. 

Next, assuming that the transient compliance 
AD(t) is expressed as AD(t) = C*t", then the 
analytical expression given by Eq.(14), can be 
written as: 

(16) Ae0(11„=g2(g1-l)q-!-   cT0(nI 

It is also obvious that the pure viscoelastic response 
can be written as: 

As c(0 = Ct. J0(l) (17) 

where indices 1 and nl, stand for the linear and 
nonlinear viscoelastic response, respectively. 

Dividing Eq. (16) and (17), and then solving for 
g2, we obtain: 

As 0(nl) J0(l) 

Asc(l)   (gl-l)°0(„l) 
(18) 

Since the values of Ae0(ni) and Aec(i) can 
experimentally be measured from two creep- 
recovery tests, one at high stress level (nonlinear 
viscoelastic behaviour) and the other at low stress 
level (linear viscoelastic behaviour) respectively, 
then knowing the applied stresses o^, a^s, while 
the values of aa and g, have already been determined 
using the techniques presented in the previous 
section, the value of g2 can be easily determined. 

In summary, in order to estimate the four 
nonlinear parameters, the following steps can be 
followed: 

I. The  ratio  of the  value  of the  instantaneous 
compliance of the system in the linear viscoelastic 
case (i.e. at very low applied stress level) over the 
value of the instantaneous compliance in the 
nonlinear case (i.e. at high stress level) provides 
the value of go. 

n. Using   experimental data in combination with 
Eq. (15) the analytical estimation of gi can be 
performed. 

HI. Eq. (8), is numerically curve fitted to the linear 
recovery data and the value of the n exponent is 
determined. 

rV. Eq. (6) is numerically curve fitted to the recovery 
test data and the value of aa is determined. 
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V. Knowing the values of aa and g,, the value of g2 

is analytically estimated using Eq. (18). 

4 MODELLING THE STRESS VARIATION OF 
THE NONLINEAR PARAMETERS 

A generic function for the prediction under 
isothermal conditions of all the four nonlinear 
parameters is developed. 

It is clear that for the linear viscoelastic response, 
the values of the non-linear parameters are equal to 
unity. 

For the application of the generic function, the 
critical value, aa (stress threshold), of the stress at 
which the material response passes from the linear to 
the non-linear one, is of great importance. In the 
present study, and for constant temperature 
conditions, it is assumed that any of the four non- 
linear parameters, denoted as G, can be expressed as 
a function of the applied stress a, the tensile 
strength, o„, and the critical stress value, acr. Then, 

G = F{o,CTu,ccr} (19) 

It is evident that for applied stresses higher than acr, 
G must be a monotonically increasing or decreasing 
function of the applied stress.Then, the following 
two limiting conditions can be considered : 

G=l 

and 

lim   G = KG 
CT->(T„ 

for 

for 

From the creep curve it is evident that the 
nonlinearity developed depends on the applied stress 
following an exponential mode of variation. A 
similar type of behaviour has also been observed by 
Leaderman(1943). 

The deviation of go and g2 values from unity with 
increasing applied stress represent a physical 
transition state of the material i.e. material softening 
or hardening with stress. Also, experimental results 
showed a nonlinear increase of gi with applied 
stress. 
Based on the above-mentioned observations, the 
following generic function for the prediction of any 
of the four nonlinear parameters has been 
introduced: 

G = 
1-Kr 

1 + e K) 
+ Kr 

for a < CTcr 

for a > acr    (20) 

where x = —, X = —— o\i is the ultimate tensile 

strength measured at high strain rate, acr is the 
critical stress threshold for the linear - nonlinear 
viscoelastic transition and KG is the G limiting value 
when c tends to ou. 

5 EXPERIMENTAL PROCEDURE AND 
LOADING PROGRAM 

All the experiments in the present investigation as 
well as the manufacturing of the specimens were 
conducted by the first author in the Department of 
Mechanics of Materials and Structures of the Free 
University of Brussels (VUB) within the frame of a 
scientific co-operation. 

Creep-recovery data were obtained on a 90 
degrees Carbon-Epoxy composite. Standard prepreg 
types FIBREDUX-920C-TS-5-42 with nominal 
weight 0.231 (Kg/m2) were used. 12 layers carbon- 
epoxy unidirectional composite plates were 
fabricated using the hand lay-up technique. All 
plates were cured in a SCHOLTZ autoclave 
following the standard curing cycle proposed by 
CIBA-GEIGY consisted of a 300 kN/m* pressure 
and a curing temperature of 125 °C for 120 minutes 
applied to the plates in the autoclave. 

Laminate specimens were postcured in an air 
oven at about 120°C for 3h and then slowly cooled 
in the oven. 

Transverse straight-sided specimens were cut 
from the unidirectional plates, using a diamond 
wheel saw. The nominal size of each specimen was 
300mm long, 17mm wide, and 1.75mm thick. All 
specimens were tabbed using LEXAN tabbing 
material. The nominal size of each end tab was 
50mm long, 17mm wide and 2 mm thick. 

Two Micromeasurement EA-13-240LZ-120 and 
CEA-13-240UZ-120 strain gauges were mounted 
back to back on the center of each specimen along 
the loading direction by using M-Bond 610 adhesive. 
Specimens were wired and set in the creep frame at 
least for 12 hours prior loading. All tests were 
conducted at 20°C using a four-station dead load 
creep frame. The loading mode consisted of 168 h of 
tensile creep at constant stress level, a0, followed by 
168 h of recovery. Six levels of load below tensile 
failure strength, namely 30%,40%, 50%, 55%, 60% 
and 70% of the tensile failure stress, ocr ,were 
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applied and the variation of strain was recorded 
versus time. In all cases the load was applied and 
removed gradually over a very short time span of the 
order of 3s, which was quite short compared with the 
whole creep testing period of 168 h. To achieve this, 
an oil pump was used to apply and remove the load. 
Both short-term tensile elastic modulus and ultimate 
tensile strength tests were performed for five 
specimens using an Instron tensile testing machine. 
Strains were measured with electrical resistance foil 
gauges bonded to the specimens. A displacement 
rate of lmm/s was used for all tests. The fibre 
volume fraction was established from loss of 
ignition tests. 

6 RESULTS AND DISCUSSION 

The creep and the recovery response of the 
carbon/epoxy system for different stress levels is 
illustrated in Figures 2 and 3 respectively. 

As it can be seen from Figure 4, a nonlinear 
viscoelastic behavior is observed for stress values 
higher than 30% of the ultimate tensile strength, <ju. 
The same observation can also be derived from the 
isochronous curves shown in Figure 5. 
As the main target of the present investigation is the 
determination of the nonlinear parameters included 
in Schapery's model, the viscoplastic response was 
taken into account through the viscoplastic strain 
term introduced in Eqs. (3), (4) and (5). The value of 
this term was experimentally recorded in order to be 
taken into account. 

Next, following the steps already described, the 
separate estimation of each of the nonlinear 
parameters g0, gi, a„ and g2 was performed. 
Experimentally obtained and fitted recovery curves 
for three different applied creep stress levels are 
shown in Figure 6. 

Prior to this step, as shown in Figure 7, the value 
of the n exponent was determined by means of a 
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Figure 2. The creep response of the carbon-epoxy      Figure 4.  Compliance versus time for different 
composite at different applied stress levels. applied stress levels 
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Figure 3. The recovery response of the carbon epoxy 
for different stress levels. 
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Figure 5. Isochronous curves for the carbon/epoxy 
system under consideration. 
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Table-I. The values of the nonlinear factors go, gi, 
and aa, for different applied stress levels. 
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Figure 6. Experimentally obtained 168h recovery 
response and respective fitted curves for the 
carbon/epoxy system and for three different applied 
creep stress levels. 

curve fitting procedure applied to experimentally 
obtained recovery data. 

Although earlier investigations (Hiel 1983) have 
shown that n, being sensitive on creep duration, is 
the most sensitive factor in introducing errors in the 
predicted values of viscoelastic response, in the 
present investigation the value of n as calculated 
from both Eq.(8) and after successive curve fitting 
procedures applied to different recovery time 
intervals, as shown in Figure 8, was found in all 
cases constant having a value of 0.091143. Thus, no 
sensitivity from the recovery duration was found. 
The estimated values of each of the nonlinear 
parameters at the respective applied stress level, are 
given in Table I. 
Next, concerning the proposed generic function used 
to model the nonlinear parameters as a function of 
stress, all terms included in it have a clear physical 
meaning, while the values predicted by the function 

80 
ro 
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°„ = 0,3X 
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Time(sx105) 

Figure 7. Derivation of the n-value by means of a 
curve fitting procedure. 

Applied (%) of 
Stress rupture go g| <*o %2 
(MPa) Stress 

19.50 30 1.000 1.000 1.000 1.000 
26.00 40 0.972 1.389 0.927 1.040 
32.50 50 0.954 1.504 0.816 1.228 
35.75 55 0.923 1.834 0.570 1.279 
39.00 60 0.904 1.970 0.424 1.269 
45.50 70 0.870 2.280 0.389 1.378 

are in good agreement with the respective ones as 
they have estimated by means of the method 
proposed and already presented. 
Both the ultimate tensile strength, a„, and the critical 
nonlinear viscoelastic stress threshold ocr , are 
knownphysical stress variables, easy to identify, the 
former through short term tensile tests and the latter 
from simple creep tensile tests. 
Plots for each of the four nonlinear parameters 
against applied stress, as they have been derived 
from both the proposed method and the generic 
function, are shown in Figure 9. As one can see, a 
fair agreement between calculated and predicted 
values is observed. 

7 CONCLUSIONS 

In the present investigation a method for the full 
nonlinear viscoelastic characterization of a 90 
carbon/epoxy composite system is presented. The 
method, using a minimum number of experiments, is 
able to determine the nonlinear parameters included 
in the well known Schapery's formulation. 

Next, a generic function, with a clear physical 
meaning, for the prediction of the stress dependence 
of the nonlinear parameters is proposed. A fair 
agreement between calculated by the method and 
predicted from the generic function values of the 
nonlinear parameters was found. 
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ABSTRACT: An investigation of the effect of time-dependent behaviour for various stress and strain histories 
was done for the T300/5208 composite. It is shown that Schapery's non-linear theory integrated with a 
viscoplastic model allows to predict for long-term cyclic mechanical loading, ramp loading with constant strain 
rate and multiple-step relaxation. Material constants associated with constitutive models were determined. The 
results were combined with a recursive numerical procedure to handle the hereditary effects and to predict the 
time-dependent behaviour of the composite. 

1 INTRODUCTION 

Edward Wu (1982, 1983a, 1983b) published 
experimental data for the T300/5208 composite under 
creep/creep-recovery and ramp loading, so it became 
accessible to the technical community. The aim of that 
program was to provide a data base that could be 
used to characterise overall matrix-dominated time- 
dependent deformation and time-dependent strength. 
The specimens were ±45° laminates tested in tension. 

The nonlinear viscoelastic model developed by 
Schapery was selected to study the time dependent 
behaviour of composite. The material properties were 
obtained through the creep/creep-recovery data at four 
different shear stress levels of 22.15, 32.30, 43.60 
and 48.95 MPa. Along with the viscoelastic 
behaviour, we observed a viscoplastic behaviour well 
modelled by the viscoplastic functional employed by 
Zapas and Crissman (1984) and later by Tuttle 
(1995). The linear viscoelastic compliance was 
modelled by an exponential Prony series expansion. 
The calculation of the unrecoverable strain, i.e. 
viscoplastic strain, was accomplished by 
extrapolation of the series expansion. 

Comparisons for the multi-step loading with the 
predictions from the previous model were made. 

Findley (1989) described the relation between 
creep and stress relaxation for uniaxial nonlinear 
viscoelasticity, discussing the principles and a 
method for the interconversion. From those 
principles a method for the interconversion was 
developed and applied to the Schapery constitutive 
relations. Comparisons were made with the direct 
measured relaxation data. 

For the ramp loading tests, where the shear strain 
rate was imposed, comparisons with predictions were 
made for the shear stress, T12, and shear plastic 

strain,   y]2
plas"c.  The  shear  plastic  strain  was 

calculated as 

plastic 
= Yl2-*12-G (1) 

where G represents the initial modulus in the elastic 
region and y]2 the shear strain. 

2 CONSTITUTIVE MODEL 

The total strain associated with the matrix- 
dominated compliance S66 was modelled using the 
modified Schapery theory that includes a viscoplastic 
term given by the functional used by Zapas and 
Crissman. According to this approach the total shear 
strain Y12(t) induced by an arbitrary shear stress 

t12(t) is given by 

Yi2(t)=   Dogox12(t) + 

glf AD(¥-V')feMdq+       (2) J-~ dc, 

{cJlKrfdV}n 

where D0 is the shear elastic compliance, AD(t) the 
shear linear creep compliance, \|f,v|f' reduced times 
given by 

w; »'=/; °an 
(3) 
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m 

AD(t) = £D, 
(         ' ^ 

i=i I          ) 

where  g0, g,, g2   and   aD are stress-dependent 
nonlinearizing parameters. The C,N and n 
parameters are stress-independent but temperature- 
dependent material constants of the viscoplastic term. 
The shear linear compliance was modelled using the 
Prony's series since the exponential form was 
numerically advantageous 

(4) 

where Dj,zj are positive constants and z{ are called 
retardation times. 

The first term on the right-hand side of Equation 
(2) represents the nonlinear elastic strains, the second 
term represents the nonlinear viscoelastic strains and 
the last one represents the nonlinear viscoplastic 
strains. When the applied stress is sufficiently small 
So = 80 = 80 = aD = 1> and Equation (2) reduces to 
the Boltzmann superposition integral for linear 
viscoelastic behaviour with a flow term. The aD 

parameter can be assumed as a stress shift factor 
similar to the temperature shift factor aT used in the 
time-temperature superposition principle. As 
Schapery (1969) refereed the aD coefficient is 
assumed to depend only on the stress. The only 
thermodynamic restriction is that this coefficient must 
be positive for stable materials. 

The constitutive models described above were 
combined with the classical lamination theory to 
obtain predictions for general multi-angle laminates. 
The formulation was developed to solve all sort of 
problems related with creep, relaxation and rate 
dependent stress/strain behaviour for in-plane and 
flexural loads. The method was described in detail 
elsewhere (Guedes, 1997) and was developed as a 
FORTRAN computer program called LAMFLU. 

3 MATERIAL PROPERTIES CALCULATION 

The material properties were obtained through a 
series of creep/creep-recovery tests. The stress 
history in a creep/creep-recovery consists of a 
constant stress (o0) applied during the creep phase 
followed by removing the total applied stress during 
the creep-recovery phase of the test. During creep 
time (0 < t < ta) the strain response is given by 

ec,eep(t)=      Dogo0o + 

g,g2X
Di 

(         ' 1 
CT0 + 

1=1    v.           ; 

{Ca0
Ntf 

(5) 

During the recovery time (t>ta) the response is 
given by 

«Wery(t)=      g2£
Di e   T'    1-e 

1. "\ 

{Cc0
Nta}

n 

(6) 

Data collected from creep/creep-recovcry tests at 
several stress levels in combination with a fully 
numerical procedure were used to obtained the 
materials properties. 

In this method the problem was "linearized" by 

prescribing the {T,}.^ 2   M parameters. The first step 
is the estimation of the irrecoverable viscoplastic 
strain induced during creep at various stress levels. 
The recovery curves given by Equation (6) can be 
rewritten in die following compact form 

,(t) = A0 +£Aie (7) 

where A0, A; are parameters to be determine for each 
stress level. Equation (7) is numerically curve fit to 
the recovery data using one time constant per decade 
of time. From the previous formulation it is possible 
to extrapolate the recovery curves for very long 
times, calculating the limit 

limererov„y(t) = A0={Co0
Nta}

n 
(8) 

The product N • n is determined by curve fitting of 
Equation (8). From the lower stress level, assumed to 
be a linear level, the values of the linear viscoelastic 
compliance are determined using Equations (6) and 
(7) as 

D; =- (9) 

1-e *■ 

The nonlinear stress levels are then used to determine 
the parameters g2 and aD as 

A,-g2o0D, 1-e = 0 (10) 

The values for D0, C and n are evaluated by fitting 
Equation (6) to the linear recovery data. Finally the 
parameters g0 and g, are evaluated by fitting 
Equation (5) to the nonlinear creep data. 

The linear viscoelastic creep compliance and the 
viscoplastic flow are the only time-dependent material 
properties in the present model. Other material 
properties depend on the stress. Lou and Schapery 
(1971) have shown that the material properties can be 
expressed as functions of the octahedral shear stress 
in the matrix. 
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T300/5208 

shear strain, |ie 

Figure  1. Isochronous stress-strain relation  for  [±45°] 
T300/5208. 

3.1 Test of[±45°] specimen 

4 RESULTS 

Predictions based on the time-dependent 
constitutive model in combination with the LAMFLU 
program have been compared with measurements 
obtained during different type of tests, cyclic 
creep/creep-recovery, multiple relaxation and constant 
strain rate tests. 

4.1 Creep/Creep-Recovery 

The T300/5208 [±45°] laminates were subjected to 
cyclic creep/creep-recovery tests at room temperature. 
In Figures 2 and 3 the shear strain for the test data 
and the LAMFLU predictions are plotted together for 
four different tests. The specimens were tested for a 
total time of 10176 hours, representing approximately 
14 months. 

Tests were conducted at shear stress levels ranging 
from 22.15MPa to 48.95MPa. The static transverse 
tensile strength value for the T300/5208 laminate 
found in literature is around 68MPa. 

The linear viscoelastic limitation can be determined 
by examining the isochronous stress-strain plotted in 
Figure 1. The dashed lines correspond to the linear 
viscoelastic criterion at each instant. The creep 
behaviour of T300/5208 composite is highly 
nonlinear from the beginning of the test. 

Shear direction compliance values: 
D0 = 0.18998 x 10-3 MPa"1 

Dj = 0.82350 x lO-5 MPa"1 T-j =   0.05 hrs 

D2 = 0.82390 x 10-5 MPa"1 T2=  0.50 hrs 
D3 = 0.11433 x 10-4 MPa-1 T3 =   5.00 hrs 

D4 = 0.46191 x 10-5 MPa-1 T4 = 50.00 hrs 

D5 = 0.22054 x 10-4 MPa"1 z5 = 500.00 hrs 

25000 
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.   20000 

a 

I   15000 
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0 

T300/5208 

tf t 

*«i Vsd 

#\t 
i =48.95 MPa 

A' 

x lestdata 
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0     2000    4000    6000    8000   10000  12000 
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Figure 2. Measured and LAMFLU predictions of the shear 
strain of a laminate subjected to a cyclic creep/creep-recovery 
test at room temperature. 

Nonlinear parameters: 
xc = 18.1883 MPa 

go = 10 forxoct<i:c 

g0 = 1.0 + 0.10327 x 10-1 (xM-TC) for TOCI>TC 

gl = 1.0 for zM<xc 

gi = 1.0 + 0.97975 x 10-2 (xM-xc) for TOCI>TC 

g2= 1.0 

g2 = eH^'"^23'087) 

aD= 1.0 

Viscoplastic coefficients: 
Cn = 0.87819 x 10-!0 
n = 0.4890 
N = 7.3649 

for Toct<i:c 

for T^S-T, 

30000 

25000- 

1 ' i ' ' ' i ' ' ' i 

0     2000    4000 
time, hours 

Figure 3. Measured and LAMFLU predictions of the shear 
strain of a laminate subjected to a cyclic creep/creep-recovery 
test at room temperature. 
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Figure 4. Shear strain imposed in the two multiple-step 
relaxation tests. 
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Figure 6. Multiple-step relaxation test data for Case 2 with the 
one predicted with LAMFLU. 

A very good agreement between the prediction and 
mesured data over the entire tests was obtained. In 
Figure 3 one can observe that material deformed in a 
asymptotic form, which signifies a behaviour change 
from glassy to rubbery. 

4.2 Multiple relaxation tests 

The multiple-step relaxation test consisted on 
maintaining a step-displacement while the load 
relaxed. After the load relaxation approaches the 
asymptotic level, another step-displacement was 
superimposed on the previous one and maintained 
while the load relaxed. The specimens were loaded 
by displacements conditions. The displacement rate 
for each step was nominally constant at 0.02cm/s and 
the holding time was approximately 50 hours. The 
two strain programs used are plotted in Figure 4. 

In Figures 5 and 6 the relaxation shear stress data 
for both multiple-step relaxation tests is plotted with 
the LAMFLU predictions. 

Good agreement between the test and predicted 
data was observed. After the third step some 
discrepancies were found between the prediction and 
experimental results at the begining of each step- 
displacement, but still the relaxed shear stresses 
become very close. 

4.3 Constant rate strain tests 

The specimens were loaded by displacement 
conditions (not strained controlled), and the 
displacement rates were nominally constant. The 
deviations from constant rates were greatest at 
slowest cross-head rates. In any case, it would be 
inappropriate to interpret the data as constant strain 
rate and so the reported records of the actual strain- 
time histories were used in the LAMFLU program. In 
Figures 7, 8 and 9 test data and the respective plastic 
shear strain calculated by Equation (1) arc plotted for 
three different shear strain rates of 0. 125UE/S, 
12.5ue/s and 1250ue/s, respectively with the 
LAMFLU predictions. 

60- 
T300/5208 

Casel i 

50- !. ■*——J 

40- 

30 

20- 
-test data 
-LAMFLU 

10- 

0- i i i , | i i i , | , i i i | i i , , | , i i , 

100       200 30       400 
time, hours 

Figure 5. Multiple-step relaxation test data for Case 1 with the 
one predicted with LAMFLU. 

» 20 

M ''" lr'"i  

0     10    20    30    40    50    60    70    80 

time, hours 

Figure 7. Constant shear strain rate test of T30O/52O8 [±45°] 
laminate at room temperature, with the one predicted with 
LAMFLU. 
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Figure 8. Constant shear strain rate test of T300/5208 [+45°] 
laminate at room temperature, with the one predicted with 
LAMFLU. 

were found for the model predictions with the multi- 
step relaxation loading tests. 

The validation of the interconversion, between 
creep and relaxation for uniaxial nonlinear 
viscoelasticity, needs to be confirmed with more 
experimental tests. The thermodynamic model 
developed by Schapery (1969) allows us to express 
the materials properties in terms of either stress or 
strain. As Schapery stated, if nonlinearity is weak, 
both representations are aceptable. However in this 
case the nonlinearity could not be considered weak as 
one concluded from the isochronous curve of [±45°] 
T300/5208 composite plotted in Figure 1. 
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Comparisons between the experimental results and 
the curves based on the theoretical relationship show 
an excellent agreement at both high and low strain 
rates. 

5 CONCLUSIONS 

A mechanical behaviour characterisation procedure 
was presented and applied to the T300/5208 
composite. In the procedure it was imposed the 
restriction aD<l, in order to obtain a coherent 
model. In this case, without that restriction, the 
parameter aD tended to be larger than unity and 
increased with the stress. Including the restriction, 
the parameter aD became in this case constant and 
equal to unity. 

With the nonlinear viscoelastic-viscoplastic model 
one obtains good predictions for long cyclic creep 
loading and ramp loading tests. Some discrepancies 
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Figure 9. Constant shear strain rate test of T30O/5208 [+45°] 
laminate at room temperature, with the one predicted with 
LAMFLU. 
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Reliability-based optimization of a laminated cylinder subject to a given axial 
load and pressure 

A.Beakou 
LaRAMAIIFMA, Campus des Cezeaux, Aubiire, France 

ABSTRACT: This paper proposes a method for the design of a [±a]„ laminated cylinder based on reli- 
ability evaluation. As each lamina has the same limit state function, the two bounds of the probability 
of failure coincide and the resulting reliability system is therefore simple. Numerical results show an 
optimal fiber orientation angle which maximizes the reliability index ß. The corresponding value of ß 
can be adjusted to achieve a specified reliability level. Then partial safety factors can be deduced for a 
semi-probabilistic design. 

1   INTRODUCTION 

The mechanical design of a structure is essentially 
performed by one of these methods. The determi- 
nistic design, the traditional and the most widely 
used one, introduces an empirical global safety fac- 
tor to take into account the imponderables in man- 
ufacturing, loads and materials properties; it is 
assumed to be reliable though this is not quanti- 
fied. In probabilistic design, the reliability of the 
structure is evaluated through the failure probabi- 
lity or the equivalent so-called Hasofer-Lind index. 
Finally, in semi-probabilistic design, partial safety 
factors calibrated by reliability methods are ap- 
plied to achieve a specified level of reliability. 

In the coordination working draft of the MIL- 
HDBK-17, reliability is defined as "the probabi- 
lity of a device performing it's purpose adequately 
for the period of time intended under the oper- 
ating conditions encountered". The durability is 
related to the intended period of time or lifetime 
of the structure under consideration, subject to 
environmental effects. Environmental factors of 
major importance include a combination of hu- 
midity, temperature and radiant energy. The ef- 
fects on the mechanical strength distribution are 
the reduction of the expected value and probably 
the increase of the scatter (Figure 1). This ef- 
fect can be taken into account in a design process 
by adjusting the strength distribution to coincide 
with the environmental extremes and by assum- 

ing them to be invariant during the lifetime of the 
structure. 

