PROGRESS IN DURABILITY ANALYSIS
OF COMPOSITE SYSTEMS

KENNETH L. REIFSNIDER, DAVID A. DILLARD AND ALBERT H. CARDON, EDITORS

- |
;- :’ > ‘ ' ‘V
1_‘!5&;\ 2

DISTRIBUTION STATEMENT A:
Approved for Public Release -
Distribution Unlimited

P r :
- o BRI
A .
* ~
¥

l“‘ - .,‘ ' )
]




REPORT DOCUMENTATION PAGE

Form Approved
OMB No. 0704.0188

cotiection of intormation, inciuding SUGEStIons (or reducing this burden. {0 Washington Headquarters Services. Directorate for

PuDtIC repOrting Duraen for this cotiection of Intormation s estimateg t0 average ' nour per resporse. NCIUCING the time for reviewin
Jathering and Maintaining the data needed. and completing and reviewing the coliection ot information Send comments r Arding this burden estimate or any other asoect of thiy

Intormation Operations and Reports, 1215 setterson
Davis Highway. Suite 1204, Arlington, VA 222024302, and 10 the Otffice of Management ana Budger, Paperwork Aeduction Project (0704-0188), washington, 0??0503. !

1. AGENCY USE ONLY (Leave biank) | 2. REPORT DATE
1l Feb. 99 Final 14 Au

3. REPORT TYPE AND DATES COVERED

g. 97 -~ 28 Aug. 98

4. TITLE AND SUBTITLE

The Third International Conference on Progress in
Durability Analysis of Composite Systems

6. AUTHOR(S)
Kenneth L. Reifsnider

5. FUNDING NUMBERS
G N0O0O014-97-1-0760

7. PERFORMING ORGANIZATION NAME(S) AND ADDORESS(ES)

Virginia Polytechnic Institute and State University
Office of Sponsored Programs

301 Burruss Hall

Blacksburg, VA 24061

8. PERFORMING ORGANIZATION
REPORT NUMBER

4-30710

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES)
Office of Naval Research

Ballston Centre Tower One

800 North Quincy Street

Arlington, VA 22217-5660

10. SPONSORING / MONITORING
AGENCY REPORT NUMBER

11. SUPPLEMENTARY NOTES

Conference Proceedings.

This report is delayed because of the lateness of the publication of the

M
12a. DISTRIBUTION / AVAILABILITY STATEMENT

unlimited

12b. DISTRIBUTION CODE

13. ABSTRACT (Maximum 200 words)

and reliability. That is the subject of the present book.

in the conference.

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
controiiing feature of the general use of composite systems is their damage tolerance, durability,

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

physical and chemical aging processes in high temperature
applications; applications of damage mechanics to durability;

infrastructure applications, manufacturing, processing and
durability; emerging technologies and case studies.

14. SUBJECT TERMS Durability of composites for marine applications;

15. NUMBER OF PAGES
358

G INITFUCTIONS, searching exting data sources,

16. PRICE CODE

OF REPORT OF THIS PAGE OF ABSTRACT
none none none

17. SECURITY CLASSIFICATION | 18. SECURITY CLASSIFICATION | 19. SECURITY CLASSIFICATION

unlimited

NSN 7540-01-280-5500

Standard Form 298 (Rev 2-89)

Ocacreimm s by AN ey 730.1Q

20. LIMITATION OF ABSTRACT




PROCEEDINGS OF THE THIRD INTERNATIONAL CONFERENCE ON PROGRESS IN
DURABILITY ANALYSIS OF COMPOSITE SYSTEMS/BLACKSBURG/ VIRGINIA
USA/14-17 SEPTEMBER 1997

Progress in Durability Analysis
of Composite Systems

Edited by
Kenneth L. Reifsnider & David A. Dillard
Virginia Polytechnic Institute and State University, Blacksburg, Va., USA

Albert H.Cardon

Free University of Brussels, Belgium

¢00 60206661

A.A.BALKEMA/ROTTERDAM/BROOKFIELD/1998

DTIC QUALITY IISPECTED 2



The texts of the various papers in this volume were set individually by typists under the supervision of each of the
authors concerned.

