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Foreword

This is part III of the final technical report for Contract No. N62269-
76-C-0378, which is sponsored by the Naval Air Development Center, Warminster,
Pa. The work was performed during the period of July 1, 1976 through
December 30, 1977. Mr. Lee W. Gause was the contract monitor.

The contracted study is under the title "Certification of Composite
Aircraft Structures under Impact, Fatigue and Environmental Conditions ";
parts I and II of the study are under the supervision of Dr. P.C. Chou,
while part III is under Dr. A.S.D. Wang, both of Drexel University.

This report concerns the environmental effects on the compressive
strength of a graphite-epoxy laminate; both analytical and experimental
results are presented and discussed herein.

] The author would like to thank Dr. Edward J. McQuillen, Dr. James L.
Huang and Mr. Lee W. Gause for the frequent technical discussions. The
author would also like to thank Mr. James Alper who helped conducting the
experiments.
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1. Introduction

Recent years have seen increased attention on the material response of
fibrous composites under compressive loads. This is due, in part, to the
increased application of composites in primary aircraft structural components.
Unlike tensile load which can be taken up by the reinforcing fibers alone,
compressive load must be borne by the fiber and matrix together, with the
fiber/matrix bonding serving a key link in the load-sharing mechanism. It
is known that the mechanical properties of a polymeric matrix are intrinsically
susceptible to environmental degradation. Similar degrading characteristics
will ultimately manifest themselves in the interface bonding properties and
hence the behavior of the composite. The degradation of compressive strength
due to temperature and moisture has been one of thé major concerns in the
application of polymer-based composite systems.

A considerable amount of effort has been devoted during the past decade
to the study of compression behavior of composites. A survey of the field
however, shows that the state of the art is uncertain. There exists not
only the lack of a clear understanding of the load-sharing mechanism between
matrix and fiber during loaﬁing of the composite, but also the lack of a
standard test procedure by which one can establish experimentally the com—

pressive strength of the material.

8
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Early studies have been concerned with the compressive strength of uni-

directional eomposites, i.e. load is applied parallel to the fibers. It is gen-

erally acknowledged that Dow and Gruntfest [1l] were the first to suggest that local
fiber buckling (microbuckling) causes failure of unidirectional composite under
compression. Rosen [2] and Schuerch [3] applied this concept to describe
microbuckling of fibers using a two-dimensional model of columns on an elastic .
foundation. For composite systems having high fiber content (Vf >+2), a shear-
mode microbuckling usually controls the failure. The critica. composite ’
compressive strength depends essentially on the elastic shear modulus of the
matrix, Gm:

L Gm/Vm 1)

where Vm =1 -V is the matrix volume content. 3

£
It has generally been observed that Eq. (1) over estimates experimentally
obtained values, sometimes by an order of magnitude. Especially for com-
posites with small-diameter fibers, such as graphite systems, the discrepancy
between the theory and experiment is very wide.
Other experimental studies on composites having low fiber shear moduli have
observed the formation of an in-plane shear-band (Kink-band) prior to failurs 4

[4,5]. By a method of generalized plane stress and an energy argument [6,7,8], the

shear-mode of failure is shown to occur when the compressive stress approaches

the in-plane shear modulus of the composite, GLT:

B Gy (2)

Eq. (2) was earlier derived independently by a Russian author [9].

This result appears to be an improvement over Eq. (1) in that GL not only

T

reflects the properties of the matrix but also the propertiés of the fiber.
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In addition, if GLT is determined experimentally, it could also reflect the
characteristics of the fiber/matrix interface. However, for composites having
Gf >> Gm’ as is generally the case, Eq. (2) reduces to Eq. (1).

In fact, from a recent experiment by Davis [10], there is the evidence
that the shear modulus GLT of a boron epoxy system is a function of the axial
compressive stress; i.e. GLT decreases as e increases, suggesting a nonlinear
behavior. No analytical effort was made to explicitly establish this function,
however.

Recognizing the fact that most polymeric matrix systems are highly non-
linear in shear, it was suggested in [3] that Gm in Eq. (1) be replaced by
the inelastic tangent shear modulus ém of the matrix. Lager and June [11]
tested a boron-epoxy system and found that an arbitrary coefficient of 0.63
must be used to multiply Em in order to forge an agreement between prediction
and experiment. This practice however lacks a theoretical foundation.