The aim of this work is the optimisation of a [±a]„ 
laminated cylinder, subject to a given axial load 
and internal pressure. Bending and buckling load 
cases have been studied by several authors (Ko- 
giso et al. 1996). Reliability methods are used 
because fiber-reinforced composite properties and 
especially ultimate strengths reveal more scatter 
than metallic materials. The reliability index is 
calculated by the First Order Reliability Method 
(FORM) and only material ultimate strengths are 
treated as random variables. The optimal fiber 
orientation angle of the laminated cylinder, which 
maximizes the reliability index, is then determined 
for various load cases. 

2   PROBABILISTIC METHODS  AND COM- 
POSITE MATERIALS 

Whatever the method considered, probabilist 
methods are needed in the design process with 
composite materials. For instance, the deriva- 
tion of the design allowable properties, even for 
deterministic methods, is done by applying sta- 
tistical analysis to the results of testing on ma- 
terial samples. In addition, probabilistic methods 
are recommended for the design of structures with 
composite materials because of the considerable 
scatter of the mechanical properties. 
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2.1 Design allowable properties 

Statistical analysis performed on the results of me- 
chanical tests produce design allowable properties 
which take into account the degree of scatter and 

are related to a specific level of confidence (King, 
R.L.,1987). In the aerospace industry, the usual 
standards are the A- and B- bases. The A-base is 
related to the value above which at least 99% of 
the population is expected to fall with 95% confi- 

dence and the B-base, to the value above which 

at least 90% of the population is expected to fall 

with the same confidence level. The different steps 
in the determination of the design allowable pro- 

perties are: 

— the choice of a statistical distribution; generally 
log-normal and Weibull's distributions are used for 
composite materials 
— the estimation of the chosen law parameters 
from test data; maximum likelihood, regression 
analysis are used 
— the derivation of the design allowable properties; 
confidence factors, \2 distribution or Student's t- 

distribution are used. 
In a deterministic design method, the design al- 
lowable properties are used in a format includ- 
ing a global safety factor and no quantification 
of the reliability level is performed. In a semi- 
probabilistic method, partial safety factors cali- 
brated by a probabilistic method for a specified 
reliability level are applied to the design allowable 
properties. 

2.2 Reliability evaluation 

Probabilistic design of a structure considers some 
of the design variables to be stochastic: material 
properties, loads, dimensions,...These parameters 
are called the basic variables X{. Then, the design 
rules have to be listed from the physical, mechan- 
ical or experimental knowledge of the designer in 
order to avoid different kinds of failure. These 
rules define a limit state function G and divide 
the basic variables' space into two sets, the safe 
set Ss and the failure set Sj (Madsen et al. 1986). 
The failure probability Pj is calculated by the in- 
tegration of the variables' density function fx over 

the failure domain Sj. 

Pf = Prob(G{X) < 0) = /  fxdX. 

The reliability of the structure is I — Pj. The 
calculation of P; is done by the following meth- 
ods: Monte Carlo simulations, First Order Relia- 

bility Method (FORM), Second Order Reliability 
Method (SORM) and the Importance Sampling 
which combine the first two methods. FORM is 
particular}' interesting because of its efficiency and 
its low computational cost. Its aim is the calcula- 
tion of a reliability index ß prior to a failure prob- 
ability evaluation. The reliability index is defined 

as the minimal distance from the origin 0 to the 
limit state function in a normalized space (Madsen 
et al. 1986). The point P" which minimizes the 

distance is the design point and the approximation 

of the failure probability is given by: 

Pf« H-ß) 
where $ is the standardized normal probability 
function. The coordinates of P" correspond to the 
design values of the basic variables. 

2.3    Calibration of partial safety {actors 
Partial safety factors are calculated by balancing 
out the design values obtained by a probabilistic 
method to those used in a deterministic design. 
The different steps in the calibration process are: 
— the choice of a reliability level, i.e. a target 

reliability index ßtarget- 
— the probabilist calculation and reliability opti- 
mization. After convergence, the design value of 
each basic variable X, is obtained as the coordi- 
nate x* of the design point P*. 
— the choice of the design allowable property or 
characteristic value X{k 

— the equalization of the design value x\ and the 
characteristic value .T,t divided (for a strength) or 
multiplied (for a load) by the partial safety factor 

1i- 

3   OPTIMIZATION OF A LAMINATED CY- 

LINDER 

3.1    Mechanical model 

The structure is a [±a]n laminated cylinder made 
of graphite/epoxy which is subject to an axial load 
F and an internal pressure p. Its middle radius R 

is much greater than its thickness h. In the (er,e*0, 
z) axis and taking into account the thin cylinder 

hypothesis h <C R, only ago = ^~ and azz = j^i 
can be considered as significant stresses (Figure 
2). Then Tsai-Hill's interactive criterion is used 
to define the limit state function G for each 1am- 
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-TK       2    (N-Tcos2a\2    fN + Tcos2a\2 

N2 - T2cos22a     T2sin22a 
+ XY S2 

where AT  =  \(PR+^R), T  =  §(?*-&), 

X = {X, Y, S}T and X, Y, S are ultimate lamina 
strengths. 

3.2   Stochastic model 
Only the ultimate strength X, Y, S are consid- 
ered as uncorrelated stochastic variables and are 
assumed to be normally distributed to allow an 
analytical solution. 
Because of multiple failure modes of a laminated 
composite two limit cases must be considered. If 
the failure of the laminated composite occurs by 
serial mode, the probability of failure is 

Pf. = Prob    U Gk[X) < 0 

where Gk is the limit state function of the kth lam- 
ina and 2n is the number of plies. 
Otherwise, if the failure of the laminated compo- 
site occurs by parallel mode, the probability of 
failure is 

Ph = Prob    H Gk{X) < 0 

These two limit cases give the bounds of the com- 
plex phenomena that occur during the failure of a 
laminated composite. Usually, the lower bound is 
considered to correspond to the worst case. When 
a [±a]n laminated cylinder is considered, the two 
bounds coincide as Gk{X) = G(X)\/k. 
See below the features of the random variables. 

var. exp. val.(MPa) CV in % law type 
X 
Y 
S 

1500 
40 
70 

0.06 
0.06 
0.06 

normal 
normal 
normal 

3.3 Optimization problem 
After appropriate transformations of the basic 
variables, the limit state surface is represented in 
the standardized space. The reliability index ß is 
obtained by minimizing the origin-to-surface dis- 
tance d. The optimization problem can be formu- 
lated by: for a given thickness h and a given load 
case (N,T), 
find a subject to 0 < a < | such that the reliabi- 
lity index ß is at its highest value. 

4   NUMERICAL RESULTS 

A program has been created to solve the previ- 
ous optimization problem. The results are vali- 
dated by STRUREL, a structural reliability anal- 
ysis program. It is found that the reliability in- 
dex ß is sensitive to the fiber orientation a when 
iV«T. Numerical simulations are performed for 
h = 0.05m and T = 2MN/m. For each load case 
defined by r = ^, Figure 3 shows an optimal fiber 
orientation angle am which maximizes the relia- 
bility index ß. For example, am — 62 degres for 
r = 0.1. The corresponding value of ß can be 
adjusted by varying the thickness h to achieve a 
specified reliability level. By taking the expected 
values of X, Y and S to be the characteristic va- 
lues, the calculated partial safety factors in this 
load case are: 

7X = 1.00 

1Y = 1.11 

7s = 1.8 

Metal 

Tensile strength 

Figure 1: Variation of composite strength. 
Figure 2: The structure's description. 
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Figure 3: The change in the reliability index against the fiber orientation for various load cases. 

These values are given as an illustration since they 
do not take into account the other design param- 
eter variations. 

5   CONCLUSION 

This work gives a suitable method to determine 
the optimal fiber orientation angle for a [±a]„ 
laminated cylinder. Moreover, semi-probabilistic 
methods can be deduced by assigning values to 
partial safety factors in order to achieve a spec- 
ified reliability level at the optimal point. This 
is very useful for many designers who are not fa- 
milar with reliability methods. The model which 
is presented here as an illustration can easily be 
extended to take into account elastic modulus, di- 
mensions and load variations. 
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ABSTRACT: This paper presents the approaches to be used in a European research project intended to 
develop new (and so far as possible short-term) test methods to estimate the long-term behaviour of glass- 
reinforced plastic (GRP) pipes for water under pressure and sewerage applications. The new methods will 
be validated by comparison with the results obtained using the presently specified (very) long-term ones, 
the replacement of which is the main objective of the work. The starting of the work is previewed for the 
beginning of 1988 and so no results could be given now. Nevertheless, the authors have considered that 
the presentation of the methodology adopted in the research and the correlated topics could contribute for 
the discussion of the strategy to be followed for the study of the durability of high-diffusion composites. 

1. INTRODUCTION 

Glass reinforced thermosetting plastic (GRP) pipes 
are a family of quite distinct products depending on 
the manufacturing technologies used, each one 
giving laminates with quite different compositions 
and properties. For the transportation of water 
under pressure and for sewerage applications, three 
main cases have to be considered: 

- classical filament wound pipes that could 
be described as angle-ply laminates with 
some interleaving of the adjacent layers; 

- continuously manufactured filament wound 
pipes having a sandwich construction with 
hoop reinforced layers and a core in which 
the resin is mixed with short fibres and 
small size silicious sand; 

- centrifugal cast pipes consisting of several 
layers build up mixing the resin with short 
fibres, small size silicious sand and 
calcium carbonate fillers. 

In the European standardization work for 
GRP pipes it has been decided to specify the 
determination of four very long-term properties 
(tests during at least 14 months, but usually about 
two years) in order to assure a confident utilization 
of the material during the expected life previewed 
for the pipelines (normally, 50 years). Such strong 
requirements are related to the fact that the pipes 

cover a wide range of diameters (up to 3 meters or 
even more) being responsible for pipelines which 
failure could render considerable economical losses 
and important social difficulties. 

But such requirements represent also a quite 
difficult obstacle to the industrial improvement and 
innovation of the products. Furthermore, this long 
testing time also prevents the end users from 
performing confirmation tests to determine these 
long-term properties on the pipes really designed 
and manufactured for each application. This is 
particularly relevant for the construction of very 
sensitive pipelines responsible for essential social 
services or transporting dangerous liquids. 

These facts have been recognized by CEN 
(European Committee for Standardization) and a 
special "Call for Proposals" in the scope of the 
Standards Measurements and Testing European 
Commission Research Programme have been open. 
The objective was the development of alternative 
short-term test methods for the determination of 
these long-term properties assuring an equal level 
of safety to be validate by comparison of their 
results with the obtained using the presently 
specified ones. 

A research proposal involving the cooperation 
of a group of ten partners of six different European 
countries have been presented and approved. This 
paper will describe their fundament and strategy. 
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2. ANALYSIS OF THE STANDARDIZED METHODS        2.2 General discussion of their capabilities 

2.1 Existing standards 

The existing European test methods for prediction 
of long-term behaviour of GRP pipes are: 
a)  EN 1447  Plastics   piping   systems   -   Glass- 

reinforced    thermosetting    plastics 
(GRP) pipes - Determination of the 
long-term   resistance   to   internal 
pressure. 

b)prEN 1227 Plastics   piping   systems   -   glass- 
reinforced    thermosetting    plastics 
(GRP) pipes - Determination of the 
long-term   ultimate   relative   ring 
deflection under wet conditions. 

c) EN 1225    Plastics   piping   systems   -   Glass- 
reinforced thermosetting plastics 
(GRP) pipes - Determination of the 
creep factor under wet conditions 
and calculation of the long-term 
specific ring stiffness. 

d) EN 1120   Plastics   piping   systems   -   Glass- 
reinforced thermosetting plastics 
(GRP) pipes and fittings - Determi- 
nation of the resistance to the 
chemical attack from inside of a 
section in a deflected condition. 

They have been prepared by CEN/TC155/WG14 
following the work done by ISO TC 138/SC6 during 
more than 20 years. The methods are essentially of 
empirical nature, "trying to simulate in laboratory 
the service loading and environmental conditions", 
although some general principles on the long-term 
behaviour of the polymer matrix composite 
materials have been taken into account at a 
qualitative level. 

Note that the long-term design of buried GRP 
pipelines is essentially an one-dimensional problem 
in which only the stresses and strains the hoop 
direction have to be considered. The use of flexible 
joints prevents or considerably reduces the 
existence of axial stresses being enough to deal 
with the them in a short-term basis. 

For strength predictions, both internal 
pressure (tensile) and ring deflection (bending) tests 
are included because the material is seen as an 
homogeneous one over the wall thickness. 

Long-term modulus is only important to be 
known in bending to avoid excessive deflections. 

The last test is a special chemical ageing 
check and since it is not linked to the material 
creep and other ageing aspects of the long-term 
material behaviour it will be not analyzed here. 

The label empirical shall not be taken with the 
negative charge sometimes associated to the 
approaches of this nature. In fact the referred 
methods, although assuming a linear or 2nd order 
polynomial in a log-log scale, are supported by a 
consistent regression analysis. The statistical model 
behind kept the estimations inside a predefined 
confidence level for an extrapolation of not more 
than 1.5 decades in time taken in hours. 

Furthermore, a model like this could be 
easily incorporated in (semi-)probabilistic reliability 
design methodology following the philosophy 
behind the Construction EuroCodes. All the 
uncertainties associated with loading conditions, 
structural analysis, in situ construction parameters 
and the scatters of material properties could be 
incorporated in a coherent statistical model for the 
definition of a minimum safety factor. 

On the other hand, both creep and ageing are 
considered. In water supply or sewerage systems 
the loss of properties of the material is essentially 
a consequence of the creep of the material, the 
swelling, the slightly plasticization and the very 
slow hydrolysis (with scission) of the resin, and of 
the slow attack of the liquid to the fiber/resin 
interfaces. This is clearly recognized by the 
existing tests since they specify the constant loading 
of specimens immersed in the liquid: 

- tests referred in a) and b) try to estimate 
the long term strength of the material, 
respectively in tensile and in bending 
stress conditions, being the consideration 
of both indispensable due to laminated 
nature of the material. For these creep to 
failure tests, at least 18 specimens shall be 
used with times to failure fulfilling a 
specified balanced distribution in the 
interval 10-10000 hours. The extrapolation 
for the expected life for the pipe is done 
by a linear regression analysis in a log-log 
plot, the statistical validity of the data 
being checked by two criteria: suitability 
for regression analysis and for 
extrapolation. 

- the test mentioned in c) is a bending creep 
test at low deflection level used in order to 
be possible the estimation of the long term 
deflection of the pipe in a buried 
installation; based on the data of the 
deflection vs time up to 10 000 hours, the 
extrapolation of the stiffness for the life 
expected for the pipe is done using a 2nd 

order polynomial. 
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However, the existing methods do not take 
into account a fundamental characteristic of the 
influence of the liquid environment: the slowness of 
the liquid diffusion at room temperature. Depend- 
ing of the composition of the material and of the 
thickness of the pipe wall the saturation of the 
specimens could only be obtained after several 
months. Then: 

- thinking in a expected life of 50 years, 
only the data obtained after several thou- 
sands of hours can take into account (and 
probably, in a insufficient way) the effect 
of the liquid environment; 

- the effects of the liquid in the material 
affects, in a quite distinct way, the data 
obtained at different times of testing and 
this circumstance increases the scatter of 
the data to be used in the extrapolation. 

For the tests mentioned in a) and b), this last 
aspect introduces some disturbance in the expected 
shape of the regression curve. The same influence 
is quite evident in the low deflection creep test 
mentioned in c) where the available experimental 
sets of data normally shows a "S shape" curve in 
log-log plot which could be difficult to be dealt 
with the specified 2nd order polynomial. 

In the tests which results are based in an 
extrapolation using failure points of several 
specimens (tests referred in a) and b)) it is also 
quite difficult to accommodate the intrinsic material 
variability in a regression analysis without using a 
very large number of specimens. Ideally, the same 
number of points should be used in each time 
period, being this number sufficiently high to allow 
the characterization of the measurements scatter in 
each time interval. To avoid this hard way of 
testing, it is preferably, from a statistical point of 
view, to select alternative corresponding properties 
that could be measured in the same specimens 
during all the time of testing. 

The experimental evidence of the curve 
scatters found in the available data has been the 
main reason to extend the specified periods of 
testing over 10 000 hours. In a logarithmic time 
scale this period of time is close to 50 years (1.5 
decade distant) and for the Standardization Group 
this was thought to be the way to assure an 
adequate level of safety in the extrapolation. 

The reducing of the curve scaters and the 
modification of the methods to solve the mentioned 
weaknesses of the existing methods have been 
strong lines in the research strategy. But other 
methodologies have also been considered, as well 
as some possible accelerating techniques, as 
discussed in the next chapter. 

3. DISCUSSION ON METHODOLOGIES FOR LIFE 
PREDICTION OF GRP PIPES 

3.1 Mandatory constrains 

The obligation of preparing new test standards that 
have to be applicable to all the described types of 
GRP pipes is one of the main constrains conditio- 
ning the strategy of the research. The implications 
of this restriction are quite hard: 

- the material have to be seen as a "blind" 
homogeneous one also over the thickness, 
being impossible to incorporate in the 
analysis the laminate lay-up; 

- as a consequence, both tensile and bending 
behaviours have to considered separately 
for long-term strength prediction. 

A second mandatory constrain is the implicit 
simplicity of the system. For the standardization of 
high diffusion products sophisticated analytical 
models and/or heavy numeric calculations are 
interdict. Both the tests and the corresponding data 
analysis are intended to be performed at the factory 
and to be checked by the end users and by the 
Certification Bodies with the current tools used by 
practical engineers. 

A third constrain is the need to evaluate the 
uncertainty of the long-term estimation claiming for 
statistical approaches. 

3.2 General methodologies for composites 

In last years, several general methodologies have 
been purposed for life prediction of composite 
laminates (Brison-Dillard1, Tutlle2, Talreja3, 
Ladeveze", Reif snider5, etc.). 

In the two first mentioned approaches 
emphasis is given to the estimation of the strain 
evolution using a Schapery based equation being 
strength predictions made independently using 
empirical criterion (Zurkov) or a short-term failure 
criterion with time dependent strengths. The 
possibility of using such approaches is quite limited 
for the following reasons: 

- Schapery equation could be used with a 
great number of linear viscoelastic and 
non-linear viscoelastic-viscoplastic comp- 
onents. The strain curve so obtained could 
virtually be considered adequate to any set 
of experimental creep data, but how could 
be standardized a so open equation ? Does 
make sense to have to determine experi- 
mentally all material dependent parameters 
and to deal with a complex model (from 
the point of view of the statistical analysis 
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to evaluate the uncertainty of predictions) 
just to analyze a creep evolution? We feel 
that such hard work could only be justified 
in  case  of a  more  complicated  load 
history. However, if a dynamic loading 
fatigue approach could be used as an 
accelerating technique (see 3.4) , the use 
of a method like this could be adequate. 

-   For  strength  predictions  the  empirical 
model is the same used in the existing 
standardized methods. 

In the other mentioned approaches the main 
concern is to create a coherent procedure to 
"measure" the material damage and their influence 
on  the  evolution  of the  material  moduli  and 
strengths. Despite their intention to introduce, so 
far  as  possible,   continuum  damage  mechanics 
concepts, their application to real cases always 
needs to use assumptions on the laminate lay-up 
and also frequently on the ply micromechanics and 
fracture modes. However the Reifsneider residual 
strength concept and the kinetic equations develo- 
ped are sufficient general to be a frame for a 
research approach. 

3.3 Specific research on GRP pipes 

The results of the specific research on long-term 
properties of GRP pipes done in the last 20 years 
(some examples are: Meiras6, Carswell7, Hull8, 
Lenain9, Jones10, Ghorbel11''2) give relevant 
information but the conclusions could only be 
applied to one type of GRP pipes (classical filament 
wound one) since all the experiments have been 
only performed on it. 

In particular, the recent work of Ghorbel 
gives a quite important contribution on some 
important issues, namely: the particularities of the 
use of a Schapery equation (without a viscoplastic 
component), the damage growth in the material and 
on the influence of the aging effects on the pipe 
long-term behaviour. All the work have been done 
using only an internal pressure biaxial loading 
condition (end thrust is included) and the life 
prediction criteria is restricted to the use of the 
pipe in water under pressure at the temperature of 
60°C. The work also confirms that the creep failure 
always occurs at the same extension, independently 
of the load and that the strength evolution follows 
a linear (Zurkov like) equation. 

3.4 Accelerating techniques for creep 

The potential accelerating factors available for 
reducing the testing time are the increasing of the 

temperature and the use of a dynamic loading 
instead of a static one. 

For the first case the use of the so called 
Time Temperature Superposition Principle (TTSP) 
have been widely used, often without a sufficiently 
safe experimental validation. We decide not to use 
such approach due to the following reasons: 

- the hard experimental work needed to 
confirm its applicability during minimum 
time periods and temperature ranges that 
could render confident long-term proper- 
ties predictions; 

- some types of pipe are cured at room 
temperature, without any type of post-cure 
treatment, and so the real properties could 
be modified in a high temperature test 
condition. 

The use of a fatigue test could be an interest- 
ing potential alternative to avoid long creep test 
times. However its applicability is conditioned to 
the following requirements: 

- a good experimental correlation leading to 
greatly reduced failure times is obtained 
and could be justified by consistent 
viscoelastic model; 

- the fatigue failed specimens keep the same 
fracture morphology as the creep ones. 

3.5 Other alternative methods 

During the discussion of the strategy for the 
research two other alternatives have been purposed. 

One is the so called Ultimate Elastic Wall 
Stress (UEWS) method used in some countries for 
filament wound epoxy pipes. A schematic descrip- 
tion of the method is shown in the picture above. 
The idea behind the method is the evaluation of an 
"elastic limit" for the material over which it is 
assumed that permanent deformations are obtained 
and the material creep rate considerably increases. 
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For this purpose, series of trapezoidal loading 
cycles are performed in successive increasing 
loading steps (ten equal cycles at each load level) 
being measured the maximum strains obtained in 
the first and the tenth cycle of each step. The 
difference between these two strains is used to 
verify if the elastic limit have been reached. To be 
possible to use a method like this it have to be 
demonstrated that the creep rate is negligible under 
this "elastic limit". 

Another alternative called Strain at Failure 
Method consists in creep tests that are performed 
using a load level slightly higher than that corre- 
sponding to the pipe service conditions, being both 
related by a "reduction" factor to be determined 
based on the statistical variability the material 
properties. The measured strain evolution is used to 
estimate the strain for the specified pipe life, being 
this value compared with the "strain at failure" of 
the material determined independently. 

A more detailed explanation is required to 
show what this "strain at failure" means and how 
it could be determined. Historically the research on 
creep behaviour of polymeric materials and 
polymer matrix composites have been carried out 
treating independently the strain and strength 
evolutions as function of the time. The information 
taken from creep curves is not used for strength 
predictions due to the lack of a failure criterium 
formulated on a strain basis. To be possible to 
cover both creep and relaxation behaviours such 
criterium have to be formulated on a energetical 
basis. 

No much research has been done on this 
perspective, an exception is the work done by 
Brüller13. The author considers that under creep 
conditions the work done by the external forces is 
transformed into a stored strain energy Wst0 and a 
dissipated energy Wdis being both always equal. It 
is also assumed that the failure occurs when the 
time dependent stored energy reaches a certain 
value which is a material constant. Then the strain 
at failure at a constant load a0 could be predicted 
by the equation: 

in which, 
^failure  ~~   "lot '  ff0  ">    ^elastic 

Wlot = Wsl0 + Wdis = 2 Wdi 

could be computed from any creep curve up to 
failure, including a high load level one giving a 
short time to failure. 

A similar approach will be used but using less 
restrictive assumptions. In particular, the total time 
dependent strain energy Wtot is not considered to be 

necessarily a material constant because, physically, 
such hypothesis is equivalent to suppose that the 
damage mechanisms has to be the same for all load 
levels. An assumption like this needs to be verified 
for each material and loading condition. 

In these circumstances, and for the one- 
dimensional creep problem the strain at failure is 
assumed to be an unknown function of the load to 
be determined experimentally by a set of creep 
tests at different load levels. 

3.6 Ageing 

For pipes used with water or for sewerage and 
excluding the chemical action of some types of 
sewerage to be analyzed by other means, as stated 
before, ageing means the influence of the water in 
material behaviour. 

The experience of utilization of GRP pipes 
and the results of accelerated tests at higher 
temperatures show that the physical ageing (resin 
plasticization) is more important than the chemical 
one for a time corresponding to the expected life 
for pipes. For strength predictions chemical ageing 
will not be explicit considered being open a 
possibility to take it into account as a reduction 
factor to be used in design. For long-term ring 
stiffness estimation, however, the load and 
consequently the creep rate are very low and its 
relative importance could not be neglected. 

In the past a so called aß method has been 
used in some European countries consisting in the 
determination of two independent factors - one 
related to the creep behaviour (a factor) and the 
other measuring the effect of the liquid (ß factor) - 
both to be applied to the short term stiffness value. 
The creep factor is determined in a 1000 hours dry 
creep test and the ageing one is measured by the 
reduction of stiffness after a conditioning period of 
1000 hours in water at 50°C. 

During the discussion of the research project 
a modification of this method have been foreseen as 
an eventually better technique comparing the time 
for saturation with the expected pipe life. The idea 
is to try a Creep of saturated specimens method, 
similar to aß one but performed in sequence using 
the same specimens: conditioning in the liquid 
environment followed by a wet or a dry creep test. 