Authorization to photocopy items for internal or personal use, or the internal or personal use of specific clients, is
granted by A.A.Balkema, Rotterdam, provided that the base fee of US$ 1.50 per copy, plus US$ 0.10 per page is
paid directly to Copyright Clearance Center, 222 Rosewood Drive, Danvers, MA 01923, USA. For those
organizations that have been granted a photocopy license by CCC, a separate system of payment has been arranged.
The fee code for users of the Transactional Reporting Service is: 90 5410 960 2/98 US$ 1.50 + US$ 0.10.

Published by

A.A.Balkema, PO.Box 1675, 3000 BR Rotterdam, Netherlands

Fax: +31.10.413.5947; E-mail: balkema@balkema.nl; Internet site: http://www.balkema.nl
A.A.Balkema Publishers, Old Post Road, Brookfield, VT 05036-9704, USA

Fax: 802.276.3837; E-mail: info@ashgate.com

ISBN 9054109602
© 1998 A.A.Balkema, Rotterdam
Printed in the Netherlands



Progress in Durability Analysis of Composite Systems, Reifsnider & Cardon (eds)
© 1998 Balkema, Rotterdam, ISBN 9054109602

Table of contents

Preface X
Effect of seawater on the interfacial strength and durability of polymer composites 3
W.L. Bradley, CAWood, B.A. Pratt & C.S.Chatawanich

Characterizing the durability of PVDF and PPS for extended use in marine environments 11

D.Kranbuehl, W. Newby-Mahler, J.Garrett, A. Meyer, JWarner, R.Gittleson, A. Ebersole,
J.Rogozinski, D.Hood, S.Case, K. Reifsnider & A. Loos

Composites underwater 19
P.Davies, D.Choqueuse, F.Mazéas

Fluids effects in polymeric composites — An overview 25
Y. J Weitsman

Effects of moisture and loading mode on transverse cracking of GFRP laminates 31
JJ.L. Morais & A.T. Marques

Flexible risers with composite armor for deep water oil and gas production 41
M.D.Kalman & J.R. Belcher

2 Physical and chemical aging processes in high temperature applications

The effect of physical aging on the durability of carbon fiber reinforced PEI 51
A.D’Amore, G.Caprino, L.Nicolais & G. Marino

Mechanism-based modeling of long-term degradation 63
H.L.McManus, B.J. Foch & R.A.Cunningham

Thermal and mechanical durability of graphite-fiber-reinforced PMR-15 composites 71
K.J Bowles

Environmental effects on the Mode I fracture and fatigue of bonded composites 77

Organization X1
1 Durability of composites for marine applications
L.M. Butkus, R.V.Valentin & W.S.Johnson




3 Applications of damage mechanics to durability

Damage modeling of composite structures: Static and dynamic approach
Y.Chevalier, M. Louzar, M.Chafra & G.A.Maugin

Prediction of transverse cracking in CFRP laminates with interlaminar resin layers
S.Ogihara, N.Takeda & A. Kobayashi

Damage characterization of elastomeric composites using X-ray attenuation
C.Bathias, K.Le Gorju, PHouél & Y.N’Faly Bérété

Damage initiation and progression in notched unidirectional composites
C.L.Chow & FYang

Recent developments in damage mechanics of composite materials
R.Talreja

The role of interphasial inhomogenuities on failure mechanism of fiber-reinforced composites

G.C. Papanicolaou, PA. Kakavas & N.K Anifantis

Influence of interfacial strength on micro- and macroscopic fatigue behavior of longitudinal

glass fiber reinforced polypropylene
E.K.Gamstedt, L.A.Berglund & T Peijs

Creep-damage interaction in composites
V.Tamuzs, J.Andersons, K. Aniskevich & J. Korsgaard

4 Infrastructure applications

Composite infrastructure applications: Concept, design and durability control and prediction

P.Hamelin

Instantaneous damage kinetic of composite pipes and moisture effect
D.Perreux & C.Suri

Mechanical behavior of multiaxial reinforced composites sun light degraded
F.Segovia, C.Ferrer, VAmigd, M.Salvador & C.Bloem