DeFerran and Harris [12] observed in their experiment using a polyester
resin reinforced by steel wires, that the fibers appeared to buckle into a
three-dimensional helix rather than a planar curve. They suggested that the
result expressed in Eq. (1) could possibly be modified by a three-dimensional
microbuckling model. Actually, such an analyses have been attempted by several
authors [13,14,15]; but they considered only a single fiber embedded in an
infinite matrix. A more realistic case of multiple fibers was considered by
Greszczuk [16], who also performed experiments in which aluminﬁm and steel
wires were used as reinforcement. Although good correlation was obtained,
the analytical result could not be generalized to predict the failure of

boron or graphite fibrous systems.
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The existence of initial fiber deflection and iés effect on composite
compressive strength has been investigated by Lanir and Fung [15], Hawasaki
and Hasegawa [16] and mure recently by Davis [17]. It was found that initial
fiber deflection considerably reduces the compressive strength as predicted by
either Eq. (1) or Eq. (2). When the matrix nonlinear shear stress-strain
relation is also included in the analysis [16,17], the predicted strength
agrees more closely with experiments.

But the initial fiber deflection is essentially a statistical quantity;
it is not clear how it can be determined conveniently as a basic material prop-
erty. Davis [17] used a micrographic method and measured the averaged initial
fiber deflection of a boron epoxy system. It was found that the ratio between
the amplitude and the wave length of the initial deflection is in the order of
1072,

Compression tests on unidirectional graphite/epoxy composites show several
different modes of failure [18], including; end crushing, split by transverse
tension, delamination and fiber/matrix debonding, etc. It is not clear, how-
ever, whether interface debonding or fiber length-wise cracking precedes fiber
microbuckling. It was shown in Ref. [15] that separation of fiber and matrix
by transverse tension could occur if the Poisson ratio of the fiber is less than
the matrix's. This is certainly the case for most graphite/epoxy systems. It
seems also that transverse tension, though secondary in nature, would weaken the
fiber/matrix bonding strength which would in turn induce premature shear-mode
microbucklifg.

This latter inference was recently advanced in a paper by Kulkarni,

Rice and Rosen [19], who introduced in their analysis an interface bond-

ing parameter, K. The .,value of K is bounded by - (1 - Vf)/Vf and 1.
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When K equal~ to the lower bound, it corresponds to the case of total
debonding, i.e. the composite is no more than a loose bundle of fihers and
hence the compressive strength is essentially null. On the other hand, when
K=1, it corresponds the case of perfect bonding. In this case, the com-
pressive strength is predicted by Eq. (2). Kulkarni, et al. reasoned that
in actual composites, the parameter K is somewhere in between the bounds,
and the compressive strength of the composite is therefore somewhere between
zero and GLT' The difficulty in this model is how to determine K which is

a measure of the fiber/matrix bonding characteristics. The Kulkarni model
does not include the nonlinear shear property of the matrix.

Complicating the development of a unified theory for predicting the
compressive strength of unidirectional composites is that there is no
generally accepted compression test procedure. Although ASTM has
recently issued a test standard [20], various other test methods have simul-
taneously been developed and used (see [21] for discussion).

Generally speaking, there are two types of compressive test methods
which have been widely used: the flat-end specimen and the sandwich beam
specimen. And, even among these tests, the geometrical dimensions are not uni-
fied. With a given composite system, different test methods usually yield
different results. Moreover, the associated mode of failure may also be
different. It is probably appropriate to state that the ultimate compressive
strength of a composite is not a precise term, but rather, it is primarily
one of definition.

This difficulty in identifying a unique way to determine the compressive
strength and the associated mode of failure complicates the situation even

more since any workable theory must be developed based on the actual mechan-

ism of failure.
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The problem of including environmental effects, viz temperature and
humidity, has been necessitated by practical requirements. Extensive ex-

periments with controlled temperature and/or humidity have been conducted in

o

recent years in order to establish a design data bank (see, e.g. [22],[23]).
However, a predictive model for the compressive strength taking into account
environmental factors has not been available, at least in the open literature.
Since a full understanding in the compressive behavior of unidirectional
composite is basic to the understanding of composite laminates, it seems that
| continued effort should be made in studying unidirectional composites.
The objectives of the present work concern the compressive behavior of
a graphite/epoxy (AS/3501-6) composite system and its various laminates.
Temperature and humidity factors are also included in the study. Emphasis 3
is placed on both experimental and theoretical development. The main features
of the present study may be summarized as follows:

1. A test method is developed using a flat-end specimen. This method causes

the specimen to fail in the form of transverse splitting which is also asso-

ciated with end crushing and sometimes shear crippling. The average value

for the compressive strength of the U.D. laminate obtained by this method com—

pares well with the results obtained in the literature and other independent

tests, The scatter of the test values also falls within ranges found elsewhere. @
Ze Several lamination patterns were selected for experimentation. These are

U.D. laminates, (0/90),, (+ 45%9’ (0/90/ + 45)8, (0/+ 45/90)s and

(+ 45/90/0) . These lamination patterns are considered basic elements

of more practical laminations, and an understanding of the basic ele-

ments will be helpful in understanding the more complicated ones,
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Variation of temperature ranges from 10°F(-12°C) to 250°F(121°C);
humidity conditioning ranges from ambient dry (stored in ambient after
curing) to saturated wet. In each case, three to four intermediate
temperature and moisture conditionings were selected. Two cases of wet/
dry treatments on the test specimens were also selected, to see if wetting
causes any permanent damages in thespecimens.

A nonlinear microbuckling model is developed to predict the strength

of the U.D. laminates, including temperature and humidity factors.

This model bases on the knowledge of the entire in-plane shear stress-
strain curve of the composite, which is derived from the test results of
the (+ 45%8 laminates. In addition, the model assumes fibers alignment
imperfection in the form of sinesoidal waves. The amplitude to wave
length ratio is a statistical material property, which is determined
based on experiment.

Temperature and/or humidity effects are reflected in the in-plane shear
stress-strain curve of the conditioned specimens. In the same light,
any possible damage to the fiber/matrix interface and the associated deg-
radation in properties are also expected to manifest themselves in the
shear stress-strain curve. It is noted that initial fiber alignment
imperfection is independent of environmental condition (except due to
residual stresses, the effect of which is considered secondary compared
to the applied compressive load).

The model developed herein is shown to correlate satisfactorily with

the experiment, considering the fact that the test method causes

different modes of failure and that the test values are scattered.
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It was found that, for all practical purposes, the rule of mixture theory

may be applied to predict the strength of other laminates. This is

checked, at least in the three types of quasi-isotropic laminates tested.

In this report, the experiments are described in Chapter 2; the develop-

ment of the nonlinear mibrobuckling model is presented in Chapter 3. Presen-

tation of the experimental and thecretical results are contained in Chapter 4.

A final chapter is included for concluding discussions.
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2. Description of Experiment

The scope of experiments in this study program was limited to the

following specific aspects:

1.

3.

To establish a test procedure which, on one hand, is relatively easy

to deploy so that a large number of tests may be processed within a

limited time period; and, on the other hand, yields consistent and
acceptable test results;

To test the specimens in conditioned temperature and humidity environ-
ments in order to study hygrothermal effects on the compressive behavior

of the specimens. Complete load-displacement curves are recorded, from
which complete stress-strain curves are deduced. Temperature variation
ranges from -12°C (10°F) to 121°C (250°F) and moisture conditioning

ranges from ambient-stored to water saturated. These represent approxi-
mately the extreme ranges of anticipated service conditions.

To test specimens made of different lamination patterns. (0°) and

* lo5)28 laminates are considered "basic" laminations. They are tested

in relatively large numbers. (0/90)28 laminate is chosen to see the
cross-ply effects as manifested by edge stresses and ply-induced residual
stresses; three different quasi-isotropic laminates are chosen for the

same reasons. In addition, test results from the quasi-isotropic laminates
also serve to correlate the results from a predictive model which uses

the results from the "basic'" laminatione. A (90°) laminate is also "basic",
but was not tested in this program. Information concerning the compression
behavior of (90°) laminates made of the same material system may be found

in Ref. [24]. All laminates are of 8-ply symmetric construction.
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Material Selection and Specimen Fabrication

The material system chosen for this program is Hercules Magnamite
AS/3501-6. It comes in prepreg form, and laminates are fabricated per
specified curing processes*. All in-coming material was subjected to a
quality-control procedure involving short-beam shear tests and unidirectional

tension tests.

The cured specimens displayed a fiber content ranging from 60X to 65%;
average ply-thickness was abéut 0.017 em (0.0068 inch). The void content
of the specimens was not determined. Six (6) laminations were selected:

0°), (0/90)29’ * 45)28, (0/90/1'45)3’ /+ 45/90)8 and (+ 65/90/0)8, all

8-plies thick.