The possibility of using a Relaxation method 
similar to the previous one but using relaxation 
instead creep will seems also an interesting 
possibility since the limited available experimental 
data seems to show that the precision obtained in 
the measurement of the load could be better than 
that achieved in the measurement of the deflection. 
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4. STRATEGY TO BE FOLLOWED 

Following the precedent discussion, the following 
strategy have been defined for the research project: 

a) Performing the standardized tests not only 
to be used for validation purposes but 
also, measuring additionally strains at 
failure, to get fundamental information for 
the strain at failure approach. 

b) For long-term strength predictions, the 
UEWS and strain at failure approaches 
will be analyzed in parallel for both ring 
deflection and internal pressure. Dynamic 
loading approach will also be tried for 
ring deflection loading condition. 

c) For long-term stiffness predictions, the 
referred aß, creep of saturated specimens 
and relaxation approaches will be tried. 

The selected short-term test alternative 
methods fulfill the requirements resulting from the 
analysis done on section 2: 

- only saturated test specimens will be used 
(an additional task to study the diffusion of 
water at different temperatures will be 
done to assure the compliance to this 
requirement); 

- if applicable, the new methods will try to 
originate, as much as possible, similar 
long-term failure mechanisms compared to 
those happening in real service conditions; 

- the specimens will be used during all the 
stages of the testing procedure in order to 
avoid the perturbations resulting from the 
material variability. 

Then it could be expected that the long-term 
curves will present a well defined and clear shape 
allowing extrapolations based in shorter times. 

In addition, the material variability will be 
introduced by a complete characterization of the 
short-term failures distribution of the pipe (for 
example, determining initial ring deflection or 
tensile strength) performed over a very large 
number of specimens taken during a significative 
manufacturing period. The determined variability 
could be easily introduced as a reduction factor to 
be applied to the long term value obtained for the 
property to be measured or to be directly included 
in the loading conditions of the tests. 
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Evaluation of damage accumulation of glass fibre reinforced chemically 
bonded ceramics (CBC) using the resonalyser technique 
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ABSTRACT: This paper gives a summary of tests performed on laminates consisting of an inorganic 
phosphate cement (called IPC), developed at VUB, and unidirectional continuous glass fibres. Tests with 
limited loading/unloading cycles at different stress levels are performed. During the tests, Young's modulus 
and residual strain can be measured. The goal of the research is to find a non-destructive 'tool' to describe the 
'state' of the examined composites. For this purpose the specimens were examined using a non-destructive 
mixed numerical/experimental technique developed at the department of Structural Analysis of the VUB, the 
so called 'Resonalyser' technique. 

1 INTRODUCTION 

Based on the well-established ACK theory for 
brittle matrix composites using continuous aligned 
fibre reinforcement, the tensile behaviour of 
laminates can be modelled (Aveston et al. 1971, 
1975, Keer 1981). The mechanical behaviour of 
these laminates can be described in three stages of 
the tensile stress versus strain curve: a) elastic zone, 
up to first cracking b) multiple cracking c) fibre 
stretching. Also, the unloading/reloading behaviour 
can be modelled (Aveston et al. 1971, Keer 1981). 
Unloading can be considered from within, or beyond 
the multiple cracking region and the resulting 
residual strain can be calculated. Figure 1 shows the 
idealised stress versus strain curve for a brittle 
matrix composite with multiple fracture and some 
theoretical unloading/reloading cycles. The 
parameter a used in Figure 1 is calculated as 
follows: 

(1) 

As it can be seen on Figure 1, the theory suggests 
that the residual strains reach a maximum value 
(Keer 1981). However, previous authors (Keer 
1981) already showed that practically there is no 
tendency to reach a maximum residual strain. The 
ACK theory does not take into account the damage 
evolution occurring during cyclic loading of 
composite materials. For future applications it is 
important to quantify this phenomenon and import 

Figure 1. Theoretical tensile stress versus strain curve for 
multiple fracture (UD fibre reinforced brittle matrix) (Keer 
1981) (Ec, Ef = modulus of composite, fibre; Vf = volume 
fraction fibres; Cfu = fibre failure stress; emu, £fu = matrix, 
fibre failure strain) 

it into the existing behaviour models. The goal of 
current research is to find a non-destructive 'tool' to 
describe the 'state' of the examined composites. 
This 'state' may be determined not only by the 
constitutive behaviour as predicted by the ACK 
theory, but also by additional phenomena. 

2 MATERIALS 

For the present research, 2 continuous aligned glass 
fibre reinforced brittle matrix laminate plates (plates 
A and B) were produced. 

The matrix used in this investigation is an 
inorganic phosphate cement (called IPC), developed 
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at Vrije Universiteit Brüssel (VUB). These inorganic 
materials present some attractive properties: they are 
hardening out at low temperatures and they reach a 
high compression strength. But the main benefit of 
this material, compared to other inorganic materials, 
is the feasibility to introduce glass fibres into the 
material. Since alkaline conditions are not occurring 
before, during, and after the hardening of IPC, glass 
fibres are not attacked. Like other inorganic brittle 
materials, the IPC has a low tensile failure strain of 
about 0.03% and a Young's modulus of about 
25 GPa. 

The laminates were produced by hand lay up, 
eight layers were used. After curing at 60°C for one 
day, 6 test specimens were cut from each plate The 
length of the specimens is about 250 mm, the width 
is about 16 mm. Because more matrix was used for 
plate A, the volume fraction of fibres is different for 
the two plates. The specimens of plate A have an 
average volume fraction (Vf) of about 11.9 %, plate B 
13.5%. After cutting, the specimens were post- 
cured at 40°C for 3 days. 

3 RESONALYSER TECHNIQUE 

For this research the specimens were examined using 
a non-destructive mixed numerical/experimental 
technique developed at the department of Structural 
Analysis of the VUB (Sol et al. 1991a, b, 1994). The 
method -the so called 'Resonalyser' technique- is 
based on the observation of the vibration behaviour 
of test structures with a very simple geometry 
(rectangular or circular, thin plates and beams). The 
material properties in a numerical model of the test 
structure are updated in such a way that the model 
reproduces the observed behaviour as good as 
possible. Using this technique the four complex 
engineering constants of thin orthotropic plates and 
laminates can be determined. The elastic behaviour 
as well as the damping of the material can be 
examined without inducing damage to the material. 

Figure 2. Resonalyser test set-up. (1 = specimen; 2 = Laser 
Doppler Vibrometer; 3 = PC; 4 = amplifier; 5 = loudspeaker; 6 
= laser beam; 7 = power supply) (Sol et al. 1991a, b, 1994) 

Figure 2 shows the Resonalyser test set up used in 
the present study. In this study, only beams are 
examined by the Resonalyser. The fundamental 
frequency of the beam is measured in a free boundary 
condition situation. From this measured frequency f 
the longitudinal Young's modulus E of the beam can 
be calculated using the theory of Bernoulli: 

E = 0.946 
f2pL4 

(2) 

where E = Young's modulus; f = measured 
fundamental frequency; p = material density; L = 
length of specimen; and t = thickness of specimen. 

The damping properties of the beams are 
determined with an acoustical excitation technique: a 
sinusoidal signal with the previously measured 
resonant frequency of the beams is generated and fed 
into a loudspeaker to bring the beams acoustically in 
resonance. After stopping the excitation, the beams 
vibrate freely and the decaying signal is measured 
using a Laser Doppler Vibrometer. The free damped 
vibrations of a single degree of freedom system can 
be expressed by the following function: 

w(t) = A e ^"sin(rot-<t>) (3) 

where tj = modal damping ratio; A = modal 
displacement or amplitude; <|> = phase angle; and u) = 
circular resonant frequency. 

The damping ratio \ associated with the selected 
resonant frequency is computed by curve-fitting the 
measured signal. 

The main question is if the measured modulus and 
damping ratio can serve as the wanted 'tool' for 
describing the 'state' of the specimen. 

4 TEST PROGRAM 

An artificial 'state' is created in four specimens of 
each plate by applying a loading/unloading cycle on 
each specimen Four stress levels, all beyond the 
multiple cracking stress, are examined: 25, 50, 75 and 
100 MPa. All specimens (plate A and B) are loaded 
twice. Before, between and after these two cycles, 
the specimens are examined by the Resonalyser: the 
fundamental frequency (thus the Young's modulus) 
and the damping ratio are measured. For the 
specimens of plate A, additional 8 cycles are applied 
followed by a new Resonalyser test. 

During tests in the past (Edelstein 1997) it 
appeared that the measured properties (especially 
the damping measurements) of the loaded specimens 
are very sensitive to environmental conditions. 

Also, after loading to a certain stress level, the 
measured properties show an evolution in time, due 
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to 'accommodation' of the specimens. After 
unloading, although the overall stress of the specimen 
is zero, local stress concentrations are still present 
within the specimen, due to fibre stretching and 
matrix-fibre interactions. These stress 
concentrations are not constant in time, and they 
have a clear influence on the Resonalyser 
measurements after loading. 

Because of these phenomena the specimens are 
stored at a constant temperature and humidity for 
five days, before the resonant frequencies and 
damping ratios are measured. 

An additional tensile test is performed on one 
specimen of each plate, and a fixed cycle program is 
applied on the remaining specimens. 

The test program, as described above, is 
summarised in Table 1. 

can be calculated (assuming Young's modulus of the 
matrix, Em, equals 25 GPa) 

Table 2. Tensile test results 
Plate A B 

Ultimate composite stress 
<Jcu = CfuVf(MPa) 117.3 130.8 

Modulus of post-cracking zone* 

EfVf (GPa) 
7.8 8.7 

Parameter a 

Equation (1) 
2.8 2.5 

Initial modulus 

Ec = EfVf+EmVm(GPa) 
29.9 30.4 

* EfVf is determined by linear regression over 70-90 MPa stress 
interval 

Table 1. Overview of test program 
plate A & B plate A 

spec, 
nr 

nr. cycles x 
stress level 

(MPa) 

nr. cycles x 
stress level 

(MPa) 

nr. cycles x 
stress level 

(MPa) 
1 
2 
3 
4 
5 
6 

R 
* 

1x25 
R 
* 

1x25 
R 
* 

8x25 
R 
* 

1x50 1x50 8x50 
1x75 1x75 8x75 

1x100 1x100 8x100 
Ix25-lx50-lx75-lxl00-till failure 
till failure 

* Resonalyser test : measurement of fundamental frequency f 
and damping ratio \ after 5 days (stored at 25°C, 60% RH) 

The Young's modulus determined by the 
Resonalyser test is an average of 10 measurements 
on 1 specimen. For each measured fundamental 
frequency, the damping ratio is determined twice, 
resulting in 20 values. Further on in this paper, the 
measured damping ratios are given by the average of 
these 20 values together with the standard deviation 
of these measurements. 

The loading cycles are performed on an Instron 
1195 testing bench. The cycles were displacement 
controlled at a rate of 1 mm/min. The load of the 
specimen is recorded during the cycles, as well as the 
strain, using an averaging strain extensometer with a 
50 mm gauge length. 

5 RESULTS AND DISCUSSION 

5.1 Ultimate tensile stress 

The results of the tensile tests of specimen 6 of each 
plate is shown in Table 2. From the measured 
modulus of the post-cracking zone and equation (1), 
the parameter a and the initial composite modulus Ec 

5.2 Cyclic test at different stress levels 

The stress versus strain curve of specimen 5 
(plate A) is plotted in Figure 3. 

Tensile stress (MPa) 
110 

0.2      0.4      0.6      0.8 1.2      1.4 
Strain (%\ 

Figure 3. Static cyclic stress versus strain curve of a 8 layers 
glass fibre reinforced IPC specimen (plate A) (unloading at 25, 
50, 75 and 100 MPa) 

The experimental stress versus strain curve differs 
from the ACK curve: the multiple cracking zone AB 
from Figure 1 can not be distinguished.   Instead of 
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this, there is a gradual and smooth S-shaped 
transition between the elastic behaviour and the fibre 
stretching zone. These phenomena can be explained 
by the specific structure of the composite. The 
elastic region of the curve is very small compared to 
the post cracking region. Because a = 2.8, it is clear 
from Figure 1 that the multiple cracking zone and the 
elastic region are about the same size. As a 
consequence, the multiple cracking region is difficult 
to distinguish experimentally. The 'virgin' test beams 
already show some small primary cracks due to the 
preparation procedure, shrinkage, and the test 
procedure (clamping of the specimens). Also the 
presence of some transversal fibres is important. 
These fibres (16% of the total amount of fibres) 
affect the properties of the matrix material resulting 
in a varying tensile strength of the cross-section over 
the specimen length. There is also evidence of a 
crack stabilising affect of the fibres: it is obvious 
from Figure 3 that when the non reinforced tensile 
strength (about 8 MPa) and ultimate strain (about 
0.03%) of the matrix are reached, no immediate 
multiple cracking occurs, but only a gradual cracking 
up to much higher stress levels. This results in the 
S-shaped transition curve. 

At higher stress levels, the post cracking curve in 
Figure 3 is not a straight line due to early fibre 
rupture. 

From the tests performed on specimens 5 of plate 
A (Figure 3) and plate B, the unloading modulus and 
the residual strains after each cycle can be calculated. 
These results are shown in Table 3: 

Table 3. Unloading modulus and residual strains of a 
4-cycles test at different stress levels. 

Unloading Residual 
Stress level modulus strain 

(MPa) (GPa)* (%) 
A 25 14.3 0.056 

50 10.9 0.101 
75 9.9 0.115 
100 9.4 0.143 

B 25 17.4 0.044 
50 12.4 0.096 
75 11.0 0.122 
100 10.2 0.151 

* unloading modulus is determined by linear regression at the 
maximum stress level (interval: cmax - 0.8 Omax) 

The unloading results are quite different from what 
the ACK theory predicts. In the theory (when 
loaded over the multiple cracking stress) the 
unloading modulus varies from Ec at the unloading 
stress, till EfVf at zero stress. In our composite, the 
unloading curve is almost a straight line, and the 
unloading modulus is lower when the unloading 

stress level is higher. Also, the residual strain does 
not reach a maximum as the theory suggests. The 
higher the stress level, the higher the residual strain 
will be. 

An explanation of this phenomenon can be found 
in the physical background of the theory. The 
theory starts from the assumption that, when 
unloading starts, there is no slipping back of the 
fibres into the cracked matrix. Only when the overall 
stress diminishes, the fibres are able to slip back, 
causing a decrease of the unloading modulus. 
Drawing the line further to our composite, one can 
assume that there is a continuous slip of the fibres 
back into the matrix, from the unloading stress till 
almost zero stress. At zero stress, Figure 3 clearly 
shows that the unloading modulus is increasing again, 
indicating that slipping of some fibres stopped. 
However, these micromechanical phenomena are not 
the topic of this paper, and are presently under 
study. 

5.3 Cyclic test at constant stress level 

Ten load cycles at a constant stress level are 
performed on four specimens of plate A (Table 1). 
The results of the measured unloading moduli and 
residual strains of one specimen (specimen 3 - loaded 
at 75 MPa) are shown in Table 4. One has to keep 
in mind that, after the first and the second cycle, the 
specimens were removed from the testing bench for 
the Resonalyser measurement. For each time the 
specimen was placed back for another cycle, the 
recorded strains start from zero. The last 8 cycles 
were performed one after the other, without 
removing the specimen from the testing bench. 

Table 4.  Unloading modulus and residual strain of 
one specimen (plate A) loaded 10 times at 75 MPa 

maximum *unloading      residual strain 
 stress (MPa)   modulus (GPa)      distrain) 

76.6 10.1 1210 
75.3 9.89 65.8 

3 75.2 9.90 7.1 
4 74.9 9.92 15.8 
5 75.2 9.83 21.7 
6 75.1 9.84 27.0 
7 75.2 9.81 30.4 
8 75.3 9.80 33.2 
9 75.1 9.79 36.1 
10 75.2 9.78 39.9 

* unloading modulus was measured by linear regression over 
the interval 60-75 MPa 

Table 4 indicates that, although the specimen is 
tested at a constant stress level, the material 
undergoes additional damage. Indeed, the unloading 

298 



modulus is slowly decreasing without an increase of 
the maximum stress level. Also the residual strain is 
increasing continuously. 

For the specimens tested at 25 and 50 MPa, 
similar conclusions can be made, although the 
evolution is less clear because of the small amount of 
cycles. Specimen 4 is tested at 100 MPa, which is 
only 15% below the ultimate tensile stress. Fibre 
failure for this specimen is the main cause of damage. 

5.4 Resonalyser test results 

Knowing the results from previous paragraphs, the 
question is now whether the Resonalyser tests can 
give an indication about the 'state' of the specimens 
that were loaded at different stress levels. 

Table 5 (Plate A) and Table 6 (Plate B) show the 
damping ratio results, Table 7 (Plate A) and Table 8 
(Plate B) present the measured Young's moduli. 

For unloaded specimens, the link between the 
damping properties and the modulus is clear. A 
lower initial modulus means more initial cracks, and 
more cracks means a higher energy loss due to 
friction between crack surfaces during vibration, thus 
a higher damping. When the 'virgin' specimens are 
loaded, the damping ratio increases. This increase is 
more pronounced for the specimens subjected to a 
lower stress level. For the specimens loaded at the 
higher stress levels, the influence of glass damping 
becomes more important resulting in a lower 
damping ratio. 

Table 5. Resonalyser test results: damping ratios 
(10~5) of plate A specimens  

Stress level 
(MPa) 

25 50 75 100 

Unloaded  298+4 329±4 431+2 413+2 

1 cycle*   586±5 559+8 443±7 414+4 

2 cycles*  660+6 614+15 482±6 452+6 

10 cycles*     656+12  532+14  504+13    444+6 
* After loading, and before the Resonalyser test, the specimens 
were stored at 25°C and 60% RH for 5 days 

Table 6. Resonalyser test results: damping ratios 
(10"5) of plate B specimens 

Stress level 
(MPa) 

25 50 75 100 

Unloaded 322+3 310+3 249±1 262+8 

1 cycle* 610+7 631+18 390±6 362+5 

2 cycles* 632+6 658±23 614±8 408+4 
* After loading, and before the Resonalyser test, the specimens 
were stored at 25°C and 60% RH for 5 days 

Tables 7 and 8 clearly indicate that the modulus 
measured before the start of the cycle program is an 
indication of the initial laminate 'state' as discussed in 
a previous paragraph. After one cycle there is a large 
drop in modulus due to completion of the multiple 
cracking. After 2 cycles and more a continuous 
decrease of the modulus is clear, but less pronounced 
indicating a damage increase in the composite. This 
may be due to additional matrix cracks, early fibre 
rupture, stress concentrations because of 
imperfections in fibre alignment, loss of matrix 
material (no stress transfer) and debris wedging 
cracks. 

Table 7. Resonalyser test results: Young's moduli 
(GPa) of plate A specimens  

Stress level 
(MPa) 

25 50 75 100 

Unloaded 25.4 24.6 22.4 22.9 

1 cycle* 19.8 17.7 17.2 17.4 

2 cycles* 18.8 17.0 16.9 17.0 

10 cycles* 18.7 17.6 16.6 16.5 
* After loading, and before the Resonalyser test, the specimens 
were stored at 25°C and 60% RH for 5 days 

Table 8. Resonalyser test results: Young's moduli 
(GPa) of plate B specimens 

Stress level 
(MPa) 

25 50 75 100 

Unloaded 26.2 26.2 27.5 26.5 

1 cycle* 21.2 18.7 20.8 20.0 

2 cycles* 20.4 17.8 18.2 19.2 
* After loading, and before the Resonalyser test, the specimens 
were stored at 25°C and 60% RH for 5 days 

5.5 Comparison between the calculated and 
measured moduli 

In this paragraph, a comparison is made between the 
initial Young's moduli obtained from the Resonalyser 
test, and the moduli obtained by the stress versus 
strain curve recorded during loading. 

Table 9 summarises these moduli for the unloaded 
specimens. For the unloaded case, a comparison can 
be made with the calculated composite moduli from 
Table 2. It seems that all the measured moduli are 
lower than the calculated ones. This is what was 
expected because of the initial cracked 'state' of the 
'virgin' specimens. This initial 'state' also explains 
the differences between the results obtained from the 
Resonalyser and the tensile tests. Indeed, the initial 
cracks of the specimens are not uniformly distributed 
over the specimen. During the Resonalyser test, the 
beams are vibrated in the bending mode.   In the 
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testing bench, the specimens are uniformly stressed. 
Therefore the outer layers of the test beams have 
more influence on the Resonalyser results than those 
obtained during the tensile test. 

Table 9. Overview of calculated and measured initial 
Young's moduli (GPa) for unloaded specimens  

Calculated Measured        Measured 
(Table 2) (Resonalyser) (Tensile test) 

A 29.9 

30.4 

1 25.4 29.4 
2 24.6 30.5 
3 22.5 26.5 
4 23.0 . 
1 26.2 26.9 
2 26.2 25.9 
3 27.5 29.3 

26.5 28.1 

The moduli measured after one load cycle in Table 
10 confirms this. After one load cycle, the cracks are 
uniformly distributed over the test specimens, and 
the results of both test procedures are similar. The 
small differences may be due to the different crack 
state at the end of the specimens caused by clamping 
of the beams in the testing bench. 

Table 10. Overview of measured initial Young's 
moduli (GPa) after one load cycle 

6 CONCLUSIONS 

A series of tests were performed on laminates 
consisting of an inorganic phosphate cement (called 
IPC), developed at VUB, and unidirectional 
continuous glass fibres. The laminates were loaded 
at different stress levels. It was examined whether 
the Young's modulus and damping ratio of the 
laminates, measured by the Resonalyser technique, 
could serve as a 'tool' for describing the 'state' of the 
laminates. 

* The Young's modulus of unloaded specimens, 
measured by the Resonalyser, is an indication of the 
initial laminate 'state'. 

* The damping tests are very sensitive to stress 
concentrations and to storing and environmental 
conditions.   Therefore the specimens need to be 

controlled very strictly, resulting in a laborious test 
procedure. 

* The damping ratio of the beams increases after 
loading at specific stress levels. The increase is more 
significant for lower stress levels. For higher stress 
levels, the damping of the glass fibres has more 
influence resulting in a lower damping ratio. 

* The combination of Young's modulus and 
damping ratio can provide a good insight in the 'state' 
of the composite. The advantage of the Resonalyser 
is that no additional damage is induced to the 
material. 

* The stress versus strain curve, and the 
unloading/reloading curves of the examined 
composites are different from the curves predicted 
by the ACK theory for brittle matrix composites. 
Only two instead of three stages of the stress versus 
strain curve can be distinguished due to the initial 
crack state of the specimens. The unloading curve is 
different from the ACK model because the physical 
background of the model is not valid for the examined 
material. 
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ABSTRACT: A prediction method of fatigue strength of polymer composites under an arbitrary frequency, 
stress ratio and temperature is proposed. The method is based upon the four hypotheses: (A) same failure 
mechanism for static, creep and fatigue failure, (B) same time-temperature superposition principle for all failure 
strengths, (C) linear cumulative damage law for monotone loading and (D) linear dependence of fatigue strength 
upon stress ratio. Tensile static, creep and fatigue tests at various temperatures were conducted in the longitudinal 
direction of unidirectional CFRP. The validity of the prediction method and the applicability of the hypotheses 
for the tensile fatigue strength for this unidirectional CFRP are discussed. 

1 INTRODUCTION 

The mechanical behavior of polymer resins exhibits 
time and temperature dependence, called viscoelastic 
behavior, not only above the glass-transition 
temperature T but also below T . Thus, it can be 
presumed that the mechanical behavior of FRP using 
polymer resins as matrices also depends on time and 
temperature even below T which is within the normal 
operating-temperature range. These examples are 
shown by Aboudi et al., Sullivan and Gates, Miyano 
et al and Nakada et al. 

The time-temperature dependence of the flexural 
static, creep and fatigue strengths of various CFRP 
laminates has been studied by Miyano et al, McMurray 
et al and Mohri et al. It was observed that the fracture 
modes are almost identical for the three types of 
loading over a wide range of time and temperature. 
Similar results were also reported by Karayaka et al 
for room temperature. The literature survey indicates 
the validity of the two hypotheses for CFRP: the same 
failure mechanism and the same time-temperature 
superposition principle for static, creep, and fatigue 
failure. 

In our previous paper, we add two additional 
hypotheses: the linear cumulative damage law for 
monotone loading and the linear dependence of fatigue 
strength upon stress ratio. A prediction method based 
on these four hypotheses was proposed for fatigue 
strength of CFRP under arbitrary frequency, stress 
ratio and temperature. The validity of the method and 
the hypotheses was confirmed by three-point bending 
tests of satin-woven CFRP laminates. 

In this paper, we apply this prediction method to 

the tensile fatigue strength of unidirectional CFRP and 
confirm its validity by the split disk tensile fatigue 
tests. Our proposed approach leads to a simpler 
estimate of life of polymer composites than the 
traditional S-N approach and may be extended to life- 
prediction of polymer-composite structure under 
combined loading and temperature histories. 

2 PREDICTION PROCEDURE OF FATIGUE 
STRENGTH 

The prediction method for fatigue strength of polymer 
composites under arbitrary frequency, stress ratio and 
temperature requires the data of static tests at several 
constant loading-rates and various temperatures, and 
of fatigue tests at a single frequency and several 
temperatures. The method rests on the four 
hypotheses, (A) same failure mechanism for static, 
creep and fatigue failure, (B) same time-temperature 
superposition principle for all failure strengths, (C) 
linear cumulative damage law for monotone loading 
and (D) linear dependence of fatigue strength upon 
stress ratio. 