The effects of cyclic moisture aging on a glass/vinyl ester composite system
K.Garcia, M.D.Hayes, N.Verghese & J.J. Lesko

Polymer composites for infrastructure
A.Zureick

Applications of composite materials in the oil industry: Case studies
FE Dal Maso & P.Odru

5 Manufacturing, processing and durability

Aging analyses of polymer composites through time-temperature equivalence
J.C.Seferis

Influence of matrix ductility and fibre architecture on the repeated impact response
of glass-fibre-reinforced composites
B.A.G.Schrauwen & T. Peijs

Vi

87

95

103

111

119

129

137

143

153

159

167

173

181

185

193

203



Reliability methods for structural composite applications in vehicle suspensions
PT MacLellan & J.R.Gentry

Durability in the life cycle of polymer composites
Y Leterrier, YWyser & J.-A.E. Mdnson

Environmental stress cracking in polyimide composites and adhesives
D.A Dillard, A.P.C. Furrow, H. Parvatareddy, T L. St.Clair & J.H. inkley

Affordable processing of composite structures for the civilian infrastructure
- J.L.Kardos, B. Khomami, P. Ramachandran, B.Yang & R. Shepard

Improved adhesive performance through surface treatment
M.A.Gaynes, J. M. Spalik & H. Shauwkatullah

6 Emerging technologies and case studies

Characterization and prediction of nonlinear VE-VP behaviour of CRP under cyclic loading

by using a neuro-fuzzy model
Y.Qin, R Guedes & A.H.Cardon

In-situ SEM/micro-line methods for microscopic deformation and damage evolution analysis

of composites
N.Takeda & S.Ogihara

Micromechanically based constitutive models for damage evolution in composite laminates

P.Gudmundson

Technical posters

A predictive method for the nonlinear viscoelastic characterization of carbon/epoxy fibre
composites
G.C. Papanicolaou & S.P.Zaoutsos

Time-dependent behaviour of T300/5208 under creep, relaxation and ramp loading
R .M Guedes, AT Marques & A.Cardon

Reliability-based optimization of a laminated cylinder subject to a given axial load
and pressure
A.Béakou

Comparison of methodologies for prediction of long-term properties of GRP pipes
AT Marques & F. Martins de Brito

Evaluation of damage accumulation of glass fibre reinforced chemically bonded ceramics
(CBC) using the resonalyser technique
F.Bauweraerts, JWastiels, XWu, S. Faignet & A. Edelstein

Prediction of tensile fatigue life for unidirectional CFRP
Y Miyano, M. Nakada, H. Kudoh & R. Muki

Effect of acid-base properties of sized carbon fibers on fiber/ epoxy matrix adhesion
N.Dilsiz & J. PWightman

\

211

219

227

235

241

249

255

263

271

279

285

289

295

303

309



Prediction of long term behaviour of graphite-bismaléimide composites: Assessment
of residual stresses
AVinet, D.Gamby & M.C. Lafarie-Frenot

Life prediction for continuous fiber reinforced composites under stochastic fatigue loading
based on the Critical Element Concept
R.Carmine & N.Himmel

Probabilistic approach for residual compressive strength of CFRP laminates, following low
velocity impact
G.C. Papanicolaou, A.V.Pournaras, D.E. Mouzakis, J. Karger-Kocsis & D.A. Bofilios

Fatigue behavior of angle-ply AS4/PEEK composite
X R.Xiao & LAl-Hmouz

Moisture detection in composite materials using infrared thermography
J.C.Kneip, X.J.Gong & S.Aivazzadeh

Crack growth prediction in composites using the dual boundary element method
P.Sollero, S.G.Mendonga & M.H.Aliabadi

Estimation of carrying capacity of aviation engine parts from composite materials
T.D.Karimbayev, A.A. Luppov, D.1 Nicolayev & A.N.Zavyalov

Author index

vill

315

319

325

331

339

343

349

357



Progress in Durability Analysis of Composite Systems, Reifsnider & Cardon (eds)
© 1998 Balkema, Rotterdam, ISBN 90 5410 9602