Test specimens were then cut, using a diamond saw, from cured laminated
plates whose size was 30cm x 30cm (1 £t x 1 £t). Such a plate yields approxi-
mately 150 test specimens. After cutting a given plate into test specimens,
they were then mixed in random and post-cured in an oven at a temperature of
93°C (200°F) for 48 hours. Specimens treated in this manner were considered
"reference" specimens. Any subsequent treatments were referred to this '"refer-
ence" state.

The shape of the test specimen is a flat-ended rectangular coupon of
dimensions 1.9cm (0.75 inch) wide, 3.2cm (1.25 inch) high and 0.4cm (0.055 inch)
in thickness. Tolerance of geometrical deviation was set at less than 0.0025cm

(0.001 inch).

* All Q.C. and fabrication routines were conducted using NADC facilities.
Cutting of specimens and all tests were conducted at Drexel University.

10
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Test Fixture and Test Procedures

All tests were performed with a closed-loop Instron hydralic test machine
which is equipped with an environmental chamber. The chamber can provide a
temperature environment from -23°C (-10°F) to 296°C (500°F) with accuracy to
within + 0.5°C (+ 1°F).

The test fixture used is a simple, self-aligning device which is depicted
in Fig. 1. The flat ends of the specimen rest against a mild-steel pad in
order to avoid premature end-crushing during loading. The specimen is wedged
tightly at both ends to avoid premature end-blooming. There is only 0.5cm
(3/16 inch) unsupported clearance. Thus, structural buckling failure is also
avoided. The clearance space facilitates the mounting of strain-gages; in this
case, a 1/8 inch-size 90°-rosette was used.

The entire test fixture can be placed inside the environmental chamber, so
that the desired temperature/moisture level can be maintained during the test.

All tests were performed with a fixed cross head displacement rate. The
rate chosen in this program is 0.025cm/min (0.01 in/min). A typical specimen
fails within 30 to 60 seconds.

The environment in the test chamber simulated as closely as possible
the environment in which the specimens were pre-conditioned. This was done to
minimize possible moisture loss during the time of specimen mounting and
loading, which takes five to ten minutes.

Moisture Conditioning

In this study, moisture absorption in a given specimen is assumed "uni-
form" throughout the specimen. That is, no moisture gradient should exist
in the solid. To this end, the following procedures were followed to make
sure that moisture content in the solid was "uniform", or at least as "uniform"

as possible.

11
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for low moisture content: post-cured specimens were placed in an ambiernt
environment of approximately 60% R.H. and 24°C (75°F) room temp;rature.
These specimens were tested after at least four months in ambient. The
average moisture gain during this period was approximately 0.05Z. Since
such a moisture level is very low, it is considered as being essentially
dry.

for intermediate levels of moisture content: one batch of specimens were
placed in an environmental chamber in which the temperature was maintained
at 27°C (80°F) and the humidity at 99% R.H. The moisture gain in the
specimens was then monitored and recorded periodically until an equilib-
rium gain was reached. For the one batch of specimens, it took more than
8 weeks to gain an average moisture content of 0.5%.

Similar procedures were followed to treat other two batches of specimens.
In one case, the specimens were submerged in 24°C (75°F) water for more
than 7 weeks; 0.75% moisture gain was then reached. In the other case,
the specimens were stored in an environment with 71°C (160°F) temperature
and 90~ 95% R.H. for more than 15 weeks. A moisture gain of 1% was
finally reached.

for saturated moisture gain: one batch of specimens was stored in 82°C
(180°F) hot water for 10 weeks; the final equilibrium moisture gain
averaged about 1.4%. This is considered the maximum possible moisture
gain for the material system used.

for dry/wet/dry treatments: two batches of specimens were subjected to
dry/wet/dry treatments. In one case, post-cured specimens were submerged

in 27°C (80°F) water for 7 weeks to gain a moisture content of 0.75%;

12
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they were then dried in 121°C (250°F) oven to rid all the absorped moisture;
these specimens were then stored at ambient conditions before being tested.
In the other case, post-cured specimens were placed in 180°F hot water
until saturation; they were then dried to rid all moisture content, and
were stored at ambient conditions before test. In all, there were seven

(7) cases of moisture conditioning; namely, ambient dry, 0.5%, 0.75%, 1.0%,

1.4%, dry/wet/dry #1 and dry/wet/dry #2.