When these hypotheses are met, the fatigue strength 
for an arbitrary combination of frequency, stress ratio 
and temperature can be determined based on the 
following test results: (a) master curve of static 
strength and (b) master curve of fatigue strength for 
zero stress ratio. The master curve of static strength 
is constructed from the test results at several constant 
loading-rates for various temperatures. On the other 
hand, the master curve of fatigue strength for zero 
stress ratio can be constructed from tests at a single 
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frequency for various temperatures using the time- 
temperature superposition principle in which the static 
strength is regarded as the fatigue strength at N =1/2. 

The outline of this method is shown schematically 
in Fig.l together with definitions of some notations. 
The detail of the method will be presented with 
experimental results. 

3 EXPERIMENTAL PROCEDURE 

3.1 Preparation of specimen 

The unidirectional carbon fiber/epoxy composites ring 
(CF/Ep ring) produced by filament winding method 

consists of high strength carbon fibers, T400-3K 
(TORAY, brand name TORAYCA) and a general 
purpose epoxy resin (YUKA SHELL EPOXY, brand 
name EPIKOTE 828). The CF/Ep ring is cured at 
70"C for 12 hours and postcured at 150°C for 4 hours 
and then at 190°C for 2 hours. The glass transition 
temperature T of the epoxy resin is 112°C. The fiber 
volume fraction of CF/Ep ring was approximately 60 
%. The diameter and thickness of CF/Ep ring are 
200mm and 1mm, respectively. 

3.2 Test procedures 

Two kinds of tests were carried out, one is the tests 

os( ts; T) for various strain- 

rates E and T 

Master curve 

as(ts' ;T0) 

Master curve 

oc( tc' ; T0 ) 

[ = a,:1(V ;f,T0)l 

o,:1(t,;f,T) 
for any f, T 

M   (A) Same failure mechanism for 

as, oc. Of 

(B) Same aT0( T) for 
Os, Oc, 0| 

(C) Linear cumulative 
damage law for 
monotone loading 

(D) Linear dependence 
of Of on R 

0(( t,; f, R, T) for any f, R, T 

o,.0(N(;f,T)for 
a single f, various T 

Master curve 

or 
o):0( V ; N(, T0) 

o(:0(t,;f,T) 
for any f, T 

T,T0 

f,f 
ts. tc tf 

V.tc'.V 
aiof) 
R 

Nf 
Os, C7C, O) 

Of:0. °f:1 

temperature, reference temperature 

frequency, reduced frequency 

time to failure under constant strain-rate, creep and fatigue loadings 

reduced time to failure 

time-temperature shift factor   ( aT0(T) = t,/ts' = tc/tc' = t,/t,' = f/f) 

stress ratio ( R=omin/ornax) 

number of cycles to failure (N, = f t,) 

static, creep, and fatigue strengths 

Of for R=0 and R=1 

Fig.l   Prediction procedure of fatigue strength of polymer composites under arbitrary frequency, stress ratio 
and temperature 
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according to the proposed methodology and the other 
is the tests for confirming the validity of this 
methodology as shown in Table 1. 

The tensile test specimens of CF/Ep ring were 
prepared according to ASTM D 2290 as shown in 
Fig.2. The tensile static tests were conducted at 6 
testing temperatures between 50 and 150°C, by using 
an Instron type testing machine. Loading rates (cross- 
head speeds) were 0.01,1 and lOOmm/min. 

Specimens with the same dimensions were used for 
tensile creep and fatigue tests. The creep tests were 
conducted at 3 testing temperatures by using creep 
testing machine. The fatigue tests were conducted by 
using an electro-hydraulic servo testing machine with 
a constant temperature chamber. The tests were 
conducted at 3 loading frequencies of f=2, 0.2 and 
0.02Hz at several testing temperatures. Stress ratio R 
(minimum stress/maximum stress) was 0.01. 
Additionally, the fatigue tests were also conducted at 
f=0.2Hz, R=0.5 for several testing temperatures. 

4 RESULTS AND DISCUSSION 

4.1 Fractographs 

The static, creep and fatigue failure occur instantly 
and all these specimens are failed in fine pieces. 
Therefore we consider that the failure mechanisms are 
the same for static, creep and fatigue loadings. 

4.2 Master curve of static strength 

The left side of Fig.3 shows the tensile static strength 
o versus time to failure t at various temperatures T, 
where t is defined as the time period from initial 
loading to maximum load in constant loading-rate 
tests. The graphs on the left show the dependence of 
strength as on ts and T. The master curve was 
constructed by shifting os at various constant 
temperatures along the log scale of ts so they 
overlapped each other as shown in the right side of 
Fig.3. Since or at various temperatures can be 
superimposed smoothly, the time-temperature 
superposition principle is applicable for as. 

The time-temperature shift factor a^ (T) is defined 
by 

aT„(T)< it 
t.' (1) 

where, t' is reduced time to failure and T. is the 
'    & 0 

reference temperature.  Figure 4 shows the time- 

Table 1 Conditions for tensile static, creep and 
fatigue tests 

Loading type Cross-head speed 
[ mm/mln j 

Frequency 
[Hzj 

Stress ratio 
°mir/CTmax 

Temperature 
[•C] 

Static 
0.01 
1 

100 
- - 60,   70,   90, 

110,130,150 

Creep * - - 1 50,110,150 

Fatigue 1 - 0.2 0.01 50,110,150 

Fatigue II * - 2 

0.02 
0.01 

110,150 
86,130 

Fatigue III * - 0.2 0.5 50,110,150 

*:Test for confirming the validity of this methodology 

Load 

Load 
unit: mm 

Fig.2 Tensile test procedure for CFRP ring 

-10 12 

log ts (min) 

0 5 

log ts' (min) 

temperature shift factors aTo(T) obtained        F-   3 Master curve of tensile static strength 
experimentally for the master curve of the tensile static 
strength.  All of these shift factors are quantitatively 
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in good agreement with two Arrhenius' equations with 
different activation energies. 

logaTo(T) = 
AH d-h 2.303R T    T, (2) 

where, AH is activation energy [kJ/mol], R is gas 
constant 8.314xl0"3 [kJ/(K«mol)]. 

The shift factor a,.o(T) for the tensile static strength 
of CF/Ep ring agrees well with that for the storage 
modulus of matrix resin indicated by dotted lines in 
this figure. Therefore, the time and temperature 
dependece of the tensile static strength of CF/Ep ring 
is controlled by the viscoelastic behavior of matrix 
resin. 

4.3 Master curve of creep strength 

A prediction method of creep strength oc from the 
master curve of static strength using the linear 
cumulative damage law was proposed in our previous 
paper. Let ts(a) and tc(a) be the static and creep failure 
time for the stress a. Suppose that the material 
experiences a monotone stress history o(t) for Ostst* 
where t* is the failure time under this stress history. 
The linear cumulative damage law states 

dt 
Jo t fa, (t)] 

(3) 

when o(t) is equal to constant stress a0, the above 
formula implies t* = tc(a0). 

Figure 5 displays the creep strength a versus time 
to failure tc; the left side shows the experimental data, 
while the right side exhibits the data shifted to the 
reference temperature T0=50°C using the shift factors 
for the static strength. Since oc at various temperatures 
can be superimposed smoothly, the time-temperature 
superposition principle is also applicable for aQ- 

The right side of this figure also displays the master 
curve of static strength drawn by a dotted line. The 
creep strength calculated by equation (3) using the 
master curve of static strength is shown by a solid 
curve. The predicted master curve captures 
reasonably well the experimental data, therefore, the 
hypotheses (B) and (C), on which this prediction 
method was constructed, are valid for the creep 
strength. 

4.4 Master curve of fatigue strength 

We regard the fatigue strength of either as a function 
of the number of cycles to failure Nf or of the time to 
failure tf=N/f for a combination of f, R, T and denote 

-10 

T'C 

50 70        90     110   130   150 

T0=50"C 

.     AH=108kJ/mol 

AH=392kJ/mol 

:as of CF/Ep ring 

:E' of matrix resin 

24 30 28 26 

MT   10-4/K 

Fig.4 Time-temperature shift factors 

to 2.5 
Q_ 
O 

: 2.0 

1.5 

-  Predated oc by using linear 
cumulative damage law 

oo    o O 
"'•..            strength as 

~0\O-.. 

A   & Nr/* 

.     i     i     i     ■ 

T0=50°C 

o  50°C 
A 110*C 
D150°C 

i 

0  12 3 4 

log tc (min) 
10 

log tc' (min) 

Fig.5 Prediction of tensile creep strength based on 
the linear cumulative damage law 

-1 0 1 2 3 <! 

Number of cycles to failure log N( 

Fig.6 Tensile fatigue strength vs. number of cycles 
to failure (f=0.2Hz) 
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them by of (Nf; f, R, T) or at (t(; f, R, T). Further, we 
consider that the static strength as(tf; T) is equal to 
the fatigue strength at Nf=l/2 and R=0 by choosing 
t =l/(2f). At this point, we introduce special symbols 
for fatigue strength at zero and unit stress ratios by 
0fo and on where the latter corresponds to creep 
strength. 

To describe the master curve of of0, we need the 
reduced frequency f in addition to the reduced time 
tf', each defined by 

tf' 
aT„(1)     f 

f'=f-aTo(T) (4) 

Thus, the master curve for zero stress ratio has two 
alternative expressions, of:0(tf';f ,T^ and (^.„(t^N^T,,). 
In the latter expression, the explicit reference to 
frequency is suppressed in favor of Nf. Recall that 
the master curve of fatigue strength at Nf= 1/2 reduces 
to the master curve of static strength. 

The fatigue strength o£ versus the number of cycles 
to failure Nf (of-Nf curve) at a frequency f=0.2Hz, 
stress ratio R=0.01 are shown in Fig.6. The upper 
side of Fig.7 shows of versus reduced time to failure 
tf' curves for three frequencies and the master curve 
of static strength in dashed curve. These of-tf' curves 
at T0=50°C can be obtained from a£-Nf curves by use 
of the time-temperature superposition principle for the 
static strength. Connecting the points of the same Nf 

on these curves, the master curves of of for constant 
Nf are constructed as shown in the lower side of Fig.7. 

The crf-Nf curves at f=2 and 0.02Hz are shown in 
Fig.8. These curves in this figure show the predicted 
crf-Nf curves at f=2 and 0.02Hz by using the master 
curves of af as shown in the lower side of Fig.7. Since 
the predicted and experimental of-N{ curves agree well 
with each other, the time-temperature superposition 
principle for the static strength also holds for the 
fatigue strength, and the hypothesis (B) is valid for 
fatigue strength. 

4.5 Prediction of fatigue strength for arbitrary 
frequency, stress ratio and temperature 

We have the master curve for creep strength ac(tc'; 
T0) from which follows the creep strength at any 
temperature T. The creep strength, in turn, may be 
regarded as the fatigue strength afl(tf; f, T) at unit 
stress ratio R=l and arbitrary frequency f with tc=tf. 
Further, from the master curve for fatigue strength at 
zero stress ratio, we can deduce the fatigue strength 
ot0(tp f,T) at zero stress ratio for any frequency f and 
temperature T. 

implementing hypothesis (D), we propose a formula 
to estimate the fatigue strength crf(tf; f, R, T) at an 
arbitrary combination of f, R, T by 

of(tf;f,R,T) = of;1(tf;f,T)R+of:0(tf;f,TXl-R) 

(5) 

Figure 9 displays the experimental data of of-tf for 
f=0.2Hz, R=0.5 and T=50,110,150°C. The curve for 
R=0.01 represents the least squares fit for experimental 
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data of fatigue test for R=0.01. The curve of R=l 
represents predicted creep strength as shown in Fig.5. 
The curve of R=0.5 is calculated from equation (5) 
on the basis of the curves for R=0.01 and R=l. As 
can be seen, the predictions correspond with the 
experimental data. We can predict af-tf relation for 
given R, f and T from equation (5) if at:1(tf; f, T) and 
of;0(tf; f, T) are known. 

5 CONCLUSION 

We proposed, in our 1997 paper, a prediction method 
for the fatigue strength of polymer composites under 
an arbitrary frequency, stress ratio and temperature. 
The method is based upon the four hypotheses: (A) 
same failure mechanism for static, creep and fatigue 
failure, (B) same time-temperature superposition 
principle for all failure strengths, (C) linear cumulative 
damage law for monotone loading and (D) linear 
dependence of fatigue strength upon stress ratio. The 
validity of the prediction method and the hypotheses 
are confirmed for tensile fatigue tests of unidirectional 
CFRP. 
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Effect of acid-base properties of sized carbon fibers on fiber/epoxy matrix 
adhesion 

N. Dilsiz & J. P. Wightman 
Virginia Polytechnic Institute and State University, Blacksburg, Va., USA 

ABSTRACT: The acid-base character of unsized Zoltek® carbon fibers was investigated using dynamic 
contact angle analysis. The surface acid-base properties were characterized by calculating the work of 
acid-base interaction according to Fowkes' and Good's models. To evaluate the effect of sizing on carbon 
fiber surface properties, Ultem ® (polyimide) and polyurethane sized fibers were studied and compared 
with unsized fibers. It was found that the sizing on the carbon fibers tended to reduce the surface energy 
and cover acid-base sites. The surfaces of unsized and sized carbon fibers were also analyzed by XPS to 
investigate changes in surface chemistry. XPS analysis indicated that hydroxyl groups on the fiber surface 
decreased with both sizings. These changes in chemistry were reflected in a decrease in both the polar and 
basic components of the surface energy of the fibers. Single fiber fragmentation testing of unsized and 
Ultem ® and polyurethane sized fibers in an epoxy matrix showed that there is a direct effect of the surface 
chemical changes on fiber/matrix adhesion. 

1 INTRODUCTION 

The interface between reinforcing fibers and 
polymeric matrices in composite materials is the 
controlling factor in obtaining optimun mechanical 
properties from composites (Yumitrori et al. 
1994). It has been recognized that the function of 
the interface is to transmit stress from the matrix to 
the reinforcing fiber. 

For good bonding and stress transfer, fibers 
are generally sized or coated with thin polymer 
films after surface treatment that removes weak 
boundary layers (Drzal et al. 1983). Sizing has a 
wetting promotion function but is particularly 
important for facilitating fiber handüng during 
composite manufacture acting as a lubricant to 
prevent fiber damage. The effectiveness of the 
sizing is confimed by the off-axis strength which 
is usually close to the strength of the polymer 
(Piggott, 1989). It has been also reported that the 
presence of sizing may improve the wetting of the 
fiber by the matrix resin and protect its reactivity 
(Hultinger & Krekel, 1991). 

Wetting is a prerequisite for good adhesion 
(Bradley et al. 1993). However, good adhesion 
also requires functional groups, vis-a-vis Lewis 
acidic and basic sites in the interfacial region 
between the fiber and the matrix resin. The 
concepts proposed by Fowkes (Fowkes  1987) 

regarding the short-range hydrogen bonding 
interactions important in adhesion, make it 
possible to assess the acid-base character of the 
surfaces using contact angle measurements. The 
acid-base nature of the fiber surface is a 
significant factor in determining the degree of 
adhesion of these fibers in a given resin matrix. 
If the acid-base properties of the matrix resin are 
also determined, it should be possible to choose a 
fiber/matrix pair to maximize adhesion. The 
adhesion strength of the interface depends on the 
thermodynamic work of adhesion that is closely 
related to the surface energy of the fiber and 
matrix (Tsutsumi et al. 1996). Surface energies 
of fibers have been determined quantitatively by 
measurement of the contact angles using the 
Wilhelmy plate technique (Chan et al. 1991). 

The present study was done to evaluate the 
influence of polyurethane and polyetherimide 
sizing on both the acid-base components and the 
polar dispersive component of the surface energy 
of Zoltek ® carbon fibers. The surfaces of 
unsized and sized fibers were also analyzed by 
XPS to determine changes in the elemental 
composition of the fiber surface. The work of 
adhesion at the interface between the fiber and 
epoxy resin matrix was calculated and compared 
with the interfacial shear strength measured by the 
fragmentation test. 
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2 EXPERIMENTAL 

2.1. Materials 

Zoltek® carbon fibers were used without and with 
polyetherimide (Ultem®) and polyurethane (PU) 
sizings. An amine cured epoxy system was 
selected as the matrix resin. A difunctional epoxy, 
diglycidyl ether of bisphenol - A (DGEBA), Epon 
828® was cured with a stoichiometric amount of 
an aromatic amine, 1,3 phenylene diamine 
(mPDA). 

2.2. Fiber surface analysis 

The surfaces of Zoltek® carbon fibers and the neat 
polymers were analyzed using a Perkin Elmer PHI 
5400 x-ray photoelectron spectrometer (XPS). 
The spectra were collected using a Mg Ka x-ray 
source (1253.6 eV) and operated at 14 kV and 300 
W with an emission current of 25 mA. The 
pressure inside the chamber was held below 
5xl0"7 Torr during analysis. Both survey and 
high resolution XPS spectra were recorded at a 
45° take- off angle. A Gaussian function was 
used for curve fitting the C Is photopeaks. The C 
Is electron binding energy was referenced at 
285.0 eV. 

2.3. Contact angle measurements 

Contact angles were measured by using a 
Wilhelmy plate technique with a Cahn dynamic 
contact angle analyzer. A single carbon fiber was 
fixed to a nichrome wire with a fast curing 
cyanoacrylate adhesive. The fiber was then 
suspended from the microbalance. Wetting force 
data were recorded at 1 second intervals at a speed 
of 20 nm/min. The advancing wetting forces 
were used to calculate carbon fiber surface 
energies. The perimeter of the fiber was 
determined using the wetting force measured for 
silicone oil which was assumed to give a zero 
contact angle with the fiber. Twenty separate 
carbon fibers were measured to get average 
values. 

Methylene iodide was used as the probe 
liquid for Lifshitz-van der Waals interactions; 
ethylene glycol, formamide and glycerol were 
used to probe for acid-base interactions. 

The contact angles of liquids against the 
cured epoxy resin were measured by the sessile 
drop method with a Rame-Hart 100-00115 NRL 
contact angle goniometer. Five microliter drops of 
liquid were carefully placed on the substrate using 
a microliter syringe. The contact angles of both 
sides of each drop were measured. Six separate 
measurements were done to obtain an average 
value for the contact angle. 

2.4. Tensile strength measurements 

The tensile strengths of single carbon fibers were 
measured at a gauge length of 20 mm at a cross- 
head speed of 3 um/sec. The fibers were glued to 
paper tabs at both ends using a cyanoacrylate 
adhesive. After the adhesive cured, one of the ' 
tabs was hung to a Mettler PM 300 balance and 
the other tab was griped by a microvise which 
could be moved vertically by an adjustable motor 
controlled elevator. The strips of paper were cut 
and the fiber was pulled in tension. The force was 
measured by the balance. Twenty data points 
were collected for each fiber type. 

2.5. Single fragmentation test 

The capacity of the fiber/matrix interface to 
transfer stress from the matrix to the fiber through 
the interface can be reflected by the critical length 
in terms of interfacial shear strength. The 
strength of the interface and the fracture strength 
of the embedded fiber determine the length of the 
fiber fragments obtained. The shear-lag model 
developed by Kelly-Tyson (Kelly & Tyson 1965) 
gives the interfacial shear strength, (x or IFSS) 
according to the following equation: 

x = of d /2 Lc 

where d is the fiber diameter, and a, is the fiber 
tensile strength at the critical length of fragments, 
Lc. 

The fiber/matrix interfacial shear strengths 
(IFSS) for the unsized and sized carbon fibers 
were determined by the single fragmentation test. 
A single carbon fiber was embedded along the 
center line of a silicone rubber mold with a dog- 
bone shaped cavity and strained uniaxially along 
the fiber axis. Epoxy resin was degassed under 
vacuum and carefully poured into the cavity and 
filled to the level of mold. The resin was cured at 
75°C for 2 hours and postcured at 125°C for 2 
hours. The specimen was then removed from the 
mold and stored in a desicator until testing. The 
specimen was pulled in tension with 5 % 
specimen strain at a speed of 1 mm/min. The 
fragments lengths were measured using a 
transmission optical microscope. 

3 RESULTS AND DISCUSSION 

3.1. Surface composition 

The surface composition of unsized and Ultem® 
and polyurethane sized carbon fibers is presented 
in Table I. Values of the binding energy (B.E.) 
and the atomic concentration (A.C.) are listed for 
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each photopeak. Unsized, Ultem® and 
Polyurethane sized carbon fibers contain carbon, 
oxygen, nitrogen and sodium. 

Table I.   XPS surface composition of unsized and 
sized carbon fibers 

Carbon 
Fiber 

Photopeaks 

Cls 01s Nls Nals 

Unsized B.E. 
(eV) 
A.C. 

285.0 

91.2 

533.5 

6.2 

401.4 

1.2 

1073.7 

1.3 
(%) 

Ultem®     B.E.   285.0    532.5   400.8 1072.2 
sized (eV) 

A.C.   83.6      12.6     2.6      1.2 
(%) 

PU sized    B.E.   285.0    532.8   399.3 1071.4 
(eV) 
A.C   76.1      20.6     2.4     0.9 
(%) 

The identification of functional groups 
(-COH, -C=0 and -COOH) on the unsized and 
sized carbon fibers was obtained by curve fitting 
the Cls photopeaks. The percentage of carboxyl 
(-COOH) and carbonyl (-C=0) functional groups 
on the surface of the fiber does not change with 
sizing. However, the hydroxyl group (-C-OH) 
concentration decreased by nearly a factor of two 
for polyurethane sized fiber compared to the 
unsized fiber. For Ultem® sized fiber, the 
hydroxyl group concentration decreased only 
slightly from 20 to 16%. 

3.2. Surface energy 

The contact angles (0) of the fibers were calculated 
from wetting forces (F) of each liquid according to 
the following equation: 

F= P yL cos 6 

where P is perimeter of the fiber measured from 
the wetting force in silicone oil, yL is the surface 
energy of liquid used. The contact angles were 
higher after sizing with both Ultem® and 
polyurethane compared to the unsized fibers. This 
result suggests that high energy sites on the fiber 
surface are being blocked by the sizing. A similar 
result was reported for epoxy sizing by Fitzer and 
Weiss (Fitzer & Weiss 1987). 

The results of the determination of the acidic 
and basic components of surface energy are 
summarized in Table II. The ysLW component of 
the fiber surface energy was calculated using 
methylene iodide. The acid-base surface 
interaction term was determined using polar 
liquids. 

The basic component ( f ) of the surface 
energy decreased from 32 mJ/m2 for the unsized 
fiber to 20 mJ/ m2 and to 15 mJ/m2 for the 
Ultem® and polyurethane sizings, respectively. 
The surface of the unsized fiber showed more 
basic character than Ultem® and polyurethane 
sized fibers. The surface acidity of the fibers 
slightly increased with polyurethane sizing. But, it 
is not possible to assess the acidity or basicity of 
these fibers from the XPS results since the nature 
of the C-OH and -C=0 groups is not known. It is 
important to note that the -COOH functional group 
is clearly acidic. However, this may not be true 
for the hydroxyl group, R-OH. The -OH group 
can be acidic if R is a phenyl group or basic if R is 
an aliphatic group. Similarly, the -C=0 is 
generally slightly basic, but if there is an alpha 
hydrogen, such as CH-C=0, this hydrogen atom 
is acidic. The strongly acidic carboxylic groups 
exhibit a stronger interaction with a basic resin 
than other groups present on the fiber surface and 
thus are Sie ones principally responsible for 
adhesion to basic polymers (Chan et al. 1991). 
The total surface energy of the carbon fibers 
decreased in the order unsized > Ultem® > 
polyurethane. 

The polar and dispersive components of the 
surface energy of the fibers and the epoxy resin 
were also determined. Sizing the fibers resulted 
primarily in a decrease of the polar component of 
the surface energy (yp) from 9 mJ/m2 for unsized 
fiber to 6 mJ/m2for the Ultem® and polyurethane 
sized fibers whereas their dispersive component 
(Y*) did not vary with sizing. This decrease is 
assumed to be partially due to a decrease in the 
percentage of -OH functional groups but may also 
be dependent on the nature of the polymer. The 
reported value of the surface energy of epoxy 
resin in the solid state is -47 mJ/m2; the 
experimentally measured value in the present 
work was ~51 mJ/m2. The surface energy of the 
epoxy resin was higher than that of the fibers (-40 
mJ/rn2) and also the surface of the epoxy resin 
showed a strong basic character. The acidic, basic 
and Lifshitz-van der Waals components of the 
surface surface energy for epoxy resin were ys

+ = 
0, ys"   = 66.8, ys

LW = 46.7 mJ/m2. 
The changes in surface energy are closely 

related to the concentration of surface hydroxyl 
functional group determined by XPS analysis of 
the fiber surfaces as shown in Figure 1. Both the 

311 



1 
—s 
E 

50 

40 

30- 

20 

10 

-•— Basic component of surface energy 

-D— Total Surface energy 

Unsized fiber -  40 

Ultem" sized 
fiber 

Polyurethane sized 
fiber 

10 
-r— 
15 

—i— 
20 

50 

1 
E 

30 "g 
co 

20 £ 
o 
O 
ü 

10 
25 

Percentage of Hydroxyl (- C-OH) Functional Group 
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Polyurethane sized carbon fibers as a function of concentration of hydroxyl groups on the fiber surfaces. 
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Table n. Acid-base surface energy components (in mJ/m2) of unsized Zoltek® carbon fibers as calculated 
by the three liquid approach 

Unsized Ultem® sized Polyurethane sized 

YL"        «» ■        */ + A# T .. LW _. - .. + -. T «. Lw -. - -. + -. T 
S IS IS IS IS IS IS IS IS IS IS IS 

Ethylene glycol    41.      28.   0.      41.      39.     16.      0.      40. 33.      16.      0.1     36. 
/Formamide 

Ethylene glycol    41.    34.    0.      41.      39.     20.      0.      40. 33.      15.      0.1     36. 
/Glycerol 

Formamide 41.    35.    0.      41.      39.     25.     0.      39. 33.      15.      0.1     36. 
/Glycerol 

Average 41.    32.    0.      41.      39.     20.      0.      40. 33.      15.      0.1     36. 