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 & C.S.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
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g Glass fibers

(] Carbon fibers

Figure 1a. 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 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
environmenta! 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. 1b. 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/fepoxy 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 1b 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:

O im = (O mecnpy O 22 resid pty )% SC(0=90°)
+0

M

rrintth

where 022 mech ply a0d G232 resid ply 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 6=90° to ply level stress, and
G int h 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
muitiplied 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:
G i = O i
022 mech ply = _ﬂ)—!‘fﬂ - ore:id ply (2)

At transverse cracking, 622 mech ply is the 90°
ply strength and O in 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.

1t 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/fepoxy 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 e 49,000
Table 2- Acoustic Emission “hits”

Cyclic Loading

pressure (psi) unaged aged

0-1000 200 400

7 cycles

0-2000 2000 10,000

7 cycles

0-2900 21,000 21,000

hold
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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 environment, the sensor output can be related
to changes such as viscosity, degree of cure and Tg
The use of polymeric materials in extended use during cure and modulus, maximum load and
structures such as airplanes, bridges and pipelines elongation at break during use. The FDEMS
where the expected lifetimes are 20 to 40 years and technique has advantages over other monitoring
where failure can be catastrophic is rapidly techniques, nondestructive; accuracy/reproduc-tivity;
expanding . As such there is a clear need to develop sensitivity; insitu capability; remote sensing;
high quality processing and an insitu health automated.
monitoring sensor capability. This paper describes This report will discuss recent work on the
progress toward the development of a frequency use of FDEMS sensing to monitor aging in
dependent dielectric measurement sensor (FDEMS) thermoplastics during use in the field, particularly
which is capable of detecting the change in the those used in flexible composite pipe to transport oil-
physical and chemical state of a polymeric material gas in the offshore subsea environment.

insitu during processing-fabrication and insitu during
use in the field environment.

Health monitoring involves monitoring the BACKGROUND
degradation of a polymeric materials performance

properties. In one sense, health monitoring is the Frequency dependent dielectric measurement, made
reversal of monitoring cure during which there is a over many decades of frequency, Hz-MHZ, are a
buildup in properties. sensitive, convenient automated means for

Frequency dependent dielectric characterizing the processing and performance
measurements (FDEMS) provide a sensitive, properties of thermosets and
automated insitu sensing technique for intelligent thermoplastics.[Kranbuehl,Loos,Senturia] Using a
processing and an insitu means for monitoring planar wafer thin sensor, measurements can be made
durability, that is degradation of polymers during insitu in almost any environment. Through the
use. FDEMS insitu sensing can be designed and frequency dependence of the impedance, this sensing
calibrated to monitor changes in processing technique is able to monitor changes in the
properties during fabrication and changes in  molecular mobility of ions and dipoles. These
mechanical service life properties of polymer changes in molecular mobility are then related to

materials during use in the field environment. With chemical and physical property changes which occur
a proper understanding of the type of polymer and
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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 diclectric 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 thesc 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 propertics during
procedure.

INSTRUMENTATION

Frequency  dependent  complex  dieclectric
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 arc 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
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both €’ and €” over decades in magnitude at all
frequencies. The sensor is inert and has been used at
temperatures excceding 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€*=c'-ie”, wherec w=27f, f is thc measurcment
frequency and C, is the equivalent air replacement
capacitance of the sensor.

C(w) material

€'(w) = C
€"(@) = G(w) material a

(‘)(10
This calculation is possible when using the sensor
whose geometry is invariant over all measurcment
conditions. Both the real and the imaginary parts of
€* can have dipolar and ionic-charge polarization
components;
e =€/ +€ € =¢€"+¢" (2
Plots of the product of frequency (w)
multiplied by the imaginary component of the
complex permittivity €”(w) make it relatively easy to
visually determinc when the low frequency
magnitude of €” is dominated by the mobility of ions
in the resin and when at higher frequencies the
rotational mobility of bound charge dominates €”.