Temperature Conditioning

Not all of the seven batches of specimens tested were subjected to the
same test temperature levels. For these specimens whose final moisture state
was dry or ambient-dry, the following test temperatures were selected: -12°C
(10°F), room-temperature (~24°C), 93°C (200°F) and 121°C (250°F). However,
for the ambient-dry 0°-laminates only, additional temperature levels of 65°C
(150°F) and 149°C (300°F) were also selected; and for dry/wet/dry #2 all
laminates were tested at 65°C (150°F).

The remaining specimens, whose moisture contents were equal or greater
than 0.5%, were subjected to the following test temperatures: -12°C (10°F),
R.T., 65°C (150°F) and 93°C (200°F). By limiting the test temperatures below
100°C (210°F), the desired moisture condition inside the test chamber could be
maintained during testing.

Test Matrix

To summarize the above described test parameters, a test matrix is presented
in Table 1. It is seen that, in this test program, a total of 169 test cases
were conducted. In each test case, an average of 5 specimens were tested

resulting in more than 800 individual data points for this test program.




NADC-78259 .60

‘WY0 ~ 03 AIp UBYI pur wWyy T 03 Ia3M - Z# A/M/A
‘my0 e~ 03 AIp USY3 pu® WYG/°Q 03 IB3M - T# a/M/d

“(06/5% F/0) “5(0/06/5% B " (sv 7/06/0) ““°(sv ) °%(06%0) ‘(0) - suoyivuTme]

IXTAIBR 3I89L

suon SUOTIBUTHE] | SUOJIBUTWE] | SOIBUTWE[-,( | SUOTIBUFWE] | SUOTIBUTWE] Z#
9 IIV 9 ITV nqg 11V 9 TIV 9 11V a/m/a
SUOFIPUTWE] | SUOTIBUTWE] suofjeuTWE] | SUOFIBUTWET 4
QUON 9UON
9 TIV 9 11V 9 T1IV 9 TIIV a/m/a
SUOTJBUJWE] | SUOTIPUTWET | SUOTIBUTWE] | SUOFIPUTWET
3uo! au >
" - 9 TIV 9 TIV 9 TTV o TIV | T T
SUOJJIBUTWE] | SUOFIPUTWET | SUOTIBRUTWE] | SUOTIPUTWE]
oW v0*
e — 9 TIV 9 TIV 9 TV 9 TIV -
suogjeu SUOTIBU suofjeu suoleuTW®
QuoN 2uoN ¥ Teel " i ﬂ e g ¥ su 2¢/°0
9 1TV 9 TV 9 TV 9 TIV
SUOTIBUTWE] | SUOTILPUTWE] | SUOFIBPUTWE] | SUOTIVUTWET ]
suoN JuoN W 260
9 TIV 9 IIV 9 TTV 9 11V
ATuo suoyieujwerl Suoyjvume] ATuo SuOTIeUTWEY suofjeuUTWe] Laq
sajeuTWET~,0 9 TIV 9 TTV | se3eutwel-,0 9 TIV 9 TIIV JuaTquy
D691 bo Py 14 § 0.€6 0,59 0.2 oI 4 2INISTOR
4,00€ 4,062 4,002 4,051 (d,SL )°L°¥ 4,01 -y
c)

14




NADC-78259 60

1 3. A Nonlinear Shear-Mode Microbuckling Model

Development of Analytical Model for Unidirectional Laminates

The development of the analytical model for unidirectional laminates

1 is based upon the following major assumptions:

; 1. that the fibers in the composite are not initially straight;
| 2. that the composite in-plane shear stress-strain relation is essentially
o nonlinear;
3. that an application of an incremental compressive load amplifies the
¢ deflection of the fibers which causes a rise in the in-plane shear-stress;
due to the nonlinear nature of shear, a rise in shear stress decreases
the shear stiffness, which in turn induces additional fiber deflection
a 3 under the same compressive load; and
4, that compression failure of the composite occurs at the applied load which

causes an unstable increase in fiber deflection.

Additionallminor assumptions are also invoked which will be discussed
as the development of the theory is presented. ;
Consider the plane view of a unidirectional composite, whose fibers are

initially deflected, Fig. 2. Assume the initial fiber deflection is character-

ized by

™
yo(x) = fo sin T 1)

where fo is the amplitude and % is the half wave length of the deflection.