Table HI. Results of IFSS and tensile strength measurements on unsized and sized fibers 

Carbon Fiber 

Unsized 

Ultem® sized 

Polyurethane 
sized 

(mJ/m2) 

41. 

40. 

36. 

Tensile 
Strength 
(GPa) 

3.2 

2.6 

2.5 

x 
IFSS 
(MPa) 

28.0±6. 

19.4+3. 

13.5+2. 

Lc 
(mm) 

0.44±0.1 

0.58±0.1 

0.85+0.1 

d   (|im) 
from 
SEM 

7.4+1.1 

8.3±0.1 

9.0+1.2 

basic components and the total surface energy of 
the fibers increased with increasing hydroxyl 
functional group concentration. Hydroxyl 
functional groups may increase surface polarity 
and acid-base reactive sites on the fiber surface. 
From the surface energy data it is concluded that 
the (C-OH, C=0 and COOH) functional groups 
contribute to the basic nature of the fiber surface. 
The unsized fiber showed the highest overall 
functionality and basic surface energy component 
in comparison to the sized fibers. 

3.3. Interfacial shear strength 

The results of the single fragmentation test and 
tensile strengths of the unsized and sized fibers are 
summarized in Table III. The tensile strength of 
the fibers gradually decreased from 3.2 GPa for 
the unsized fibers to 2.5 GPa for the sized fibers. 
This decrease may due to fiber damage during the 
sizing process. 

Figure 2 shows the relationships between the 
interfacial shear strength (IFSS) and the work of 

adhesion as a function of the total surface energy 
of fibers. The work of adhesion and IFSS 
decreased with a decrease in the total surface 
energy of fibers. As expected, polyurethane sized 
fiber showed a lower IFSS (13.5 MPa) compared 
to the unsized fiber (28 MPa). The decrease in the 
work of adhesion may result from a decrease in 
the basic character and the polar component of the 
surface energy and hydroxyl functional groups 
and therefore in the total surface energy of the 
fiber. 

It is obvious that the changes in the surface 
properties of the fiber affect the measured IFSS 
and work of adhesion. Changes in interfacial 
shear strength and work of adhesion are related to 
an increase in the total surface energy of fibers. 
Similar results have been reported for carbon 
fibers by Schultz and co-workers (Schultz et al. 
1987) and by Drzal and co-workers (Drzal et al. 
1994). 
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4 SUMMARY 

The surface energy of the epoxy resin (51 mJ/m2) 
was higher than that of the fibers (~ 40 mJ/m2) and 
in addition, the surface of the epoxy resin was 
basic.    The surface energy components of the 
fibers slightly decreased with  sizing.  Unsized 
fibers showed a more basic character than the 
sized fibers. The atomic percentage of hydroxyl 
groups on the unsized fibers as determined by 
XPS   was  higher than   on   the   Ultem®   and 
polyurethane sized fibers. The atomic percentage 
of other functional groups did not change with 
sizing.   The work of adhesion between carbon 
fibers and epoxy resin correlated well with the 
measured interfacial shear strength (IFSS). The 
tensile strength and IFSS  of single fiber both 
decreased  gradually  with  sizing  (Ultem® and 
polyurethane) compared to the unsized fiber. 
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Prediction of long term behaviour of graphite-bismaleimide composites: 
Assessment of residual stresses 

A.Vinet, D.Gamby & M.C.Lafarie-Frenot 
Laboratoire de Mecanique et Physique des Materiaux, ENSMA, Suresnes, France 

ABSTRACT: This paper presents a model to predict the long term creep behviour of graphite-bismaleimide 
(T800H-F655-2) composites, particularly introducing the effects of residual stresses created by cooling down. 
This model is a combination between the Schapery and Zapas-Crissman's model to describe the viscoelastic 
and the "pseudoplastic" strain on the laminate. The experimental results of the curvature of an asymmetric 
laminate (04/904) during thermal creep at 120°C during five months were compared with the calculations 
performed on program PREVISCO. The numerical results demonstrate that the evolution of the curvature of 
the specimens is well predicted and validate at the same time the transverse model function identified by short 
term creep creep-recovery tests. This model also permits us to validate the correct stress level field in each ply 
of a laminate. 

1 INTRODUCTION 

The development of aeronautical composite 
laminates in supersonic structures used under severe 
loading conditions requires a better understanding of 
the mechanisms involved in the long-term durability 
of the material. It is out of the question to perform 
real-time measurements over a period of ten years 
and it would be unrealistic to reproduce or to 
multiply experimental tests for many multi-angle 
laminates. This implies that assessment of long-term 
durability must be based on the development of 
numerical prediction methods relying on short-term 
tests with a duration of a few days or weeks. The 
constitutive parameters involved in a non-linear 
viscoelastic-viscoplastic behaviour, such as aging 
effects, residual stresses effects, mechanical 
degradation etc... are usually coupled. 

2 LONG TERM PREDICTION 

Here, the nonlinear viscoelastic behaviour is 
modeled using the Schapery integral while the 
modified Zapas and Crissman's model is used to 
represent the permanent strain. The total strain 
induced by a prescribed thermomechanical loading 
is the sum of the viscoelastic and the 
« pseudoplastic » strains. For a unidirectional 
representation, the isothermal constitutive equation 
is given by: 

e(t) = g0D0o + g, JAD(V(t)-v|/(T))^p^dT 
dx 

+«f 
ft 

> Jg(0(«T)))dT (1) 

where D0 and AD(t) are the instantaneous and 
transient compliances 
So'Si'Si and ao ^ tne non-linear functions of 
Schapery's model 

and w(t) = f is the reduced time 

<(> and g are the functionals of the viscoplastic model 
which   involves   an   infinite   reduced   time 

Jo a„(o(u)) 

On the ply scale, the isothermal model permits an 
elastic behaviour in the fiber direction and a 
viscoelastoplastic behaviour for the transverse and 
shear "flow" deformations to be simulate. The 
behaviour of each ply is defined by its viscoplastic 
function and non-linear viscoelastic functions 
depending on the ply stress state. Thanks to 
simplifying assumptions it could be demonstrated 
that a laminate behaves like an homogeneous 
equivalent non-linear viscoelastic-plastic material 
which maintains the existence of an accelerated 
behaviour and allows using the use of a time stress- 
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superposition principle on a laminate scale. With a 
view to numerical calculations, these models are 
superposed and combined with classical lamination 
theory to obtain predictions for general multi-angle 
laminates. Then, based on short-term creep and 
recovery tests performed on (+-45)4s laminate to 
characterize the shear « flow » deformation and 
(90)16 laminate to characterize the transverse 
« flow » deformation at 120°C for different loading 
levels, this approach, developed by Tuttle & al, has 
been used to identify all the model's parameters and 
to predict several mechanical loading responses, 
more particularly the creep response of various 
graphite-bismaleimide laminates (T800H/F655-2). 

3 ASSESSEMENT OF RESIDUAL STRESSES 

Yet, assessing exactly the strain state of a structure 
in order to foresee its long-term behaviour requires 
the accuracy of the functions involved in the 
isothermal model. Based on experimental 
observations during laminate manufacturing, it has 
been realized that residual stresses generated by 
cooling did relax with increasing time and laminate 
creep. These residual stresses are to be taken into 
account for the prediction of long term behaviour so 
that a means of obtaining their value in each ply and 
to validate the non-linear viscoelastic and 
viscoplastic functions of the model by testing 
asymmetric laminates is presented. Between the 
stress free temperature and the temperature at which 
the model will be used, the non linear constitutive 
equation is unknown, so these stresses cannot be 
assessed exactly. Moreover, the exact residual 
stresses field in each ply of a (+-45)4s specimen are 
unknown, which renders it impossible to correctly 
determine the constitutive parameters and functions 
for the shear deformation. Taking into account the 
prestress due to the initial thermal loading changes 
the apparent mechanical behaviour of a laminate 
subjected to creep and recovery, particularly in the 
non linear viscoelastic range. So a method meant to 
approach the correct residual stresses and to validate 

t (months) 

Figure 1. Thermal cyclic approach of the curvature's 
measure 

Figure 2. Measure of the specimen's curvature at 
24°C 

the model's function identified by short-term creep 
and creep-recovery tests is proposed. The 
experimental method consists in measuring the 
curvature of five (0<t/904) specimens during thermal 
creep at 120°C. 

4 EXPERIMENTAL METHOD 

The effective measurement at 120°C was not 
possible. So, all the specimens were put in a 
thermical chamber at 120°C and their curvature was 
measured at 24°C. 
We consider that the thermal cyclic approach of the 
specimen's curvature measurement doesn't affect 
the exact values, controlling the cooling and heating 
speed of each cycle. The values of the curvature at 
120°C were obtained through the values at 24°C 
which were shifted with an elastic model. We have 
verified that between 24°C and 120°C the evolution 
of the curvature behaves in an elastic manner. Then, 
we compare the results of experimental testings with 
the simulation in which the residual stresses have 
been incorporated. Figure 3 presents a numerical 
simulation together with an experimental 
comparison of the x-axis relative creep curve after a 
cooling test performed on a (O4/9O4) specimens. In 
calculations, the cooling is supposed to be 
performed suddenly from the stress free temperature 
and the model automatically incorporates the 
residual stresses at 120°C. Experimental testings 
were performed on several (O4/9O4) specimens. The 
first two specimens 3 and 5 were submited to 8 
thermal cycles corresponding to 8 measurements at 
24°C whereas an other specimen 8 was submited to 
5 thermal cycles. In a fisrt approach, the results 
show that the number of thermal cycles doesn't 
affect the curvature's measures too much. 

In spite of a reduced creep for this type of composite 
material, we notice a common agreement between 
the results of the experimental testing and those of 
the numerical simulation, considering testings errors 
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and the detrimental effect of moisture for the first 
measurements. Moreover, the testing was not 
performed as soon as the specimens were elaborated. 
We realise that during the drying time these 
specimens could creep at 24°C much more than 
supposed. The difference in the slopes of the 
experimental and simulated curves can be explained 
by the first creep stage of the specimens during the 
drying at 24°C. In fact, these curves only caracterize 
functions of the transverse « flow » deformation. In 
all plies, the shear stress field is zero. The decrease 

of the x-axis curvature with time is associated with 
the relaxing of the stress state in each ply which 
evolves according to the same law. In each ply, only 
the stresses in the fiber and transverse direction exist 
and relax with increasing time (Figure 4). Figure 4 
presents the simulation of the x-axis stress evolution 
in the first ply at 0°. The stress levels are different in 
all the plies of the ((k/904) specimen. The elastic 
solution is represented on this figure in order to 
compare with the viscoelastic-plastic solution. 

1 
• specimen 3 
a    specimen 5 

• specimen 8 
'■ simulation 

- 

"%_ 
''•?    ^"N*S"»*w_ • • 

. 

■ 

Figure 3. X-axis curvature relative evolution in a (04/904) laminate comparing testing and simulation at 120°C 
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Figure 4. Numerical prediction of x-axis stresses in (04/904) specimen for the outer ply 
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Obviously, it is verified that an elastic approach over 
estimates the calculation of residual stress fields in 
the laminates. The relaxation of the stresses is as 
important as the creep of the specimens. 

5 CONCLUSIONS 

A model dedicated to solve the problem of long term 
prediction is proposed which incorporates the 
residual stresses. The method used to characterize at 
the same time the correct residual stresses and to 
check the exact constitutive parameters and 
functions at 120°C identified by short term creep 
and recovery tests relies on the measurement of the 
curvature's evolution of an asymmetric composite 
laminate (O4/9O4) just after a cooling down from the 
stress free temperature. By simulating a level of the 
residual stresses induced by cooling down 
considering the anisotropy of the material and the 
difference between the dilatation coefficients of the 
fiber and the matrix, it has been possible to estimate 
the residual stress field and its evolution and to 
validate the viscoelastic-plastic functions of the 
isothermal model at the same time. 
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Life prediction for continuous fiber reinforced composites under stochastic 
fatigue loading based on the Critical Element Concept 
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ABSTRACT: The fatigue life simulation model described in this paper is based on the Critical Element 
Concept which allows life prediction for multiple layer laminates under multiaxial loading. This modeling 
philosophy combines the phenomena of stiffness reduction and residual strength degradation during cyclic 
fatigue loading in a physically sensible way. 

A stochastic time signal can be prepared for fatigue life simulation by the rainflow cycle counting method 
and the Haigh diagram where use is made of curves of constant cycles to failure. The described simulation 
software for life prediction allows the consideration of arbitrary load signals represented by forces, moments, 
moisture and temperature and includes several failure criteria, namely those of Hashin and Puck. For multiaxial 
stress states a comparison of fatigue life time prediction based on different failure criteria can be performed. 

1. INTRODUCTION 

During the last twenty years numerous studies on 
fatigue life prediction of laminates made from fiber 
reinforced polymers have been carried out. Despite 
of the great number of experiments and time effort 
only a few test rows are available which cover a 
larger spectrum of geometries, stacking sequences, 
load histories and materials. As a consequence, a 
multitude of life prediction models exist which are 
fitted to special test conditions, but which do not 
provide a general applicability to other loadings, 
geometries or materials. 

The methodology based on the Critical Element 
Concept is more general and offers the possibility to 
use few basic experimental data for a large number of 
simulation runs under various conditions. 

For the fatigue life simulation some input data 
have to be prepared: the measurement data of the 
S-N curve for a unidirectional 0° laminate and the 
stiffness degradation of cross-ply laminates under 
various load amplitudes have to be brought into a 
mathematically suitable form. 

In order to treat stochastic loading in the life 
prediction simulation - actually representing the real 
situation in practice - on the one hand the simulation 
algorithm has to be extended. On the other hand the 
stochastic time signals have to be prepared to make 
them available for the simulation based on the 
Critical Element Concept. Those extensions and the 
involved data preprocessing are described in this 
paper. 

2. CRITICAL ELEMENT CONCEPT 

The classical laminated plate theory which allows the 
determination of the state of plane stress in all layers 
under forces, moments, moisture and temperature, is 
the basis for the numerical treatment of continuous 
fiber reinforced composites with arbitrary stacking 
sequence. Following the Critical Element Concept 
developed by Reifsnider and Stinchcomb (1986), the 
composite is observed in a representative volume 
where failure under cyclic fatigue loading is to be 
expected. Two types of elements are imbedded 
within this volume: First, there are subcritical 
elements which are continuously damaged under 
cyclic fatigue loading in several damage modes. The 
damage process is modeled by a continuous stiffness 
degradation, whereas total failure is not initiated in 
these elements. On the other hand, critical elements 
carry most part of the load and their failure causes 
total failure of the complete composite. The stiffness 
reduction produces stress redistribution in the 
representative volume and - since the internal stress 
state is continuously changing - the effective stress in 
the critical elements is a function of the number of 
cycles. 

The degradation equation for the critical elements 
can be written in the form of an evolution integral: 

neIN 

W = J*K ,(») N(n)j     AMn) (1) 
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Figure 1:    Stress distribution over thickness in a 
multidirectional laminate under bending load 

where n is the number of cycles, SJne) the 
normalized residual strength after nc cycles, F„(n) the 
dynamic material effort due to a suitable failure 
criterion, N(n) the number of cycles to failure which 
changes with Fa(n), and K an exponent describing the 
strength degradation. Fa(n) is a quantity derived from 
a suitable failure criterion, which allows to compare a 
general state of stress to the material strengths X,y in 
the different directions Fa= Fa{o,h Xtj). 

While the failure criteria of Tsai-Hill, Norris and 
Tsai-Wu are formulated in a closed analytical form, 
the criteria of Hashin (1980) and Puck (1969, 1992) 
assign a mathematical condition to each distinct 
failure mode. While Hashin's criteria indicate the four 
failure modes tensile fiber rupture, compressive fiber 
failure, tensile matrix crack and compressive matrix 
failure, Puck set up a criterion which - beside the first 
two failure modes - indicates the shear failure of the 
matrix between the fibers. 
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Figure 3 : Failure envelopes of different failure 
criteria in layer 1 at the upper surface of a 
multidirectional laminate under bending load 

While in Figure 1 the stress distribution in a 
multidirectional laminate under bending load is 
displayed, in Figure 2 the corresponding normalized 
amplitudes according to the five failure hypotheses 
are shown for this laminate. In the Figures 3 and 4 
the sections through the failure envelopes for the five 
criteria can be seen for cyclic bending load for the 
peak loads of constant amplitude test. 

The normalized amplitude is written in Table 1 in 
accordance with the failure criteria where this is 
possible. It can clearly be seen that the different 
failure hypotheses lead to different normalized 
amplitudes which represent an important quantity in 
the life prediction calculation with the Critical 
Element Concept. 

sections through failure envelopes at o, = -870.4 MPa 

Figure 2: Normalized amplitude over thickness in a 
multidirectional laminate under bending load 

Figure 4: Failure envelopes of different failure 
criteria in layer 8 at the lower surface of a 
multidirectional laminate under bending load 
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Figure 5: Overview of data preprocessing for fatigue life prediction 

3. DATA PREPROCESSING 

The input for fatigue life prediction consists of 
experimental data and preprocessed data values and 
functions. In Figure 5 all input data and their 
preprocessing for a simulation run are shown 
schematically. 

Table 1: Normalized stress amplitudes for the turning 
points of cyclic bending load in layer 1 and 8 of a 
multidirectional laminate 

normalized stress Amplitude 

failure criterion tension Pressure 

Tsai-Hill 0.4742 0.6936 

Norris 0.5303 0.8288 

Tsai-Wu 0.4946 0.8597 

Hashin 0.4500 
tensile fiber 

rupture 

0.5803 
compressive 
fiber failure 

Puck 0.4463 
tensile fiber 

rupture 

0.5803 
compressive 
fiber failure 

While the elasticity constants, the static strength 
values and the hygrothermal constants often may be 
found in materials data bases, the stiffness 
degradation function and the S-N curve for the 
unidirectional laminate have to be determined by 
experimental testing. 

torque amplitude L [Nm] 
- cycles/cycles to failure 

Figure 6: Transverse stiffness (E2) degradation 
obtained function from a polynomial parameter fit of 
experimental data as a function of loading amplitude 
and normalized fatigue cycle number 
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Figure 7: Three parameter S-N curve fit 

The experimental data of both stiffness 
degradation and fatigue strength versus number of 
cycles to failure have to be prepared by parameter 
fitting algorithms. While for S-N curves there exists 
in literature a small amount of functions with two, 
three or four free parameters, a polynomial fit has to 
be carried out due to the absence of a given 
parametric curve for the stiffness degradation curves. 
In Figure 6 the result of such a polynomial fit is 
shown. For the S-N curves an automatic search 
algorithm for the best fit is provided by calculating 
the least mean square sum as a goodness of fit 

measure for the different functions. 
Figure 7 shows a three parameter fit 

log N = a - b f (2) 

of the S-N curve set up by Reifsnider which was 
found as the best fit amoung eight approximation 
functions. For the residual strength degradation with 
respect to the cycle number the shape of the curve 
was approximated by a power function given by 
Reifsnider and Stinchcomb (1986) with K as defined 
ineq.(l)equalto 1.2. 

In order to deal with stochastic loading in the 
fatigue life simulation it is necessary to preprocess 
the time signals. The rainflow counting algorithm 
described by de Jonge (1982) and Clormann and 
Seeger (1986) in a slightly modified form offers a 
possibility of data preprocessing and data reduction 
and is explained in more detail in the following. 

As shown in Figure 8 a , a stochastical time signal 
is given. First the time signal is transformed by 
minimum-maximum filtering with a given hysteresis 
filter width into a sequence of reversals (Figure 8 b). 
Then the online rainflow counting algorithm is 
applied to this sequence, which recognizes closed 
hysteresis loops, extracts them from the sequence 
and stores the time values of the reversals. The 
hysteresis loops - the closed cycles - can be meshed 
into each other in any order, which can clearly be 
seen in Figure 8 c. 

0 

a) stochastic time serie 

c) cycles identified by rainflow counting 

d) sequence of cycles with different mean values and amplitudes 

n-ij i-iii-jii 
time 

0 50 100 150 200 250 300 350 400 

Figure 8: Preprocessing of stochastical load histories by the rainflow counting algorithm 
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Figure 9: Calculation of the equivalent amplitude 
with non-zero mean stress using the Haigh diagram 

Finally, the identified closed hysteresis loops are 
sorted in accordance to the mean time value of the 
two participated reversals in the original time signal 

representing the input for the life prediction 
simulation (Figure 8 d). Using a Haigh diagram and a 
five parameter formula for the bell-shaped curves of 
constant cycles to failure as set up by Harris (1995), 
the amplitude can be converted into an equivalent 
amplitude with zero mean stress, for which the 
correspondent S-N curve is available in the 
simulation system (Figure 9). 

4. LIFE PREDICTION SIMULATION 

A seven layer laminate of carbon fiber reinforced 
epoxy is investigated as shown in the upper right 
corner of Figure 10. The loading (upper left) 
consists of six blocks of different amplitudes with 
zero mean force (tension-compression). The result of 
the simulation is shown in the lower part of Figure 
10, where the local state of stress, the S-N curve and 
the residual strength degradation in the critical 
element are plotted versus the number of cycles 
together with the predicted fatigue life cycle number. 
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Figure 10: Load history (upper left), peak stress distribution of the first block (upper right), as well as 
normalized amplitude, S-N curve and residual strength in the critical element versus number of cycles together 
with predicted fatigue life cycle number (below) 
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5. CONCLUSION 

In this paper the procedure of data preprocessing is 
described for the fatigue life prediction of fiber 
reinforced composites under cyclic loading which is 
based on the Critical Element Concept. 

Starting from experimental data of the stiffness 
degradation in cross-ply laminates and of the S-N 
curves for unidirectional laminates representing the 
critical elements, a simulation of the damage 
development and a life time prediction can be 
performed. The real load histories are decomposed 
into single cycles by the rainflow counting scheme, 
which are input into the life simulation algorithm in 
chronological order. Applying a five parameter 
function to describe the stress amplitude/mean stress 
dependence (Haigh diagram), the non-zero mean 
stress amplitudes are converted into equivalent mean 
stress free amplitudes. 

The procedure presented in this paper allows a life 
time prediction for stochastic load histories. The 
single steps of the procedure are realized as software 
tools. 

Reifsnider, K.L. & W.W. Stinchcomb 1986. The 
Critical Element Model: A Modeling Philosophy. 
Engineering Fracture Mechanics 25, No 5/6 : 
739-749. 
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ABSTRACT: The impact sensitivity of FRP laminates constitutes a major concern to designers, as it may 
result in substantial reduction of both tensile and compressive strength, without warning. In particular, for 
CFRP laminates used primarily in the aerospace industry, reliable predictive tools are required to allow 
optimized damage tolerant designs. This work presents an elaboration of a model earlier developed by one of 
the authors which has proven to have extended applicability to CFRPs. Probabilistic definitions of the prepreg 
material properties, on which model predictions are strongly dependent are embedded in the definition of the 
bending mismatching coefficient, a fundamental dimensionless quantity of the model. The predictions yielded 
by the model are based on a previously experimentally obtained nomograph, accounting for the influence of 0°, 
±45° and 90° prepreg plies volume contents on the laminate impact energy absorption capacity. Deterministic 
and probabilistic predictions are compared against experimental residual compressive strength results for UD, 
angle ply, quasi-isotropic and cross-ply laminates made of the BASF Rigidite 5212 material system. The 
quality of both prediction types and practical aspects of the probabilistic approach are discussed. 

1    INTRODUCTION 

Sub-perforation impact caused by low velocity 
projectiles has been found to result in substantial 
reduction of both tensile and compressive strength of 
polymeric matrix continuous fiber reinforced 
laminated plate structural components, since the 
1970s. Substantial research efforts have been made 
to model strength degradation, concerned with 
tensile strength initially and focusing on compressive 
strength in the 1980s, particularly with the 
widespread use of CFRP laminates in aerospace 
applications. The latter have exhibited a marked 
sensitivity to low velocity impact; in most cases of 
laboratory investigations interior damage has been 
undetectable by external inspection methods. 
Expensive techniques such as ultrasonic C-scan and 
X-ray radiography have revealed its extent and 
allowed to explain the observed reduction in 
strength. This type of damage poses a challenge to 
designers, as they have to take it into account in 
modern durability/damage tolerant requirements for 
composite structures. Predictive models for strength 
degradation as a function of impact energy can prove 
a valuable tool in the design processes, as they can 
offer some insight to the potential impact risk 
assessment. 