LIFE MONITORING - EXPERIMENTAL

FDEMS life monitoring results are being conducted
on thrce material systems; a polyamide nylon-11,
polyvinylidenc flouride (PVDF) and polyphenyl
sulfide (PPS).[Kranbuehl, 1996] The first two
materials arc 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



seawater. The nylon-11 and PVDF, on the other
hand, serve as the inner fluid gas barrier and are
exposed to the acidic H,S, 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 €”
multiplied by the frequency at 100, 120, 10°, 10
and 10° 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, 10",
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 €”. 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
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Figure 1 Log(e"*w) versus day for nylon-11 at 105°C in oil water pH 4.68
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bones, a calibration plot relating thc normalized
sensor output to the load and elongation at break was
prepared. This is shown in Figures 4 and 5. The
normalized value of € is defined as the absolute
value of € 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 embrittlement 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 purc 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.

Normailzed e" (10 kHz)
1 PVDF Sensor WR
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Figure 6
4.68.

Output of sensor embedded in PVDF while at 130°C, oil-water pH
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Table |

Dsc Data: PPS in 90C Air Oven

Day dH (J/g)} {Melt Temp (C)
0 30.5 279.8
1 228 279.2
4 220 279.3
5 213 280.1
Dsc Data: PPS in 90C Seawater
Day dH (J/g) {Melt Temp (C)
0 30.5 279.8
0 27.0 282.0 |*
1 28.2 278.4
12 27.7 279.8
33 19.5 2771
55 25.6 277.1 |*
82 11.0 276.8
105 222 276.9 |*
150 25.0 276.8 |*
* Mechanical Samples

Table |l

DSC Data: PPS in 120C Seawater

Day dH (J/g) [Melt Temp (C)
0 30.5 279.8
0 27.0 2820 {*
1 34.9 276.2
12 23.9 275.3
33 26.1 276.2
55 26.1 2775 |*
82 19.6 2789
105 258 277.4 |*
150 258 2779 |*
* 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

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



Table [lI

Maximum| dL At Break dL

Environment | Day |Force (Ibfil (in) [Force (Ibff (in)
Fresh Q 206.4 | 0.0668 153.2 | 0.1991
EC Seawater 55 2222 | 0.0628 169.5 } 0.1139
90C 105 2319 | 0.0583 149.0 § 0.1444
90C Seawater 50 217.7 | 0.0551 133.6 | 0,1442
|90C Seawater | 203 220.3 | 0.0574 131.9 | 0.1297
[120C Seawate | 203 200.4 | 0.0631 136.9 | 0.2093

PPS Sensor in 90C Seawater
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Figure 8 QOutput of sensor embedded in PPS while at $0* (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.
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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 11a,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 II 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 stiffer 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.
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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 Weitsman') 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 stractures®, wellhead protection structures
for the offshore industry’ and oceanographic
equipment*, 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 Fried’, 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,



Table 1. Acceleration factors for initial diffusion rate,
Dy (from modal analysis) and flexural strength when
immersion temperature is increased from S to 60°C.

Property Iso. Vinyt | Epoxy | Epoxy
polyester | ester prepreg
Initial 12 6 5 5
Diff" rate
Rigidity 12 63 5 5
Dis
Of 40 20 1.6 2.5

varying in the range from up to 30°C 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 available® 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

1.8 T
1,6 T
1.4
1.2 T

0.8 T
0.6 T
04 T
0.2 T

Weight gain, %

50 100

root t(h)/thickness(mm)

Figure 1. Weight gain of glass/epoxy panels in
distilled water, 50000 hours.
Each curve shows the mean of 5 panels.
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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 T, (110°C)
epoxies.

- Medium
Sea water parameters include salinity (varying from
27 g/l to 37 g/l 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 these’. 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
previously® 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.

Ortho. Iso. | Viny! | Epoxy
poly poly | ester
ester ester
20°C 0.10 0.10 | 009 | 009
Sea 0.09 0.15 | 007 | 0.12
water
50°C 0.25 0.34 0.21 0.30
Sea 0.17 0.21 0.09 0.20
water
50°C 038 034 | 022 | 033
DW 0.21 0.22 0.08 0.23




30

root(h)/thickness in mm

- SW 20°C—0—DW 50°C—a—SW 50°C

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.