Here, the quantity folz is considered a statistical material property which

must be given along with other properties such as Young's modulus, Poisson

i
|
|

ratio, etc.
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When the material is compressed by a uniform compressive stress Oc’ the

fiber deflection is then amplified to assume the form
TX
y(x,oc) f(oc)sin ) (2)

Here, y depends only implicitly on Ocr
Now, let us consider the local deformation of a representative com-
posite element when the composite is loaded by Ops Fig. 3. The shear strain

of the element which is caused as a result of additional fiber deflection,

is given by

d
Yor = dx 0¥ (3)
while a balance of moments of the composite element yields
dM + Vdx -~ ocAc dy = 0 (4)
where dM is the induced element bending moment, V is the induced in-plane
shear resultant, and Ac is the area of the element on which . is applied.
Assume that the element bending obeys a simple-bending relation,
d2
M=-EI 5 -y, ()
dx

where EcIc is the bending rigidity of the element.

For the moment, assume also that shear resultant V can be expressed

v e T A Y i (6)

where LT is the in-plane shear stress of the composite element, and GLT

is the shear modulus.
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Substitution of (1),(2),(3),(5),(6) into (4) yields

f(o ) a

fc- 2° +1 )

0 ET m
cc

-0 +G
Ac 12 c LT

Using (7), the amplitude of the in-plane shear stress can be calculated by

S " Gpr % ) @)
LT Ecr: 2 )
% atie O ¥ Oy

where r. is the radius of gyration of the composite element, shown in Fig. 3.
At this point, it 1is recognized that the quantity rc/2 should be

several order of magnitude smaller than unity, especially for small diameter

fibers such as graphite. Thus, omitting the term with rcll, Eq. (8)

reduces to

T e -————-—“ GLT i . -f—g 9)
LT GLT - Oc 2

Let us now return to Eq. (6), which assumes a linear shear stress-strain
relation. Actual shear behavior, however, is essentially nonlinear, such
as depicted by Fig. 4. 1In what follows, we shall approximate the shear
stress-strain curve by piece-wise linear segments, Fig. 4. Within a given
linear segment, an incremental increase Aoc corresponds approximately an

incremental increase ATLT in the following manner:

2

T G £
AT, L A— S (10)
LT (a &g )i 2 c
LT c

where GLT is the local slope of the segment.
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A computational scheme 1is then devised as follows:

1 One begins with a small increment of compressive stress Aoc, such that
only a small shear stress is induced. This shear stress increment is
computed using (10), along with the initial shear modulus from the
shear stress-strain curve. Let us assume this calculation has advanced
the shear stress level in the composite to point A in Figure 4. Now,
using a new value of ELT determined between points A and B, and increasing
. by an additional'Acc the shear stress is increased to point B.
Successive iterations in this manner eventually bring up the shear stress
to point F, where the state of stress in the composite results in a shear-
mode micro-instability.

2. In each load increment, similar computations may be carried out for the 2
accumulative deflection f(oc) in (7). As the computation progresses

to point F in Fig. 4, the value of f will increase indefinitely without

additional increase ofvcc. When this occurs the composite has microbuckled
and thus defines the ultimate 9. which can be applied to the composite,

see Fig. 5.

0f course, if we regard ELT in (10) as the tangent shear modulus and

if we can express G T in terms of T Eq. (10) may be integrated directly

L
along the shear stress-strain curve for 9. ultimate. The computational scheme
described in the proceeding is essentially a piece-wise integration procedure.
It 1is noted that the foregoing derivation gives the Rosen [2] result
directly when fiber initial deflection is infinitesimal (see Eq. (9));

that 1s, shear-mode deformation occurs when U N GLT'

18
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In actual composites, however, the quantity fo/l is finite. Davis [17]
for example, found for a Boron/Epoxy System, the value of f0/2 is in the
order of 10-2. It is conceivable that for graphite fibers whose diameter is
much smaller than boron's, the value of foll is at least equal or greater
than 10—2.

The advantage of including the fiber imperfection is that it enables
the computational model to incorporate the instantaneous nonlinear shear be-
havior of the composite. And, in turn, the composite shear behavior can reflect
not only the properties of the fiber, the matrix, the fiber/matrix interface,
but also the effects of environmental factorss which so far have not been
included explicitly in the analytical model.