2   THEORETICAL BACKGROUND 

Originally, predictive models have been based on 
linear elastic fracture mechanics (LEFM) concepts. 
The aim has been to derive notched laminates 
subjected to tension equivalent to the impact 
damaged ones (Husman et al. 1975). Subsequently, 
research interest has shifted to post impact 
compressive behavior and energy based predictive 
models have become the focus of attention (Caprino 
1984). 

The model adopted herein belongs to this 
category and it is based on the so-called bending 
mismatching coefficient M (Liu 1988). Delamination 
is assumed to be the prevailing impact-induced 
damage mode resulting in a marked drop in 
compressive/tensile strength, once the total impact 
energy exceeds a certain threshold value denoted as 
[/„. This threshold value is determined for any 
laminate of practical interest having finite dimensions 
by performing only one set of impact-compression 
after impact (I-CAI) laboratory tests on a specimen 
of the same material system, stacking sequence, 
thickness, according to the DIN (or Boeing) 
standard, using a consistent methodology. 

Prepreg material system elastic properties and 
presence of interleaves of varying thickness are 
accounted for in the expression yielding the 
dimensionless ratio m: 
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m- A = l 

N 

Z(ß„U^-4-i) 
(i) 

t=i 

where fc = the index referring to plies/layers (integer 
pure number), N= total number of distinct plies and 

interleaf layers if any (pure number), \Mk)o =  the 

refined average bending mismatching coefficient 
defined as: 

(-) =K-u)0+K*+.)0 (2) 

(oil)   = the ^-lamina transformed reduced stiffness 

matrix element 11 (GPa), zk_t = the r-coordinate of 
the interface between layer k-\ and k, in tri), zk = 

the z-coordinate of the interface between layer k and 
k+\, inm) 

The terms in the enumerator of relation (2) are 
the evolution of an original concept termed bending 
mismatching coefficient (Liu 1988), referring to the 
interfaces between laminate prepreg plies. The new 
elaborate definition is as follows: 

\Mk,k+l) 
v '0 

Ai,o(fy)~Ai,o(fy+i) 

•^11, max — ^11, min (3) 

where Dil,o(^fc) = the A-layer bending stiffness 

matrix element 11 (Nm), DUo(6k + \) = the Al- 

layer bending stiffness matrix element 11 (Nm), 0k - 

the A-layer fiber orientation angle (°), 6>t+, = the 

k+l-layer fiber orientation angle (°); for interleaf 
layers it may be taken as either 0° or 90°, Dn)max = 

the   max|z>11>0(^)J,   k = l,.2,...,N,   Al,min = 

the mini£>ii0(<%)}, k = \,2,...,N. 

It is noted that the bending stiffness matrix terms 
refer to individual layers, based on Classical 
Laminated Plate Theory (CLT) notions. 

Obviously, the properties of the prepreg material 
are crucial for the quality of any structural 
component as much as the laminate manufacturing 
process. Furthermore the material system building 
block itself i.e. the unidirectional prepreg tape is the 
product of another manufacturing process invisible to 

the end-users. Due to various shortcomings in the 
process and taking into account the presence of 
inevitable flaws in the raw material (fibers and 
polymeric matrix), it may be deduced that the 
material properties of the prepreg tape exhibit a 
distribution of values around a mean value. Within 
the framework of this work the elastic modulus along 
the reinforcing fibers direction is examined; it is 
deemed to be the most important material constant in 
view of the post-impact behavior under consideration 
and the predictive model which is focused on the 
laminate bending stiffness matrix element Du. 

Elaboration over the last years (Papanicolaou & 
Stavropoulos 1995), (Stavropoulos & Papanicolaou 
1997) has led to a compact predictive equation 
(Papanicolaou & Pournaras 1997). 

5. 
1 ,u<u0 

J h u-u0 exp bv~17~ .u>u. 
(4) 

where h = the total laminate thickness (m), U = any 
non-negative total impact energy value (J), U0= the 
low velocity impact damage energy threshold value 
(J). 

Due to the definitions contained in relations (1- 
3), the variation in the longitudinal modulus, a 
dominant property for both tensile and compressive 
material behavior, is reflected in the ultimate 
predictive relation. 

Additionally, for the broad category of laminates 
termed as generalized UD, including all 0°, or 0, or 
90°, or a +6 /-8 lay-up at any stacking sequence 
Equation (5) simplifies to (Papanicolaou & 
Pournaras 1997): 

ft 
<7„ 

1 

exp 
j2hU-Uc 

KN     U 

,U<U0 

,U>U„ 
(5) 

The above relation is derived from (4), since it can be 
proven analytically that the m value is at all instances 
equal to 0.5. However, probabilistic definitions of 
material constants do not appear any more; thus the 
quality of prediction is not regulated by the former. 
It becomes dependent on the material geometrical 
dimension variation (ply thickness), as well as the 
proper determination of the impact damage threshold 
value. 

Last but not least, the influence of 0°, ±45° and 
90° prepreg plies volume contents on the laminate 
impact energy absorption capacity is quantified 
through a semi-empirical relationship embedded in 
relations (4) and (5), through the determination 
procedure of U„ once more (Papanicolaou & 
Pournaras 1997). 
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Table 1. Laminate data for both tested and simulated 
specimens. 

ID No. 
of 

plies 

Stacking 
sequence 

Ply thickness 
(mm) 

UD 16 [OielT 0.125 

AP 16 [(±45)4]s 0.125 

QI 16 [02/+452/902]s 0.125 

CP 16 [04/904]s 0.125 

3   EXPERIMENTAL PROCEDURE 

All experimental work has been carried out at the 
laboratory facilities of the Institute for Composite 
Materials of the University of Kaiserslautern. 
Throughout the testing program, Rigidite 5212 has 
been the CFRP material system tested, a tough 
carbon fiber/thermosetting epoxy resin, supplied by 
BASF. 300mwx300/ww 16-ply laminated plates have 
been produced in the autoclave from different 
prepreg material batches, adhering strictly to the 
supplier's instructions for the curing cycle. The 
stacking sequences considered within the framework 
of the present work are shown in Table 1, together 
with other relevant data. 
Flat laminate specimens (Figure 1) having in-plane 
dimensions close to the ones prescribed by the DIN 
standard have been obtained using a diamond-tooth 
rotating disk-saw. 
Several series of impact tests at various energy levels 
have been conducted, using a falling-dart CEAST 
computer-controlled impact testing machine. 
Subsequently both undamaged and impact damaged 
specimens have been subjected to static compression 
until failure; GFRP end blocks have been glued to all 

Figure 1. Laminate in-plane dimensions (hew) as 
specified by the DIN 65561 standard; t is the one 
selected by the authors 

specimens prior to compression testing, in order to 
avoid premature failure starting at the edges as well 
as enable proper load transmission. The use of 
undamaged specimens has been necessitated by the 
fact that the reference compression strength had to 
be determined for each configuration in terms of 
stacking sequence separately. 

4    SIMULATION & MODELING 

The prepreg material system elastic properties and 
the presence of interleaves of varying thickness 
determine the material sensitivity to impact-induced 
damage. Simultaneously, they influence the quality 
of the prediction, being a primary input data in the 
analytical yet automated predictive formulation. The 
variability in these property values, imposed by the 
deficiencies of every manufacturing process demands 
an even more critical evaluation of the prepreg 
material that is eventually transformed in a finished 
commercial product. 

The Gamma distribution for En is assumed, being 
the most suitable to express variation in material 
elastic properties (Bury 1975) in the form: 

F(x) = jzAß. 
0   otherwise 

if x>0 
(5) 

The shape factor a is taken equal to the E\\ value 
quoted on the material supplier's technical data 
sheet, while the scale parameter ß is taken equal to 1. 
Choice of the shape parameter alters the dispersion 
of the generated values at an interval including the 
manufacturer's En- If values measured by the 
prepreg supplier is made available, the choice of a as 
well as ß can be such so that we get very close to 
reality, and the entire approach acquire high 
reliability. 

INASCO in-house code RAND is used to 
provide random numbers uniformly distributed in the 
interval (0, 1). Subsequently, random variables (En 
values) are generated obeying the probability 
distribution function prescribed above, using another 
INASCO in-house code, SIM. The Acceptance- 
Rejection method is chosen for the generation of the 
random variables. The simulation process is in effect 
a Monte-Carlo method (Bury 1975), (Bofilios & van 
den Ende 1992). 

Last but not least, selected consecutive random 
values in groups of 16, are given as input to the 
predictive model code PACT, of the University of 
Patras CMG. Predictions are obtained at 0.5J energy 
steps. Therefore, the probabilistic material constant 
definition turns out to be embedded in the bending 
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mismatching coefficient and the individual lamina Du 

values. 

5   RESULTS & DISCUSSION 

The 885 random values of prepreg longitudinal 
elastic modulus generated are depicted in Figure 2. 
Conformity with the prescribed Gamma function is 
visualized in Figure 3. 

In the cases of unidirectional and ±45° angle-ply 
symmetric laminates, designated as UD and AP 
respectively, the probabilistic definitions of Eu do 
not affect the quality of prediction, according to the 
model definition (Papanicolaou & Pournaras 1997). 
In other words deterministic and probabilistic 
predictions are identical. Thus, only single curves 
are shown on both Figures 4 and 5. 

In the quasi-isotropic and cross-ply laminate 
cases, chosen to demonstrate the application of the 
modeling approach to laminate configurations used in 
practice, probabilistic definitions do make a 
difference. In fact, probabilistic predictive curves 
form a band containing the one obtained using the 
deterministic Eu value. This is a reflection of the 
random variable generation over an interval including 
the manufacturer's value. 
All results refer to thin laminates having a nominal 
thickness of 2mm. This reflects an interest in 
aerospace applications where such a thickness is 
often met, especially for composite skins mounted on 
honeycomb cores, forming sandwich components. 
Yet, marked deviations from the nominal thickness 
have been measured, suggesting that the prepreg 
sheets had undoubtedly differences in thickness. This 
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Figure 3. Cumulative probability distribution of 
random variables obeying the Gamma function, 
generated using the Acceptance-Rejection method 

observation provides the ground to initiate a further 
effort to introduce probabilistic prepreg thickness 
definition in the model, being reflected for the 
generalized unidirectional laminates too, without 
needing to modify predictive model equation (4). 
In all of the cases, experimental results are plotted 
together for comparison, in a qualitative way. 

.s 
ft 
e 

V 
b a 
E 
o u 

1,0 

0,9 

0,8 

0,7 

0,6 

•=     0,5 

o 

1 
• test 

x[016]  " X» 

' 
X 

■ 

0OO0OÖOOQ0 SÖÖ064OOO0 

• 

• 

■ 

Figure  2.     Prepreg  tape  En   value  distribution 
simulation (885 generated values) 

Total impact energy U (J) 

Figure 4.   Strength predictions for the unidirectional 
laminate [0I6]T 
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For the unidirectional laminate the single curve 
prediction is of very good quality, regardless of the 
deterministic or probabilistic definition of the in- 
plane elastic constants (Figure 4). 
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Figure 6.    Strength predictions for the symmetric 
quasi-isotropic laminate [04/(+45)2/904], 

Predictive quality for the symmetric angle-ply case is 
mediocre (Figure 5). 

For the quasi-isotropic and cross-ply laminates 
four groups of different random, generated Eu values 
have been chosen. Respective predictions are 
denoted by the three-digit numbers on the legends, 
corresponding to the index numbers of the values as 
generated by RAND code. Points denoted by the 
actual stacking sequence have been calculated using 
the elastic material properties given by the material 
supplier on his official Technical Data Sheets. In 
both cases the band of predictive curves originates 
from the point corresponding to exceedance of the 
impact damage threshold energy. Curves are not 
evenly spaced as they spread out with increasing 
energy. 

For the quasi-isotropic laminate case (Figure 6) 
predictions prove to be more conservative than test 
data, while the opposite trend can be observed for 
the cross-ply specimens (Figure 7). 
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Figure 7.    Strength predictions for the symmetric 
cross-ply laminate [O4/9O4], 

Possible reasons for the deviations between the 
measured data and the predicted behavior may be the 
difference in material batches i.e. elastic property 
value, curing cycle deviations and hygrothemal 
influence; e.g. for the AP laminate family more than a 
month intervened between flat plate production and 
specimen cutting and I-CAI testing (see also Table 
2). 

The predictive curve shifting demonstrates that 
variability in elastic properties can have an effect on 
the prediction, a fact which explains the scattering 
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Table 2. Material origin and testing information 
ID     Stacking sequence   Batch    Testing period 

No. 
CP [04/904]s 

QI [02/+452/902]s 

UD [0i6]T 

AP [(±45)4]s 

1 December '95 

2 July '96 

3 December '96 

3 December '96 

observed in data obtained at the laboratory, even 
when the same energy level is applied repetitively. 

6   CONCLUSIONS 

1. Analytical residual strength after impact 
predictive model has proven applicable to CFRP flat, 
thin (2mm) laminated plates. 
2. Best approximation is eventually observed for the 
unidirectional (all 0°) laminate group. 
3. Extension of the approach to the definitions of 
the remaining prepreg ply in-plane properties £22, 
G\2, Vn seems a promising future possibility. 
4. Probabilistic definition of cured laminate 
thickness in CAI predictive formula will render even 
more realistic predictions. 
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Fatigue behavior of angle-ply AS4/PEEK composite 
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Concordia Center for Composites, Concordia University, Montreal, Canada 

ABSTRACT: The fatigue behavior of thermoplastic composite AS4/PEEK was investigated. Tensile-tensile 
fatigue tests were conducted at three frequencies on straight sided angle-ply specimens. The cyclic stress-strain 
data and temperature variation during fatigue tests were recorded. The variations of viscoelastic properties 
during fatigue were used for the study of the fatigue damage mechanisms in the material. The results showed 
that AS4/PEEK composite may display cyclic softening, hardening or combined hardening/softening behavior 
depending on the loading condition. Cyclic hardening or hardening/softening occurs at low stress levels and 
frequencies whereas softening becomes dominant at high stress levels and frequencies. Analysis shows that 
the transition between the two types of behavior corresponds to a specific temperature rise value, defined as 
the cyclic thermal softening limit. 

1 INTRODUCTION 

Because of their viscoelastic nature, polymer based 
composites are known to show time-dependent 
behavior under static and dynamic loads. The 
viscoelastic behavior becomes more pronounced in 
composites dominated by the matrix properties, 
such as the angle-ply composites. 

One of the problems for viscoelastic materials to 
subjected to dynamic loading is hysteretic heating. 
Fatigue failure resulted from hysteretic heating has 
been a major concern for polymers and particularly 
for thermoplastic polymers. Substantial hysteretic 
heating is also observed in thermoplastic 
composites. Curtis et al (1988) studied fatigue 
behavior of quasi-isotropic and ±45 laminates at 
0.5 Hz and 5 Hz. Ma et al (1995) compared the 
hysteretic loops and temperature rises between 
carbon/PEEK and carbon/epoxy using ±45 
laminates. Dan-Jumbo et al (1989) studied the load 
frequency effect for notched M6/APC-2 composite 
laminates. In the above cases the temperatures 
recorded during fatigue tests sometimes rose to 
above the glass transition temperature of the PEEK 
resin. In contrast to carbon/epoxy composites in 
which hysteretic heating is moderate and fatigue 
lives usually increase with increasing load 
frequency (Reifsnider et al, 1977, Sun et al, 1979), 
carbon/PEEK shows a remarkably reduced fatigue 
life with frequency. Comparison studies (Buggy & 
Dillon, 1991, Curtis, 1987) between carbon/PEEK 
and carbon/epoxy indicated that the superior 
damage resistance of PEEK resin did not translate 
into a better fatigue resistance of the composites. 

The thermal effect due to hysteretic heating could 
be one of the factors affecting the fatigue resistance 
of PEEK composites. 

Thermal failure resulted from hysteretic heating 
has been a major concern for fatigue property of 
polymers and particularly for thermoplastic 
polymers. Studies have shown that, in many 
polymers, thermal failure dominates the low-cycle 
regime while the mechanical damage mechanisms 
govern the high cycle regime. Constable et al 
(1970) defined a cyclic thermal softening limit for 
this bimodal failure behavior. Lesser (1995, 1996) 
showed that the changes in mechanical responses 
of the polymer are distinctly different at these two 
regimes. Efforts have also been made to correlate 
the fatigue loading to microstructural or 
configuration change of the polymers. The 
knowledge gained on polymers can help us to 
better understand the effect of hysteretic heating on 
the fatigue behavior of thermoplastic composites. 

This paper presents the results from a study 
which aims to understand the effect of hysteretic 
heating on fatigue behavior of thermoplastic 
composites. A semi-crystalline thermoplastic 
composite AS4/PEEK was selected for 
investigation. Tensile-tensile fatigue tests were 
conducted at three frequencies on straight sided 
angle-ply [±45]4S specimens. The cyclic stress- 
strain data and temperature variation during fatigue 
tests were recorded. The variations of viscoelastic 
properties during fatigue were then calculated and 
used for the study of the failure mechanisms of the 
material. 
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2 EXPERIMENTAL 

2.1 Specimens 

AS4/PEEK [±45]4s laminates of 8x8 inches were 
molded using a WABASH hot press following 
Id's procedure. The composite laminates were 
molded at 380°C for 10 minutes under a pressure 
of 1.4 MPa and then cooled under the same 
pressure until the mold temperature reached 100°C. 
The average cooling rate was about 22°C/min 
between 380°C to 100°C. The straight sided ±45 
specimens were then cut from the laminates. The 
nominal dimensions of the specimens were 
200x18x2 mm with 38 mm long aluminum end 
tabs, which follows the specification of ASTM 
D3479. 

2.2 Static tensile test 

The static tensile tests were carried out using a 
MTS testing machine under displacement 
controlled mode. The cross-head speed was 2 
mm/min. The measured ultimate tensile strength Gu 

was 338.2 ± 5.8 MPa and the failure strain was 
17.2 ± 0.5%. 
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Figure 1. Stress-strain curve of AS4/PEEK ±45 
laminate. 

2.3 Fatigue test 

The tensile-tensile fatigue tests were carried out 
using the same MTS machine under load controlled 
mode with sinusoidal load wave form. The stress 
ratio   in   fatigue   was   R=0.13.   Three   load 

Table 1. Fatigue test results for AS4/PEEK ±45 laminate 

Load Level Frequency Number of Maximum Failure 
(%ofsu) (Hz) Cycles To Failure Temperature (°C) Strain (%) 

60% 1 1,400,000* 34 10.7* 
1,200,000* 32 9.83* 

65% 1 50,7000 - - 
70% 1 20,650 43 11.6 

16,000 40 14.4 
21,000 45 16.3 
18,800 46 - 

80% 1 2,900; 3,000 45; 45 15.2, - 
3,850; 3,570 -;52 14.5, 13.9 

93% 1 1,500 - 
60% 5 100,000 84 19.1 

186,000 84 16.3 
70% 5 2,200 1,500 127;- 21.9, 17.2 

1,100; 2,600 135; 152 17.9,- 
2,620 127 - 

75% 5 350 100 
80% 5 200; 220 110; 97 19.2, 18.3 

200 108 18.6 
60% 10 550;575 152; 140 19.8, 22.3 

1,040; 580 - - 
70% 10 450; 260 136; 95; 17.3, 17.5 

280;470 -; 119 17.0, 17.9 
80% 10 200; 180; 315 110; 102; 135 18.4,21.9, 19.7 

120; 100 -;90 20.3, 10.6 

* sample did not fail 
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Figure 2. Hysteresis loop areas verses normalized fatigue life, (a) 1Hz, (b) 5 Hz and (c) 10 Hz. 

frequencies were investigated: 1 Hz, 5 Hz and 10 
Hz. At each frequency, fatigue tests were 
conducted at three stress levels: 60%, 70% and 
80% of the ultimate tensile strength. To complete 
the S-N curve, few more fatigue tests were 
conducted at other stress levels. 

During fatigue tests, the load level was 
monitored from the signal of the load cell while the 
axial strain was measured using an extensometer. 
The cyclic stress-strain data were collected at 
selected cycles. The temperatures were measured 
during the test using thermocouples attached to the 
center region of the specimen surface and recorded 
by a computer data acquisition system. 

3 RESULTS 

3.1 S-N data 

The data on fatigue strength - number of cycle to 
failure (S-N) obtained are summarized in Table 1. 

Also presented in Table 1 are the values of the 
maximum temperature recorded during fatigue 
tests, and the fatigue failure strain. 

The S-N data obtained at all frequencies are 
plotted in Fig.l. As seen, the data from three load 
frequencies follow three different curves. 
Increasing load frequency not only shifts the S-N 
curve to shorter lives but also increases the slope of 
the curves, suggesting that there is a change in the 
dominant fatigue failure mechanism. 

3.2 Hysteresis loop 

The shape of the hysteresis loops changed 
gradually during fatigue and the way of its 
evolution depended upon the load frequency. To 
compare the effect of frequency and stress level on 
the hysteresis loop evolution, the area of hysteresis 
loop is plotted versus the normalized number of 
cycle N/Nf in Fig.2, where Nf is the fatigue life. At 
1   Hz  (Fig.2a),  the  area of hysteresis  loop 
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decreased as the cycle number increased at 60% 
and 70% stress levels but initially decreased and 
then increased with increasing the cycle number at 
80% stress level. At 5 Hz (Fig.2b), the loop area 
was almost constant at 60% stress level but 
increased with increasing cycle number at higher 
stress levels. At 10 Hz (Fig. 2c), the loop area 
increased with increasing the cycle number at all 
stress levels. 

3.3 Temperature rise 

The typical temperature rise during fatigue tests are 

shown in Fig.3a, 3b and 3c for the three stress 
levels, respectively. At 1 Hz, the temperature rise 
reached the equilibrium for fatigue tests conducted 
at all stress levels and the equilibrium temperature 
increased with stress levels. At 5 Hz, a peak in 
temperature rise curve, which is similar to that 
reported by Curtis et al (1988), was observed at 
tests conducted at 60% level, as shown in Fig.3a. 
At higher stress levels, monotonic temperature 
rises were recorded. At 10 Hz, continuously rising 
temperatures were measured at all stress levels. 
The values of the maximum temperature are 
summarized in Table 1. 
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Figure 3. Temperature variation during fatigue measured at the surface of the specimens, (a) 1 Hz, (b) 5 Hz 
and (c) 10 Hz. 
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3.4 Failure strain 

The values for the maximum strain measured at 
failure are summarized in Table 1. When compared 
with the failure strain obtained by static tests, the 
values appear to be lower for the samples tested at 
1Hz but higher for samples tested at 5 Hz, 70% 
and 80% stress levels and at 10 Hz at all stress 
levels. In other words, the material behaved more 
brittle for the former case but more ductile for the 
latter case respect to that under static tensile 
loading. The tests at 1Hz, 60% was terminated 
before failure and hence the value is the final strain 
rather than failure strain. 

3.5 Viscoelastic properties 

From the cyclic stress-strain data, the storage 
modulus E', loss modulus E" and loss factor tan8 
were calculated following the definition of Read 
and Dean (1978), as illustrated in Fig.4. 
Figs.5 and 6 plots E' and tanS versus normalized 
number of cycles. As seen, the variation of the 
dynamic properties with cycle number depends 
upon the load frequency and stress levels. At 1 Hz, 
E' increased with the cycle number at 60% stress 
level. Increasing stress levels resulted in an almost 
constant E' value. tanS varied in the opposite way. 

At 60% stress level, tanS decreased with increasing 
the cycle number whereas at higher stress levels 
tan8 appeared first decreased and then increased 
with the cycle number. The responses at 5 Hz, 

Ac 

E*=Ao/Ae 
27ttan5=AW/Ws 

E'=E*cos8 
E"=E*sin8 

Figure 4. Calculation of dynamic properties from 
cyclic stress-strain data. 

60% stress level were similar to those at 1Hz, 70% 
and 80%. At higher stress levels and at 10 Hz at all 
stress levels, E' generally decreased whereas tanS 
increased with the cycle number and the extent of 
the variation increased with increasing the stress 
level. 
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Figure 5. Variation of the storage modulus during 
fatigue. 
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Figure 6. Variation of the loss factor during 
fatigue. 

4 DISCUSSION 

The above results show that the material responses 
varied substantially over the range of stress level 
and frequency covered in this study. The first 
remarkable variation is the evolution of the 
hysteresis loops. The loop area decreased with 

cycle number at low frequencies and stress levels 
but increased at higher frequencies and stress 
levels. Similar variation is seen in the viscoelastic 
characteristics, such as the storage modulus and 
loss factor. Finally, the failure strain also varied 
with the load frequency and stress level. 

The variation in the viscoelastic characteristics 
and the strain response all indicate that more than 
one mechanisms had occurred in the material 
during fatigue, some of which led to cyclic 
hardening while others resulted in cyclic softening. 
The likely mechanisms for cyclic hardening are: (1) 
fiber rotation towards the loading direction in the 
angle-ply laminates (Al-Hmouz, 1997) and (2) the 
change of microstructure of the matrix resin, such 
as the volume contraction observed in amorphous 
polymers (Bouda et al. 1976, Lesser 1996), the 
change in crystallinity (Lesser, 1995) (may result 
in softening if the value decreases) and the 
reorientation of the crystallites. The softening may 
be related to (1) thermal softening of the material 
due to hysteretic heating; and (2) mechanical 
damage in the composite material. There are also 
interactions between the softening and hardening 
mechanisms. For example, the thermal softening of 
polymer matrix resin will facilitate fiber rotation 
and accelerate the microstructural change and 
damage process. Some types of microstructural 
change may lead to softening rather than hardening 
effect. Whether the material will behave cyclic 
softening, hardening or hardening/softening 
depends upon the relative contributions of each 
mechanisms. 