100
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60 T

40 ]

20 1

0 G t 1
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.

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

Material | Condition G, GPa T, MPa
Glass- | 20°C SW -8% -9%
Epoxy | 50°C SW -18% -23%

50°CDW -28% -26%
Glass- | 20°C SW -20% -12%
Iso 50°C SW -43% -32%

polyester | 50°CDW -46% -34%
Glass- | 20°C SW -12% -10%
Vinyl | 50°CSW | -16% -23%

ester 50°CDW -18% -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 Fried’ and he noted
the difference between low and high void

1,8

1,6 T

10 MPa pressure
added

1+ T to 60°C,
10 MPa
0,8

0,6

0,4

10 MPa pressure added
0,2

0 5 10 15
root(t)/thickness

|===20°C ——60°C_—=60°C P 1008 |

Figure 4. Influence of hydrostatic pressure on weight
gain of carbon/epoxy +/-55° samples immersed in
distilled water for 3.5 years



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+HP
Tube -7% -16% -14%
+/-55°
Plate -1% -11% -10%
(+/-45°)

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 absorption” 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-up'®. 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.
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0 t i +

0 50

100

Figure 5. Tensile creep plots for glass
rovimat/polyester, at three stress levels. Upper curve
for each stress corresponds to test in sea water.
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- 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/l) 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 I, 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 (1LSS) 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
%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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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 §
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.1) 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, " =D#/L2is
the nondimensional time; D is the diffusion
coefficient,L is a length and ¢ is the time variable.
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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 ay(m), again in
analogy with the temperature dependent ar(T). (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 agf{m{x.t)), 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=0, are
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Fig.3. The creep compliances Sy, as recorded at
various temperatures and relative humidities, for
[+45],s AS/3502 composite specimens with
(@R = 0%, (b)Ry=75% and (c) Ry =95%.



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 |:O°/90‘§]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.

s {x=0.01,1)

Fig. 4. Elastic and viscoelastic values of the non-
dimensional tangential interlaminar traction s, 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 s, 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 Lite of GRV/EP Laminate Composites
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Fig. 6. A semi-Logarithmic Plot of Gpay/Cyre Vs.
Number of Cycles to Failure N for [0°/905]15 for
AS$4/3501-6 Graphite/Epoxy Coupons:

(a) Saturated Immersed with R = 0.1

(b) Dry withR =0.1

(c) Saturated Immersed with R = 0.3

(d) Dry withR =0.3.
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(a)

90 dagree

piy group

9 degree
ply group

Dry Fatigue, Specimen A3-72-9

0 degree
ply group

__E\.ur

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

Fig. 7. Typical Observations of Distinct Forms of Failure that occur in
[0°/908]; 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=0.01,0m:/0un=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.
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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.

Fig. 9(a). Available Fracture Energies, scaled by the
required levels, for Transverse Cracking and for
Delamination at the maximal stress level

0=450 MPa) of Dry Fatigue, vs.Density of
Transverse Cracks and Delamination Lengths in a

[0°/908]; gr/ep coupon.

G/G,

Fig. 9(c). Available Fracture Energies, scaled by
required levels, for Transverse Cracking and for
Delamination at the Downloading stage

((c=45 MPa) Of Immersed Fatigue vs. Density of
Transverse Cracks and Delamination Lengths in

[0°/903]; gr/ep coupons.
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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 0;4,=450 MPa and O,;;=45 MPa (i.e. an
R ratio of 0.1). In this figure surfaces of
Gavailable/Grequired are drawn for transverse cracking
and delamination. The amounts of Grequired Were
adjusted to accommodate Gy/Gy 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.

°n/0

Fig. 9(b). Available Fracture Energies, scaled by
the required levels, for Transverse Cracking and for
Delamination at the maximal stress level

((0=450 MPa) of saturated coupons fatigued in air,
vs. Density of Transverse Cracks and Delamination

Lengthsina [O°/90‘§]s gr/ep coupon.