Thus, the model relies on two types of material input; the quantity foll
and the complete shear stress-strain curve of the unidirectional composite.
From Eq. (8), it is seen that the value of foll is crucial in the evaluation
of the induced shear stress level, which is in turn crucial in defining the
value of the local shear modulus. But, unfortunately, fo/l is, at best, a
statistical quantity and it is not clear how it may be defined for a given
composite. The determination of the complete in-plane shear stress-strain
behavior, including variations of environmental conditions, presents practical
difficulties. In what follows, we shall describe briefly how these difficul-

ties were handled in this study.

,; Determination of Initial Fiber Deflection and Composite Shear Property.

In this study, the U.D. lamina shear stress-strain curves were generated

from uniaxial compressive tests on (+ 45°)28 laminates.
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The accuracy of this approach has been discussed by Hahn [25] where it is shown
that for a 1'45°—laminate loaded axially, the tangent (local) shear modulus

of the lamina (in the principal material coordinates LT) may be approximated
by:
- . Ex

LT 2¢1 4 Vi)

G (11)
provided that the laminate Poisson ratio ny remains constant throughout
the loading history.

In Eq. (11), Ex is the local axial modulus of the + 45°-laminate when
loaded in the axial x-direction. Thus, the complete stress-strain curve

obtained by testing the + 45°-laminate axially can be inverted directly to

obtain a complete shear stress-strain curve for the U.D. lamina, noting

Ty * 30 3

X
Yo T ey ey.

In order to define ny, it is also necessary to measure the transverse
strain ey as a function of ox. In the present study, the value of ny found
for all cases tested ranged from 0.92 to 0.98.

Once the complete U.D. lamina shear stress-strain curve is obtained under
a given environmental condition, say ambient dry, one can use the analytical
model to calculate the compressive strength of the U.D. lamina by assuming
a value for fo/l.

To determine foll, tests on unidirectional lamina under compressive
axial load were performed and a statistical mean value for the ultimate g
was obtained. Next, a value for foll was selected by trial-and-error such
that the predicted Us agreed with the experimental Uc' This value of foll
was then regarded as a material property of the composite system regardless

of whatever subsequent environmental conditions the composite may be exposed to.

20
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In the present study, follwas determined using the results of a shear
stress-strain curve generated by compressing seven replicas of (+ 45“)23
specimens and the statistical mean g, of nine replicas of 0°-laminates. All
tests were performed for ambient-dry conditioned specimens in room temperature.
It should be noted that little, if any, scatter in results was found for
the seven + 45°-specimens, while some scatter was present in the results for
the nine 0°-laminates. The latter scatter, however, was comparable to
the 0°-tensile scatter for the same composite system [26].

The value of f0/2 found in this study is 0.0108, which is in the same

order of magnitude as that determined for a boron/epoxy system by Davis [17].

e
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4, Discussion of Results

Mode of Failure

in the present study, there were six categories of laminates which were
tested under various temperature and humidity conditions. For each category
of laminates, regardless of their environmental conditioning history, the
compression failure appearances were similar. No effort, however, was made
in this study to examine the failure surfaces using any electronic and/or
optical instruments. Thus, it is not possible to describe with certainty the
exact modes under which the various specimens failed.

Fig. 6 through Fig. 8 show the typically failed specimens for each of
the six categories of laminates. In the case of the 0°-laminates, it is seen
that the final appearance of failure is one of end-crushing and transverse
fiber splitting. Failure of these specimens occurred rather suddenly without
any noticeable pre-failure weakening. The axial stress-strain curve is
essentially linear all the way to failure, although some softening of the
material was detected when failure was imminent. This softening phenomena
occurred early for those specimens tested under higher temperature and/or with
higher moisture content. Thus, it is not known whether end-crushing or fiber
splitting occurs first in the process of failure. In the analytical model,
however, fiber splitting is preferred. In this case, it may be postulated that
the splitting action is a result of the elastic microbuckling of the fibers
(although the model is based on a nonlinear shear behavior of the composite,

the fibers are considered elastic throughout the loading history).
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axial strain can be as large as loOxlO_3

%" highly nonlinear nature of the shear behavior of the U.D. lamina.