The above four mechanisms may all operate 
during fatigue process but their contributions to 
various properties vary with load condition. Based 
upon the knowledge on polymer materials, under 
low cyclic stress, the damping of matrix resin tends 
to decrease while the stiffness tends to increase 
because of reduced molecular mobility (Bouda et 
al. 1976, Kolman et al. 1982, Liu et al. 1991). 
This effect appears to diminish at higher stress 
levels. In angle-ply composites, fiber rotation also 
contributes to the increase in stiffness and decrease 
in damping but the fiber rotation angle would be 
small unless substantial thermal softening of the 
matrix occurs. On the other hands, mechanical 
damage and temperature rise increase with 
frequency and stress levels. When temperature rise 
is high the hardening effect of fiber rotation can be 
offset by thermal softening. Hence the reduced 
damping of stressed matrix resin may be observed 
only at low frequencies and stress levels and most 
likely at the early stage of fatigue where thermal 
effect due to hysteretic heating is small and 
substantial mechanical damage has not occurred. 
The temperature rise is, therefore, a key factor to 
determine the transition between cyclic hardening 
and cyclic softening behavior. 

Similar to polymers, the fatigue response of the 
AS4/PEEK ±45 laminate may be divided into two 
regimes, a mechanically dominated regime, where 
material exhibits some degree of cyclic hardening, 
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and a thermally dominated regime where cyclic 
softening occurs. The temperature corresponds to 
the transition point between the two regimes is 
defined as the cyclic thermal softening limit. 

5 CYCLIC THERMAL SOFTENING LIMIT 

The results on polymers (Lesser 1995, 1996) 
showed that the transition from mechanically 
dominated to thermal softening dominated failure 
corresponds to several distinct features. Firstly 
there is a transition knee on S-N curve which 
separates the curve into two regimes, each with a 
different slope. Secondly, the changes in 
mechanical responses of the polymer are distinctly 
different at these two regimes. At thermally 
dominated regime, the area of the hysteresis loops, 
the loss factor and loss modulus increase while the 
storage modulus decreases with the number of 
cycles. At mechanically dominated regime, the area 
of the hysteresis loop, the loss factor and loss 
modulus decrease slightly with the number of 
cycles while the storage modulus either is 
maintained or firstly decreases slightly and then 
gradually recover to its initial level. 

AS4/PEEK appears to follow some of the above 
rules. Using a continuously declining E' and 
increasing tan5 as indications of thermal softening 
dominant, the cyclic thermal softening limit appears 
to be at a stress level above 80% of ou for 1Hz, 

between 60% and 70% of ou for 5 Hz and below 

60% of cyu for 10 Hz. These loading conditions 
correspond to experimentally measured maximum 
temperature rises to a value above 84°C. Using the 
slope change in S-N curve, however, will give 
some inconsistent temperature values. Hence the 
cyclic thermal softening limits is determined 
according to the evolution of the viscoelastic 
properties and the value is assumed to be 90°C. As 
shown by an earlier work (Xiao et al. 1994), this 
temperature corresponds to a change in temperature 
dependence of the nonlinearity in viscoelastic 
responses. 

The temperature rise during fatigue can be 
estimated using thermal analysis (Xiao, 1997) and 
then the cyclic softening limit can be predicted for a 
given test condition. Fig. 7 shows such a plot 
generated based on thermal analysis. The dotted 
lines in Fig.7 correspond to a predicted maximum 
temperature rise of 90°C, i.e. the cyclic thermal 
softening limit, over a range of stress level and 
load frequency at the stress ratios indicated on the 
curve, namely, R=0, 0.1, 0.2, 0.3 and 0.5. Also 
added in Fig.7 are the experimental results obtained 
at R=0.13, as represented by symbols, where the 
open symbols correspond to the cases when the 
fatigue specimens behaved cyclic hardening 
whereas the close symbols for the cases of cyclic 
softening. As seen, all the open symbols fall into 
mechanically dominated zone while the close 
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Figure 7. The cyclic thermal softening limit as a 
function of load frequency and stress level at 
stress ratios indicated on the curves. Symbols are 
the experimental results at R=0.13. Open circles 
are for specimens displayed cyclic hardening 
whereas close circles for cyclic softening. 

symbols into thermally dominated zone. This 
indicates that the assumption about the thermally 
dominated and mechanically dominated fatigue 
regimes for AS4/PEEK angle-ply composite is 
reasonable and the transition between these two 
regimes can be quantitatively predicted by the 
cyclic thermal softening limit. In our modeling 
work (Xiao, 1997) the prediction based on thermal 
failure underestimated the fatigue life for 5 Hz, 
60% condition and the assumption of thermal 
failure was suspected for the error. The present 
result confirms that 5 Hz, 60% condition is indeed 
in the mechanically dominated regime. 

CONCLUSIONS 

The effect of hysteretic heating on fatigue behavior 
of thermoplastic composite AS4/PEEK was 
investigated through tensile fatigue tests of 
AS4/PEEK +45 laminates at three frequencies. The 
results showed that AS4/PEEK composite may 
display cyclic softening, hardening or combined 
hardening/ softening behavior depending upon the 
loading condition. Similar to polymers, the fatigue 
response of the AS4/PEEK +45 laminate can be 
divided into two regimes, a mechanically 
dominated regime, where material exhibits some 
degree of cyclic hardening, and a thermally 
dominated regime where cyclic softening occurs. 
The transition between the two regimes is 
determined by a specific temperature rise value, 
defined as the cyclic thermal softening limit. Using 
this parameter one can predict the service 
conditions for these two regimes and therefore 
prevent the premature failure due to thermal 
softening. 
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Moisture detection in composite materials using infrared thermography 

J.CKneip, X.J.Gong & S.Aivazzadeh 
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Nevers, France 

ABSTRACT: This paper presents the results obtained by a non-destructive evaluation method, developed in 
our laboratory, to detect absorbed moisture in composite materials. We use the particular dielectric properties 
of water molecules under microwave excitation, to create local heating in the material and detect it by an 
infrared thermography camera. With appropriate numerical processing, thermograms are analysed and used to 
locate moisture containing zones. We have applied it to damaged glass-fibre composite plates exposed to 
humid environments. 

1 INTRODUCTION 

For many years, conceptors of structures have been 
aware of the effects of hygrothermal conditions on 
the mechanical behaviour of composite materials. 
Many papers have been published in this field and 
enable some understanding of the absorption 
phenomena in these materials. Because of their 
heterogeneity, models cannot always completely 
describe absorption, and particularly in damaged 
structures (Cardon, 1996). 

Then the use of non destructive evaluation 
(NDE) techniques can be of great interest to evaluate 
the state of a structure. Among these, the infrared 
thermography method is actually' used in many 
laboratories for inspecting damaged composite 
materials. This is generally based on the flash method 
and consists in observing the response of a sample to 
a thermal spike and linking the thermal delay to its 
internal structure. 

However, very few papers have been 
published concerning the detection of absorbed 
moisture. We try to show in this paper why this 
method is not well adapted to moisture detection in 
composite materials. Then, we explain the principles 
and show the possibilities of our technique based on 
microwave excitation and an infrared thermography 
observation. 

Results are presented for both epoxy and 
polyester resin plate samples, containing known 
water content. In addition data is provided on glass 

fibre epoxy matrix samples that we have examined in 
the damaged state. 

2 INFRARED THERMOGRAPHYY NDE 

Infrared thermography technique is actually 
frequently used in many laboratories for inspecting 
damaged composite materials. Its principal advantage 
is its multifunctionality. Moreover it enables 
observation of the thermal state of material or 
structure to be made very quickly, without contact or 
perturbation of the structure during the inspection. 
Primarily, the use of infrared thermography for non 
destructive testing of materials has been based on the 
use of photothermal techniques (Parker (1961), 
Balageas (1993)), in which we analyse the thermal 
response of a sample to an external thermal flux, with 
an infrared thermography camera. In every case, the 
principle of these techniques is based on the 
observation and interpretation of thermal diffusion 
delays during the transmission or the reflection of the 
thermal excitation. Then, we can see here the two 
principal problems of this technique. Firstly, because 
of the low penetration power of infrared radiation, 
samples have to be thin to obtain good results (just a 
few millimetres). Secondly, defects have to slow 
down sufficiently the diffusion of the thermal spike to 
be detectable. Then, the higher the resistance of the 
defect versus the structure is, the more important the 
thermal contrast  on the  surface  of the  sample 
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becomes. Hence these techniques are essentially used 
to detect and characterise delaminated zones in thin 
polymeric laminates. 

However, little work has been published in 
the field of moisture detection using infrared 
thermography techniques (Platonov's (1988), 
Denel's (1989)). These studies showed that detection 
of moisture was possible only for particular cases, for 
example when moisture concentrations were very 
high (several tens of percentage for porous materials) 
or with completely water-filled alveoli for 
honeycomb sandwich structures. We showed in a 
previous work (Kneip, 1997) that absorbed moisture 
by polymeric materials could not modify sufficiently 
its thermal characteristics. Thus we looked for 
another way to excite our humid polymeric samples 
capable of creating heat detectable by an infrared 
thermography system. 

3 MOISTURE DETECTION SYSTEM 

Our moisture detection system uses microwave 
excitation to create heat in the water present in the 
material. The principle action of microwaves on 
matter is indeed based on the conversion of 
electromagnetic energy into thermal energy, due to 
the interaction between electrical charges which are 
present in the material under the influence of an 
external electrical field. This process, using dielectric 
hysteresis, is used with dielectric liquid or solid 
materials, containing polar molecules, and 
characterised by its permittivity e' and its dipolar 
relaxation constant e". Dissipated energy in the 
material can be directly related to these two 
constants. 

Unlike infrared heating (with photothermal 
methods, in our case), microwave heating takes place 
directly inside the sample, because of its wave-length 
and its important penetration power in mainly 
polymeric materials. Effectively, this type of material 
is generally almost transparent to microwave 
radiation, and therefore cannot generate heating of 
the sample. 

Unlike polymeric materials, because of its 
high asymmetrical configuration, the water molecule 
presents an exceptional polarity and makes it the 
ideal material for this type of heating. (Thuery, 
1989). Preliminary tests on polyester and epoxy 
resins (Kneip, 1997) showed that absorbed moisture 
could have a great influence on their electrical 
characteristics even if the concentration was very low 
(Figure 1). We used this phenomenon to create local 
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Figure 1. Polyester resin. Relative variations of the relaxation 
constant E" for different moisture concentrations as a function 
of temperature. 

heating in materials in which we expect to find 
absorbed moisture. 

Our solicitation system is formed by a 
microwave heating system including a variable power 
microwave generator (0-2 kW at 2.45 GHz (X=12.4 
cm in vacuum)). The wave applicator is a oversized 
monomode wave-guide developed by CNRS 
(Bertaud, 1982), as we can see in Figure 2. A wave- 
guide enables electromagnetic energy to be carried 
and coupled to the sample. The dimensions of the 
microwave applicator were defined to cover the 
maximum heating surface. This system is used in the 
progressive wave state, which gives less efficient but 
more homogeneous heating than in the stationary 
wave state. The absorption of the radiation at the end 
of the applicator is done through a water load. This 
system works in the transverse electric 01 mode 
(TEoi). In the material the electric fields are 
influenced by the dielectric and geometrical 
characteristics of the sample. 

. 50 long guide 
n/ 018 

=H:;16 

o 

o Fixation du couwrcle 

Figure 2. Schematic representation of oversized monomode 
applicator used 
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The second part of the system is formed by an 
infrared thermography camera (AGEMA TH880 
Swb), with quantic monodetector, liquid nitrogen- 
cooled (77 K). It deals with a short wave camera, 
using the infrared atmospheric transmission band 3- 
3.5 mm. A recording system enables data to be saved 
and viewed in real time on a PC compatible, with a 
resolution of 128 x 64 pixels, at 6.25 
pictures/second. 

By infrared thermography and numerical 
models, we attempted to determine the 
characteristics (position and size) of the heating 
source, corresponding to the zones of concentrated 
water. The difficulty is that each application needs 
the development of a specific applicator, as a 
function of the sample's geometry and the kind of 
heating required. 

A test sample is firstly exposed to microwave 
solicitations. It is placed in the wave guide on a 
polypropylene support, which is transparent to 
microwave excitation. The necessary time of the 
microwave solicitation to obtain sufficient heating 
was determined to avoid any vaporisation of the 
moisture present. Immediately after heating, the 
sample is placed on a support to allow its observation 
by infrared thermography camera. An infrared mirror, 
placed behind the sample, allowed a thermal view of 
the front and the back of the sample simultaneously. 

4 RESULTS AND DISCUSSION 

A first step of our work was realised on both epoxy 
or polyester resin plate samples, containing known 
water content. Its dimensions were of 70 x 70 mm2 

for a thickness from 4 to 12 mm. Humid blotting 
paper was placed inside each sample during its 
realisation. After microwave excitation a thermal 
response of each tested sample (Figure 3), located on 
concentrated water areas was observed. 

Figure 3. Thermogram of an polyester resin sample (70x70x5 
mm), containing a humid insert (15x15x0.2 mm). Observation 
20 seconds after microwave excitation. 

These first results were particularly 
interesting because they showed that a detection was 
possible even if the sample was thick. This was an 
advantage over the photothermal technique 
classically used in non destructive testing of 
composite materials. 

As we explained in part 3, microwave heating 
takes place directly inside the sample because of the 
wave-length and the important penetration power of 
microwave radiation. Thus, thermal modelisation of 
heat becomes easier than in the photothermal 
process. Inside the material, the main process is 
thermal diffusivity, and outside there is just a thermal 
exchange by convection. 

After we tried to modelise these phenomena 
in order to determine position and size of humid 
inserts. For our samples, we used a two dimensional 
finite differences model. 

Firstly we determined the thermal 
characteristics of our samples : p density, X thermal 
conductivity, C calorific capacity and h the global 
thermal exchange coefficient. Then, our process 
consisted in recording the thermal response on both 
main sides of the tested sample, and adjusting 
parameters of our model to obtain the same thermal 
response. 

This technique allowed us to determine size 
and position of the heating source corresponding to 
water concentrations. We present in Figure 4 
comparison between the recorded and calculated 
thermal response of an polyester resin sample of 
70x70x5.3 mm, with a humid insert of 15x15x0.2 
mm placed at 1.9 mm of one side. With the numerical 
process, we evaluated its position to 1.9 + 0.3 mm 
and its size to 13x13 + 0.2x0.2 mm2. However there 
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- Experimental Tmax front side 
- Experimental Tmax back side 
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* Calculated Tmax back side 
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Figure 4. A comparison of the evolution of experimental and 
calculated maximum temperature on front and back sides of a 
polyester resin sample. 
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Figure 5. Test on glass fibre epoxy matrix composite sample, 
(a) after double impacts, (b) thermogram obtained with 
infrared thermography camera after microwave excitation. 

was no data on the thickness of the humid insert and 
on the moisture concentration. 

In the second part, we tested damaged glass 
fibre epoxy matrix samples. Dimensions were of 150 
x 100 mm2 with a thickness of 2.1 mm. We created 
initial damage on these samples using an impacting 
system. We present in Figure 5a a photograph of a 
tested sample with two impacts. 
These samples were dried during 3 weeks. A first test 
was realised with our moisture detection system and 
showed that it had no effect on dry materials. 
Afterwards this sample was immersed in water at a 
temperature of 60 °C during 1 month.. Then we 
tested again the wet sample, and we observed 
immediately after microwave excitation a large 
temperature rise located in the impacted areas 
(Figure 5b). Thus, our technique allows of quick 
detection of abnormal moisture absorption zones. 

However, we cannot actually determine any 
information about the moisture distribution in the 
material because the characteristics of the heating 
source is very difficult to be described by a model. In 
observing infrared thermography records, it is seen 
that maximum heats, i.e. the maximum moisture 
concentration, correspond to impact areas. 

5 CONCLUSION 

In this paper we presented an original non- 
destructive technique allowing of the detection of 
absorbed moisture in polymeric materials. Its 
principle is based on the use of microwave excitation 
combined to an infrared thermography inspection of 
the thermal response of the sample. 

We have shown that this technique was 
particularly well adapted to the detection of absorbed 
moisture, in comparison of classical photothermal 
techniques. Its main advantages are its possibilities to 
locate very quickly concentrated water areas and to 
enable investigation of thick samples. 

By infrared thermography and numerical 
models, we determined in simple cases the 
characteristics (position and size) of the heating 
source corresponding to the zones of concentrated 
water with good agreement. 

In the case of damaged composite materials 
we showed that this technique enabled the detection 
of concentrated water areas. Thus, we think that this 
technique could be use indirectly to detect damaged 
areas, by observing the anomalous presence of 
absorbed moisture, for example. 

The limitations of this technique are actually 
on the one hand the difficulty of evaluating moisture 
concentration in the sample, and on the other hand 
the necessity of adapting the form of the wave-guide 
to the geometry of the sample. 
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ABSTRACT: This paper presents a predictive technique for evaluating the crack growth path in composites 
and anisotropic materials. This technique is based on the strain energy density criterion and was implemented 
in the DELA, the dual boundary element code to perform crack propagation analysis in anisotropic media. 
Numerical examples are presented to validate this procedure for predicting the propagation path for cracks in 
unidirectional composites. This work is supported by the Fundacäo de Amparo ä Pesquisa do Estado de Säo 
Paulo (FAPESP). 

1 INTRODUCTION 

Failure modes in composites were observed by 
experimental works as fiber breakage, matrix 
separation and interface debonding. The complex 
behavior of the progressive failure in composites is 
very difficult to be modelled successfully by a 
predictive technique. However, crack growth 
analysis is the basis of damage tolerance design and 
a very useful tool for fault inspection assessment. 

Two major approaches are found in the literature 
to scale the continuum element as function of the 
crack size and microstructure of the composite. The 
first assumes a global nonhomogeneous anisotropic 
medium where the crack tip is present in just one 
phase of the composite, the matrix or the fiber 
(Servadurai 1990). The second considers a global 
homogeneous anisotropic continuum where the 
crack propagates in an idealized material which 
properties are determined by the proportion of the 
composite constituents (Ellyin & El Kadi 1990). Sih 
(Sih 1991) compared the results obtained from these 
two analytical models and experimental data, in 
order to evaluate the behavior of brittle fracture of 
unidirectional fiber/matrix composites, and found 
close values for the critical stress as a function of the 
crack angle for the two models and the laboratory 
data. The second approach is used in this work. 

According to Sih's strain energy density criterion, 
crack initiation occurs in a direction determined by 
the relative minimum of the strain energy density 
factor and unstable crack growth is reached 
whenever this minimum factor reaches a critical 
value. 

An incremental crack growth analysis is carried 

out in this work to predict the crack path, which is 
assumed piece-wise straight. After each increment a 
dual boundary element analysis is performed in the 
anisotropic medium and the mixed mode stress 
intensity factors are computed by the ./-integral and 
the ratio of relative displacements at crack faces, in a 
single region stress analysis (Sollero & Aliabadi 
1995). The strain energy density criterion is equated 
and the solution for the propagation angle is 
obtained numerically by bracketing and the golden 
section search. 

Due to intrinsic features of the dual boundary 
element method, remeshing is kept to a minimum, as 
the original mesh is preserved, apart the element that 
is added to the crack tip in the propagation direction. 
The system of equation is solved by an incremental 
LU decomposition scheme that is performed adding 
the new rows and new columns to the coefficient 
matrix, which is an efficient and accurate procedure. 
Remeshing is a major difficulty when applying finite 
element methods for the solution of crack growth 
problems, requiring sophisticated and time- 
consuming algorithms (Boone et al. 1987). 

Numerical examples of this implementation of 
the strain energy density criterion is presented and 
compared with those established in the literature. A 
computational simulation of crack propagating from 
a hole in a unidirectional composite specimen and 
the resulting crack path is presented. 

2 THE DUAL BOUNDARY ELEMENT METHOD 
FOR LINEAR ANISOTROPIC ELASTICITY 

The dual boundary element method is based on the 
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use of two boundary integral equations, namely the 
displacement and the traction equation. General 
crack problems can be solved in a single domain 
formulation by applying the displacement equation 
on one crack surface and the traction equation on the 
other. A detailed formulation of this method applied 
to anisotropic materials is found in (Sollero 1994). 

In the absence of body forces the boundary 
integral equation for the displacements at an internal 
point z' of an anisotropic domain can be derived 
from Betti's reciprocal work theorem and given by 
the Somigliana's' identity as 

«,(r)+ \Tl]{z-,z)uj{z)dT{z)= \u t[r ,z) fr^z) 
r r 

(1) 

where ij=l,2; Ty and Uy are the anisotropic 
fundamental solution for tractions and displacements 
respectively and the displacements uj and the 
tractions tj are computed on the boundary T. The 
points z' and z are the source and field points 
defined by 

and 

x\+ft2x-2 

*1   +/<2*2 

(2) 

(3) 

where /^ are the complex roots of the characteristic 
equation of the anisotropic material, with £=1,2, see 
(Sollero &Aliabadi 1993). 

The displacement boundary integral equation is 
obtained by the limit transition when the source 
point in equation (1) is taken to the boundary, 
resulting 

c,(r)My(Z)+-f7;j(z-,zV/(z>r(z)=jC/,(z-,z>/(z>r(r), 
r r 

(4) 

where  4    stands for the Cauchy principal-value 

integral and the constant Cy{z') is given by )45y for 
smooth boundaries. 

The displacement gradient tensor «,t for an 
internal point can be calculated from equation (1) by 
differentiation at z' to give 

«„(*•)= fcAz^izWz)- {[/^(z-,z),(zK(4 
r r 

(5) 

where the fundamental solution derivatives Tyj and 
Uijtk are given in (Sollero & Aliabadi 1993). The 
stresses (Ty(z') at an internal point can be obtained 
from the definition of the tensorial strain at z' and 
the application of the generalized Hooke's law 
resulting 

ffs(r)+ \s"kll{z-,z\k{z)dT{z) = _fD;;,(z',z)rt(z>/r(z), 
r r 

(6) 

where the kernels Sa
klj and D°kij are functions of the 

compliance matrix of the material and the 
derivatives of the fundamental solution. 

Taking the source point to a smooth boundary, in 
the limit, the stress boundary integral equation is 
given by 

ICTtf(z)+^y(z-,zK(z>r(z)=-fz);;(z-,z),(zVr(z), 
*■ r r 

(7) 

where i   stands for the Hadamard principal value 

integral. Applying the Cauchy stress transformation, 
on a smooth boundary, the traction boundary 
integral equation is given by 

Uz)+n^klzMMA=n{^k'M^\A 
1 r r 

(8) 

where w, denotes the ;'-th component of the unit 
outward normal to the boundary at the source point. 

Equations (4) and (8) are the basic equations of 
the dual boundary element method for linear 
anisotropic fracture problems. 

3 STRAIN ENERGY DENSITY CRITERION 

The strain energy density criterion is a theory built 
in the framework of fracture mechanics that predicts 
the onset of failure as crack instability, or rapid 
crack propagation, through the critical density factor 
(Sih 1991): 

S.. = r. 
dW 

dV 
(9) 
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with rc being the radius of a core region surrounding 
the crack tip and dW/dV is the strain energy density 
function. 

For a homogeneous    anisotropic material this 
function is given by 

dW    l( N 
■377 = ^i^n + ariien. +2<Tn£n) 
dv     l 

(10) 

where cry are the components of a stress field 
surrounding the crack tip at a distance r and 
direction 0, as shown in Figure 1, see (Sih et al. 
1965). 

Equation (10) yields an expression involving 1/r, 
the coefficient of which is the strain energy density 
factor 

^ = Re 

5=Re 

C = Re 

D=Re 

£ = Re 

M1M1 

S(0)=-{AuKJ+2Al2KIK„+AnKl\ (11)       F=Rt 

Mi ~Mi 

1 

Mi -Mi 

1 

Mx -Mi 

1 

M\ -Mi 

M1M2 

Mi -Mi 

1 

Mi 

■yj cosO+ju2sin0    ^cosff+jUjSinO^ 

Mi Mi 

yjcos0 + /i2sin0    ^jcos0 + f^sin0 

Mi Mi 

•y/cosö+ fi2sin0    ■^cos0 + Jilsin0 

1 1 

Jcos0 +ju2sin0   ■sfcos0 + jiisin0 j 

1 1 

yjcos0 + i^sin0    ^Jcos0 + ft2sin0 

Mi~ Mi 

Mi Mi 

ijcosO + /umsind    ^cosö + fi2sin0 

where .K/and K\i are the stress intensity factors and 

4, =-\\ß +a22C
2 +a66£

2 +2auAC+2al6AE+2a26CE] 

Ai =-[anAB+a12CD+a6(,EF+c^2{AD+BC) 

+ a,6 (AF + BE) + a26 (CF + DE)\ 

AI ^k-B2 +V^ +^F2 +2anBD+2n]6BF+^6DF\ 

(12) 

where ay are the coefficients of the compliance 
matrix and 

(13) 

According to the strain energy density theory 
unstable crack growth takes place in the radial 
direction 0C along which S becomes minimum, or 

8S    n     A d2s    r> — = 0 and —- > 0. 
80 Ö02 

(14) 

Figure 1: Region surrounding the crack tip. 