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/G.<1,
while no arrest is predicted for the SI case.
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Effects of moisture and loading mode on transverse cracking of GFRP

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 &
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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 &
Ostlund 1992a,b, Guild et al. 1993, Shahid & Chang
1995). The continoum 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



Talreja (1987, 1990), will be used as a basis for
analyzing the test data.

2 MATERIAL AND
PROCEDURES

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: [0/90,];, [0,/90,],, and [0/901,,.
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 1um 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 [0/90;]; 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.

Table 1. Ply properties.

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 [0/90;]; specimens were
also instrumented with a CEA-13-250UW-350 strain
gages, from Measurements Group, Inc.

300
+
250 | &
[ ++nﬂz
200 R
= - nn
% P o
S 150} +f 8
%] * o
& P2 A
100 T B
u ﬂgf u':F =+ Load
50 [ Unload

0 \
0.000 0.005 0.010 0.015 0.020 0.025
Strain

Figure 1. Repeated progressive loading of a [0/905];
dry specimen.

Value

Property Dry Wet Wet

(0.792%) (1.777%)
Longitudinal modulus, E; (GPa) 40.83
Transverse modulus, E; (GPa) 19.52 15.87 14.22
Poisson’s ratio, v;, 0.24
Longitudinal tensile strength, X, (MPa) 1063
Transverse tensile strength, Y, (MPa) 103 62.0 48.5
Longitudinal thermal expansion coefficient, oy (K') ~ 7.4x10°®
Transverse thermal expansion coefficient, a, (K") 23.3x10°
Ply thickness, t (mm) 0.164
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Figure 2. Recorded stress-time curves of a [0/90s],

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 piczoelectric
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 wvariables 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):

D, = %2( Jamas) W

where S is the surface of each crack in the RVE and g
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):

a,=K.n, )

where t. is the thickness of the cracked plies and ¥ 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:

D“ =< s (3)

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

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):
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The elastic response associated with a given damage
state is thus determined by the initial undamaged
elastic constants (E, EY, v}, v5,, and G},) and by
a new set of material constants: kcj, kcg, kcy3, and
kC13.

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 E, with transverse cracking and excluding
the shear modulus G,, which is independent of the
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other engineering constants, the material constants are
given by (Talreja 1987, Talreja et al. 1992):

ke, = A2V vy —1) - 24,E3 v},

2
Ky = A, (Vgl) —2A,E3vy &)
Key = 2A,Ve (V) —2A,E) (1+Vvy)
where
Ao tE} 1-E /E}
o2(1-vivy)  om
, , (6)
A =~ vy, 1—V12/V12
3 2 0,.,0
21 (1= v;;vy) n

and 1 =1/s is the transverse crack density.

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
accurmnulate 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
1—0 curves: the initiation, the accumulation and the
CDS.

The laminate stress at the onset of transverse
cracking, ", can be obtained by fitting a polynomial
through the 11—0 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: o' is the intersection with the G-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



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) [0/90s],, (b) [0,/90,];, and (c)
[0/90];.
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Figure 5. First ply failure stress identification of a
[0/905]), 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,
o' (MPa).

Laminate [0/905]  [090.1s  [0/90%s
N—-0C curve 115.6 1853 197.7
Impact loading

TN—0 curve 1053 149.7 158.0
Static loading

O—€ curve 105.6  140.6 158.2
Acoustic 107.5 133.6 149.0
emission

4.2 Aged [0/90;]; laminates

The evolution of transverse crack density with the
laminate axial stress for [0/90;]; 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 n—o curves
horizontally to the low stresses, as much as the




percent weight moisture content is high. Thus, the
only effect of absorbed moisture is the reduction of

o (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.).

Table 3. Moisture effect on the first ply failure stress
of [0/90;], laminates, determined by the N—¢ and

5.1 Unaged laminates

First the material constants are derived using the
experimental data for unaged [0/90;], laminates. The
initial undamaged moduli are given in Table 4. Figure
7 shows the quantities (1—E, / EY) and (1-v,, /v}3)
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):

K¢3=5.157GPa

O—€ curves. kcg=0.304GPa, N
o (MPa)
Moisture content