The classical method for obtaining the minimum 
value of equation (11) (taking its first derivative to 9 
equal to zero and checking the sign of the second 
derivative) appears not to have a simple analytical 
solution. As a consequence, a numerical solution 
was implemented using bracketing and the golden 
section search technique (Press et al. 1992). 

Other criteria for the onset of crack propagation 
in anisotropic materials include those proposed by 
Zhang, Jang, Valaire and Suhling (Zhang et al. 
1989), named Z-criterion, and by Theocaris and 
Philippidis (Theocaris & Philippidis 1991), named 
^-criterion. However, these criteria presented 
increased difficulty for the application in an 
incremental crack growth analysis by the dual 
boundary element method and would require 
expensive computational implementation. 

4 NUMERICAL RESULTS 

The results obtained by the incremental crack 
growth analysis can be summarized in a crack path 
diagram. This path was obtained by adding an 
element to the previous crack tip element, in the 
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direction evaluated by the minimum strain energy 
density criterion. 

A validation of the results obtained by the present 
implementation of the strain energy density criterion 
is initially presented, comparing the results for the 
crack initiation angle 6 to those obtained by Sih 
(Sih 1991). The numerical results of equation (11) 
obtained by the golden section search were 
compared to a solution of the same equation using 
MATHEMATICA obtaining results with a 
difference smaller than 0.1% . Figure 2 shows a 
comparison of the present results to those obtained 
by Sih for a central slant crack forming an angle ß\o 
the tensile load axis. The fibers of the unidirectional 
composite were aligned to the crack axis. The 
material is a Modulite II 5206 composite witch the 
gross mechanical properties are: Ej = 158.0 GPa, E2 
= 15.3 Gpa, G,2 = 5.52 GPa and vn = 0.34. 

The results show a small difference (under 3%) 
between the present values of the crack initiation 
angle and those found by Sih for ß smaller than 60° . 
For larger values of the crack angle there is an 
increasing difference between these 
implementations, reaching 12%. 

An application of the present technique is 
presented for the specimen shown in Figure 3, which 
was designed for the analysis of crack propagating 
from a circular hole. The material is a graphite- 
epoxy unidirectional laminate, with the fibers 
rotated at 70° and the orthotropic properties are: E\ 
= 144.8 GPa, E2 = 11.7 Gpa, Gl2 = 9.65 GPa and 
vi 2= 0.21. 

h  =  2.0 

2x  dlan  0,6 

-w  =   2.0- 

Figure 3: Crack from a hole specimen. 

The incremental crack growth analysis was 
performed with an initial crack length to width ratio 
a/w = 0.15. The crack path is shown in figure 4. As 
the stress and displacements fields produced by 
holes A and B are symmetric to the initial crack, the 
crack propagates in the direction dictated by the 
minimum strain energy density criterion, in fiber 
breakage mode. As the crack approaches hole B, the 
path is affected by the stress field of this hole and 
tend to approach it. 

55 65 75 85 

Crack and Fiber Angle ß, (degree) 

Figure 2: Crack initiation angle for different initial 
crack angles. 
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Figure 4: Crack growth path for the crack from a 
hole specimen. 
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5 CONCLUSIONS 

A predictive technique for crack growth analysis in 
composites and anisotropic materials was presented. 
The direction of crack propagation was evaluated by 
the minimum strain energy density criterion and 
implemented in the dual boundary element code. 
This analysis is performed in order to predict the 
crack propagation path, which was assumed piece- 
wise straight. 

The implementation of the minimum strain 
energy density criterion was compared with a 
numerical example of the literature for evaluating 
the direction of crack initiation in a unidirectional 
composite. A small difference was found for the 
major extension in the range of crack and fiber 
angles. A crack from a hole specimen was used to 
analyze the crack propagation path in a 
unidirectional laminate. The propagation path 
indicated failure by fiber breakage and was 
influenced by a loading hole in the specimen. 
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ABSTRACT: 

When analyzed phenomena are changed on distances, comparable to the sizes of structural geterogeneity of 
composite materials, the mathematical models of higher levels than the homogeneous anisotropic body model 
are used. In this connection the main relationships of the proposed two-component theory of composite 
materials linear deformability are discussed. On the basis of proposed approach the estimation of the carrying 
capacity of the blade root is given and the fatigue damage of the cantilever boraluminium beam at bending 
vibration on natural frequencies is researched. 

I. INTRODUCTION 

The model of homogeneous anisotropic linearly- 
deformable medium is widely used in engineering 
practice of structure designing from modern 
composite materials. It, being a powerful tool of the 
solution of engineering problems, unfortunately, does 
not permit to describe the phenomena, the 
characteristic changes of which occur on distances, 
comparable to the sizes structural heterogeneity of 
composite materials, for example, on the distances 
between fibres, lamina and so on. In a number of 
applied problems the mentioned situation takes place. 
For example, an origin of a damage is characterized 
by local effects and it takes place in the one of the 
constituent of composite heterogeneous medium ( in 
a filling material or a matrix material or an interface 
debonding ). This situation requires to pay attention 
to new mathematical models of composite material 
deformability of the higher level than the 
homogeneous anisotropic body model. In connection 
with this the principal directions of the calculated 
model development are briefly discussed below and 
in more detailed considered 

• the main relationships of the proposed two- 
component theory of composite materials linear 
deformability; 

the development of the boundary value problem 
solution techniques in the above variant of the 
deformation structural theory; 
the estimation of the carrying capacity of the blade 
root and of the analysis results of the fatigue 
damage of the cantilever boraluminium beam at 
bending vibration on natural frequencies. 

2. THE TWO-COMPONENT MODEL OF 
COMPOSITE MATERIAL DEFORMATION 

On the basis of the general assumptions and 
thermodynamic approaches the principal equations of 
the connected thermoelasticity for two-component 
medium is developed. The general equations for the 
isothermal deformable medium consist of 

• kinematic relations 
sg=0.5(u£+u*) 

• physical dependencies 
uij~cijmncmn 

• equations of equilibrium 

(1) 

(2) 

(3) 
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Here and below the superscripts determine the 
belonging to the constituent of composite materials 
of parameter (the filling, if a, ß=i or the matrix, if 

a,ß=2 y The subscripts correspond to the axes of 
rectangular coordinate system with value 1, 2 and 3 
The representative volume element in the developed 
model of the composite material deformation theory 
figures as the compose point P(Xj,t) ( see Fig 1), in 
which the projections u" of the displacement vector 
on axis XJ, stresses Oy, deformations eft and 

components X j of mass force for every constituent 
of   composite    materials    are    introduced.    The 

aß 
parameters cj.|||n  are the elasticity characteristics of 

composite materials constituent at ß= and the 

characteristic of "the coupling stiffness" at ß^ . 

The parameters pa , g|* are the characteristics of 

the inertial and mechanical interaction between the 
composite material constituent at a^ and at a= 
the parameters pa are determined by density of 
composite material constituents [1], At last, here 
well-known tensor symbolism is used. 
In [1] - [6] original ways of analytical and 
experimental definition of the two-component 
medium parameters are described. 

3. THE BOUNDARY VALUE PROBLEM 
FORMULATION AND THE 
DETERMINATION TECHNIQUE OF THE 
STRUCTURE STRESS- STRAIN STATE 

The features of the boundary value problem 
formulation and of the stress-strain state calculation 
technique within the limits of the suggested structural 
model of composite material deformation theory are 
described on an example of the compressor blade- 
root calculation, which has a dovetail form Cross 
section of one is given on Fig.2. The blade-root is 
loading by forces from the blade profile part and 
centrifugal forces of the blade-root material mass. 
Herewith 

X^p««*©2*/!, X£=X^=0 (4) 

Here the parameter pra is a material density, the 
value (D is a circular frequency. A load a from blade 
profile part at blade-root tip x =h is distributed 
proportionally to stiffness of composite material 
constituent 

C?1=O*vaE07(viE1+v2E2)    and    df2=^h=°      (5) 

Here the parameter F is a blade-root cross-section 
area, the values v and E are the volume contents 
and the elasticity moduli of the composite material 
constituent. The stresses on the blade-root foot x =0 
and on end faces of its are absent, that is 

aira?2=a<J3=0       at   x,=0 

(6) 
033=032=031=0 at   x,=0, x,=L 

The displacements on blade-root lateral faces 
X2=±kx-|+b   are fixed, this is 

(?) 

The contact boundary value problem takes place in 
reality. The used conditions (7) result in some high 
stress that goes in the strength margin. 
The solution of the equation system (I)-(3) are 
looked for at formulated conditions (4)-(7).The 
feature of the boundary value problem mathematical 
formulation consists in assignment of stresses or of 
displacements or of their combination for composite 
material each constituent at a body boundary In 
connection with this the boundary value problem 
types for two-component medium are more various 
than homogeneous body. 
All modern model of calculation can be used for 
solution of the formulated boundary value problem 
Below an extension of finite element methods to the 
two-component medium is proposed and used The 
usual solution procedure of the derived resolvent 
equations by finite element technique for the 
proposed two-component model of composite 
material deforming results to relationship 

K«f\U} P={R} a (8) 

Here the matrices K are the matrix of the filling 
material stiffness at a=l   and of the matrix material 

stiffness at a =2 and at a#ß The matrix K is 
the "coupling stiffness" matrix of the composite 
material constituent Vector {U} is a unknown 
displacement vector of finite element nodes and the 
vector {R} a is the prescribed forces vector, acting 
on constituent of composite material in node points 
In order to use the developed ready computer 
program the iterative model of calculation was used 
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Fig.3b       Dependences of "effective" stresses a2 

from the stress nominal value a in 
different finite elements. 

at equation (8) solution. In this case, the two matrix 
equation system 

Kaa{U}a={R*}a 

{R*}   a={R}a-{K} ap{U} 
(9) 

is solved sequentially, at the each of which is used an 
algorithm developed for homogeneous medium. Only 
right parts { R*} a of equation (9), due to by the 

displacement    {U }        vector,  are found  at the 

iteration previous stage and were refined from 
iteration to iteration. The sequential iterations are 
continued so long as difference of displacement value 
in two next iterations in all nods simultaneously did 
not become less prescribed precisely. It would notice 
the convergence is stipulated by the "coupling 

stiffness" parameters G^n (a^ß ), and for 

solution of boundary value problem it was usually 
sufficiently 4-6 iterations at precision 10-6. 
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4. THE FAILURE CRITERION 

As a result of the boundary value problem solution 
(l)-(7) the displacements uf, the strains ejj and 

stresses Cj; in each of composite material 
constituent are determined. It permits to calculate the 
generalized parameters for two-component medium 
[5] 

05 C?=nj[a»+(nj[mn(TJ[(yiU 

(10) 

if strength tensor components Ojj, njjm of 
composite material separate constituent and the 
adhesive strength tensor components njj , njjm 

are known If the parameter C" is become equal 1 
or exceed 1 in some point of structure then it is 
consider that the filling failure at a=l or the matrix 
failure a =2 takes place in this point The fiber- 
matrix interfacial debonding will take place, if the 
parameter C is reach or exceed a value, equal 1. 
The formulated criterion of the local failure is 
reasonably common and contains practically 
important private cases, which were used at 
estimation of the different structure carrying 
capacity. The criterion application permits to 
establish not only place of the failure onset but also 
the failure character. Cohesive failure takes place at 
the matrix or filling failure and adhesive failure takes 
place at the interface debonding. 
The development and growth of initiating crack is the 
gradual and nonlinear process of alternated further 
failure of the composite material constituent or the 
interface debonding. The failure unstable process, 
connected with complete loss of the structure 
carrying capacity, begins at determined stage of 
loading. An analysis technique of nonlinear process 
of the carrying capacity exhaustion by linear 
equations (1)-(10) was developed. The results of 
this method using are demonstrated at the blade-root 
carrying capacity estimation. The stress dependencies 
in the composite material separate constituent of 
finite elements from nominal value stress O, 
prescribed on root section x=h of blade are given on 
Fig.3. The results are derived on the basis of the 
equations (l)-(9) solution by described earlier 
manner. From analysis of derived results it can see 
the filling material is the most loading in the first 

finite element ( a finite element number are given on 
Fig 2). In further calculation the power form of 
limiting relationship (10) as for filling material a =1 
as matrix material a =2 is accepted 

C«crg=^ 

SJJ=o-*-SP8ij 
3 J 

Here the parameter erg is the constituent strength 

If to accept er =1 GPa and a =60 MPa the failure 
of the filling material in first finite element will take 
place already at the stress nominal value (7, equal 
350 MPa Further on the basis of equations (8) the 
blade-root stress-strain state calculations without the 
taking part of the first finite element filling material 
are continued at further increasing of the nominal 
stress a. The calculation results are indicated by 
dashed lines in Fig.3. It is seen, the stress 
redistribution takes place and the stress dependence 
linear character from the stress nominal value a is 
changed The matrix material stress in first finite 
element reaches the limit value at nominal stress O 
about 430 MPa The further calculation was carried 
out at refined values of stiffness matrix, derived 
without the taking part of the first finite element 
matrix material It is shown the filling material stress 
in second finite element reaches the limit value at the 
stress value equal 470 MPa Like that the 
calculations are performed to the exhaustion of 
blade-root carrying capacity. The present calculations 
were conducted as soon as nominal stress CT 
reached a level 510 MPa As qualitative character of 
the failure process as the carrying capacity 
quantitative estimation of glass fiber blade-root are 
satisfactorily agreed experimental data The strength 
margin was set a value equal 1.5, at which the 
designed blade-root carrying capacity was 
guaranteed [7] 

5. THE FATIGUE FAILURE 
BORALUMINIUM. 

The results of experimental analysis of fatigue 
damage of metal-matrix composite cantilever beam 
were described in [6], The specimen of rectangular 
section by length 1 had the packing different angle of 
fibres The tests were carried out at the first bending 
normal mode vibration The vibration amplitude A 
of cantilever beam free end was automatically 
maintained   constant   The  natural   frequency  was 
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The vibration amplitudes A of filling and matrix 
materials are connected by dependence 

A2=-APG1 /G2 , 
Gafi=rfxß.paßFQ2.(.1)a+ßg|2|   /k 

Evidently, first term of characteristic equation (11) 
and simultaneously of the first two terms of 
amplitude dependence (12) can be neglected at 

strong mechanical interaction (the parameter g] is 
large) or at low normal mode vibration, when wave 

number k is small and hence wave length is large. 
Then the vibration amplitudes of the matrix An and 
filling An materials coincides. That means the 
vibration phases as matrix as filling are same. At this 
the characteristic equation (11) has the one only root 

Q. and the first bending natural frequency of 
cantilever beam will be equaled 

Fig.4 Common torsional normal mode vibration of 
carbon-aluminium aspecimens at different natural 
vibration frequency. 

a. 0-f' = 1124Hz, c. ±45-f = 3546Hz, 

b. 0-P = 4473 Hz d.45-P = 5790 Hz 

decreased as the damage was accumulated. The 
specimens are considered to be destroyed as soon as 
the natural frequency was decreased of 10% in 
comparison with input value. The results of testing 
are given on the Fig.5 and Table. 
The analysis of the cantilever beam vibration on the 
basis of equations (l)-(3) °f the two-component 
medium linear elasticity permits to derive the 
characteristic relationship 

(fi2-Q^)(Q2-fi£)-B(Q2-Qfj)=0 (11) 

Here the unknown parameter Q. is a required value 

of the eigenvalue, the parameter Q is eigenvalue, 
corresponding to eigenvalue of the cantilever beam 
from homogeneous material. Parameter B depends 

from parameters of mechanical g^    and inertial pa 

interaction of the composite material constituents 

B=gft 

2jdVl#^ 

(P11P22-(P1T) 

-I /k Q (12) 

(V+tl1)+V2(A.+ll2)+2c]2111 

(pF) 

Here the values I and F are the inertia moment and 
the area of the beam cross-section, the parameters 

A, , (X are the parameters of Lame of the composite 
material constituent. If the parameter of "coupling 
stiffness" c|2i is known, it can calculate natural 
frequency f n . If the results of vibration testing are 
have, it can find the "coupling stiffness" parameters 
c}2-, by means of the last relation. This is the one of 
possible experimental manners of determination of 
"coupling stiffness" parameters c]^ 
If the high normal modes are considered, when wave 

number k is large and hence wave length is small 
and compared with dimension of the composite 
material structural non-homogeny, or the mechanical 

interaction is weak ( parameter g? is small) or, at 

last, the combination of this case takes place then the 
characteristic equation (11) has two real root at one 
and the same normal mode vibration. This effect was 
observed experimentally. Two natural frequency, 
corresponding only common torsional normal mode 
of the metal-matrix composite specimens with the 
fiber packing different angle is shown on the Fig. 4 

[1]. 
The developed analytical approach was used to 
estimate fatigue failure of metal-matrix composite 
material. The results of calculating analysis is given 
on the last three columns of table. It is shown [6] the 
material of matrix is destroyed from the first. The 
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Sam 

pie 

No 

Pack 

ing 

Angle 

Wind 

th 

b, 

Thick 

ness 

h, 

Mass of 

Weight 

mgr 

Experimental Calculated 

fi 2A -1 a a"1*» c2 c1 e 

(*) (mm) (mm) (g) (Hz) (mm) (MPa) (GPa) (GPa) (GPa) (GPa) 

0 31.1 171 69 7 20.1 1.5 11.8 225 13.0 423 76.0 

8 20.1 1.75 20.5 117 14.1 458 65.2 

13 

±15 

20.1 2.0 11.8 136 18.1 337 36.8 

30.3 169 70 14 20.1 1.9 20.5 76 16.0 299 34.8 

15 20.1 2.0 20.5 84 17.0 318 36.8 

30 

+ 30 

19.3 1.8 20.5 77 18.0 128 24.6 

29.4 168 70 40 19.3 1.8 11.8 140 9.0 114 27.2 

32 19.1 1.8 11.8 146 10.0 163 32.4 

28 + 45 19.8 1.7 11.8 180 6.3 80 26.0 26.7 167 70 

25 20.25 1.6 11.8 182 8.0 100 27.4 

calculating values of the fatigue parameter at c are 
confirmed by experimental data the only for 
specimens with the fibre packing angle  ±15,   ±30, 

±45 but not for unidirectional specimens with the 0 
fibre packing angle. Moreover, the test character of 
fatigue failure ( the damage is developed along of 
material matrix, see Fig.5; b, c, d.) is coincided with 
calculating predictions too. It is necessary to remind 
the experimental data correspond the case, when 
natural frequency of specimen is decreased on 10%. 
Such level of the natural frequency decrease is 
connected with interfacial debonding fatigue failure, 
which is determinant factors in this case though the 
origin damage takes place in the matrix material on 
the specimen outside surfaces. The thankful analysis 
of the fatigue failure character of experimental 
specimens showed really the interfacial debonding 
determines the fatigue damage of the beam metal- 
matrix composite material ( see Fig.5.a.). As a 
matter of fact and the calculating value of the fatigue 
parameter at C is well agreed with experimental 
data. 

6. CONCLUSIONS 

The proposed two-component mathematical model 
of composite material linear deformation and failure 
is used 

• for estimation of the blade-root carrying capacity 
and determination of the crack origin and 
description of its development; 

• for analysis of the vibration and fatigue damage of 
beam metal-matrix composite material. 

The description analytic technique of the carrying 
capacity exhaustion non-linear process by proposed 
linear equations (l)-(7) is developed. The 
qualitative and quantitative calculating results were 
performed on the basis of this technique is well 
agreed with experimental data. 
The experimentally discovered phenomenon of the 
existing two natural frequency corresponding the 
only common normal mode of composite material 
beam is described analytical technique. The analysis 
results of beam fatigue strength derived on the basis 
of proposal approach are confirm experimental data 
qualitatively and quantitatively. 

REFERENCES 

1. Karimbayev T D.1985 The basic relationships of 
the two-component medium mechanics and the 
definition manners of their parameters . CIAM 
Transaction, Numb. 1119, 23 p.( in Russian ) 
2. Green A. E., Naghdi I. M. 1968 The theory of 
mixes. Mechanics. Numb 4 (110), p.109-127 ( in 
Russian ) 

355 



3. Horoshun L. P.1982 About force of the interface 
interaction in elasticity theory. Prikladnaja 
mechanica., Vol.13, Numb.5, p.23-29 (in Russian ) 
4. Mc Niven H. D., Mengi Y. A 1979. 
Mathematical model for the linear dynamic behavior 
of two phase periodic materials Int J. Solids and 
Structure., Vol.15, Numb. 2, p.271-280 
5. Karimbayev T. D.1980 The failure estimation of 
the    composite    material    constituent    In    book 
"Problems  of strength  and  dynamic  in  engines" 
CIAM  Transaction,  Numb.   887.   p. 151-161   (   in 
Russian). 
6. KarimbayevT. D., Aphanasov V. N.1993 
Structural analysis of boraluminium fatigue 
damage. Sc. and Eng. of Composite Material Vol.2, 
Numb. 4, p.227-235 
7. Karimbayev T. D. 1992 The statistical nature of 
the standardized value of the strength margin. 
Proceeding 3 Conference "Brittle matrix composite" 
Warsaw, p. 107-111. 

356 



Author index 

Progress in Durability Analysis of Composite Systems, Reif snider & Cardon (eds) 
© 1998Balkema, Rotterdam, ISBN 90 5410960 2 

Aivazzadeh, S. 339 
Al-Hmouz, 1.331 
Aliabadi,M.H.343 
Amigö, V. 167 
Andersons,! 143 
Anifantis.N.K. 129 
Aniskevich, K. 143 

Bathias, C. 103 
Bauweraerts, P 295 
Beakou, A. 285 
Belcher, J.R. 41 
Berglund, L.A. 137 
Bloem,C. 167 
Bofilios,D.A. 325 
Bowles, K.J. 71 
Bradley, W.L. 3 
Butkus,L.M.77 

Caprino, G. 51 
Cardon, A.H. 249,279 
Carmine, R. 319 
Case, S. 11 
Chafra, M. 87 
Chatawanich, C.S. 3 
Chevalier, Y. 87 
Choqueuse, D. 19 
Chow,C.L. 111 
Clair, T.L.St. 227 
Cunningham, R.A. 63 

DalMaso.E 185 
D'Amore, A. 51 
Davies, P. 19 
Dillard, D.A. 227 
Dilsiz, N. 309 

Ebersole,A. 11 

Edelstein, A. 295 

Faignet, S. 295 
Ferrer, C. 167 
Foch, B.J. 63 
Furrow, A. PC. 227 

Gamby,D.315 
Gamstedt,E.K. 137 
Garcia, K. 173 
GarrettJ. 11 
Gaynes, M.A. 241 
Gentry, J.R. 211 
Gittleson, R. 11 
Gong, X.J. 339 
Gudmundson, R 263 
Guedes,R.M.249,279 

Hamelin, R 153 
Hayes, M.D. 173 
Himmel, N. 319 
Hinkley, J. 227 
Hood, D. 11 
Houel,R103 

Johnson, W.S. 77 

Kakavas, RA. 129 
Kaiman, M.D. 41 
Kardos,J.L.235 
Karger-Kocsis, J. 325 
Karimbayev,T.D.349 
Khomami, B. 235 
Kneip, J.C. 339 
Kobayashi, A. 95 
Korsgaard, J. 143 
Kranbuehl, D. 11 
Kudoh, H. 303 

Lafarie-Frenot, M.C. 315 
Le Gorju, K. 103 
LeskoJ.J. 173 
Leterrier, Y. 219 
Loos, A. 11 
Louzar, M. 87 
Luppov, A.A. 349 

MacLellan,PT.211 
Mänson,J.-A.E.219 
Marino, G. 51 
Marques, A.T. 31,279,289 
Martins de Brito,F. 289 
Maugin, G.A. 87 
Mazeas, F. 19 
McManus, H.L. 63 
Mendonca, S.G. 343 
Meyer, A. 11 
Miyano, Y. 303 
Morais, J.J.L. 31 
Mouzakis, D.E. 325 
Muki,R.303 

Nakada, M. 303 
Newby-Mahler, W. 11 
N'Faly Berete, Y. 103 
Nicolais, L. 51 
Nicolayev,D.I.349 

Odru,R185 
Ogihara,S.95,255 

Papanicolaou, G.C. 129,271, 
331 

Parvatareddy, H. 227 
Peijs.T. 137,203 
Perreux,D. 159 
Pournaras, A.V. 325 

357 



Pratt, B.A. 3 

Qin, Y. 249 

Ramachandran, F 235 
Reifsnider, K. 11 
Rogozinski, J. 11 

Salvador, M. 167 
Schrauwen, B.A.G. 203 
Seferis,J.C. 193 
Segovia, F. 167 
Shaukatullah, H. 241 
Shepard, R. 235 

Sollero, P. 343 
Spalik.J.M.241 
Suri,C. 159 

Takeda, N. 95,255 
Talreja,R. 119 
Tamuzs,V. 143 

Valentin, R.V 77 
Verghese, N. 173 
Vinet.A. 315 

Warner, J. 11 
Wastiels, J. 295 

Weitsman, Y.J. 25 
Wightman,J.P309 
Wood, C.A. 3 
Wu, X. 295 
Wyser,Y.219 

Xiao, X.R. 331 

Yang, B. 235 
Yang,F. Ill 

Zaoutsos,S.P271 
Zavyalov, A. N. 349 
Zureick, A. 181 

358 