The second picture in Fig. 6 shows the typical final failure appearance
of the (i_45°)2s laminates. Surface ply-delamination and surface ply-shear-
ing along fibers are observed. With this particular laminate type, the axial
compressive behavior is one of excessive ductility, see Fig. 9, for example.
In this case, surface ply-shearing along fibers usually occurs while the load
is ascending; surface ply-delamination appears when final failure is imminent.
Between the first ply-shearing and the final delamination the applied load
can, sometimes, increase a little and, other times, decrease some depending on
the environmental condition of the specimens. However, the corresponding
to 50x10'3. Since the axial stress-
strain curves of the (+ 45)23 laminates can be readily converted into the in-
plane shear stress-strain curves for the U.D. lamina, see Eq. (11), the highly

nonlinear nature shown by the curves in Fig. 9 reflects essentially the

The first picture in Fig. 7 depicts a typical failed specimen of the

(0/90)Zs laminates. Extensive delamination and fiber breakage are seen to

{ occur within the gage-section of the specimen. Delaminations within a single

section. However, one cannot be certain about the exact degree of

influence this edge stress effect possesses.

ply are observed throughout the thickness of the specimen. This failure mode
may be explained by the presence of a L edge stress (see, e.g., Wang and
P Crossman [27]). This particular edge stress effect definitely influences the

compressive strength of the specimen, as will be discussed later in this

ﬁ' Pictures in Fig. 7(b), and Fig. 8 show failed specimens for the three
| types of quasi-isotropic laminates. It is seen that all had failure occur

within the gage-section of the specimen, although in the two cases where the

0°-ply is on the outside surface, there is also surface ply-delamination.
23
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Further more, in these two cases, surface ply-delamination occurred before
failure, and a somewhat decreased load continued to be carried by the rest
of the plies, resulting in somewhat greater ductility. This is not the
case, however, for the other type of laminate with the + 45° plies on the
outside. There the failure occurred rather suddenly with a higher
strength than the other two. This latter observation may a'so be explained

by edge stress effects [27].

Compression Behavior of (+ 45‘)28 Laminates .

Figures 9 through 15 show the axial stress-strain curves for the (i45°)28
laminates that were subjected to seven different moisture conditionings. In each
case four or five temperature levels were selected beginning from -12°C (10°F).
Aside from the material nonlinearity which was exhibited more or less in all
cases shown, other features also deserve discussion. It should first be
pointed out that each of the curves shown in these seven figures represents
the typical results obtained from at least five (sometimes seven) specimens.

No noticeable scatter was observed in the test results and therefore each of

the curves is essentially reproducible.

1. Temperature effect: the fact that temperature softens the material stiff-
ness and decreases the ultimate load-carrying capacity of the specimen
is generally valid in all moisture-treated cases; the influence on the
I load-carrying capacity is perhaps the more pronounced one. ~Clearly,
temperature increases the nonlinearity response of the laminate. Temper-

ature also ‘has a subtle effect on the failure mode. See, for example, the

§ curves assoclated with -12°C (10°F). Load-bearing capacity of the
{ specimens increases sharply to a maximum value, at which point surface
1 24
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ply-shearing along fibers is observed to occur, and it then decreases
rather significantly to a lower value when final failure occurs with
additional surface delamination. This phenomena disappears when test
temperature increases beyond room temperature.

This peculiar behavior associated with cold temperature may be
attributed to the fiber/matrix interface stiffening eaused by the

low temperature.

2. Moisture effects: Comparisons of the curves shown in Fig. 9-13 also re-
veal the effects of moisture. In general, an increase in moisture con-
tent in the specimen both softens the material stiffness and lowers some-
what the load bearing capacity, although there are a couple of cases

3 where the stiffness and/or strength are slightly increased by humidity.
It is not clear whether or not this slight deviation is actually ex-
perimental error. The suggestion that moisure absorption has an equi- -
valent effect as temperature exposure seems to be applicable.
Further, the load increase and then decrease phenomena which was seen in
the drier specimens under cold temperature e.g -12°C (10°F), is seen to
.disappear when moisture content is increased. This too is similar
6 to the increase of temperature. No effort was made however, to
determine numerically the equivalence between the humidity and temper-
ature effects.
In order to answer the question of whether moisture exposure actually
damages the integrity of laminated structure, let us examine
the two. cases shown in Fig. 14 and 15. The dry/wet/dry No. 1

refers to specimens that absorbed 0.75% of moisture and were then dried;

25
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dry/wet/dry No. 2 refers to specimens that had 1.4% (saturated) moisture
and were then dried. It is seen that curves in D/W/D No. 1 compare
closely with those originally dry specimens, shown in Fig. 8. All
features that are unique to this situation are preserved. On the other
hand, D/W/D #2 specimens show noted difference in the ultimate load-
carrying capacity and a slight but noticeable decrease in the stiffness.
These combined conditions influence the ultimate compressive

strength of the U.D. lamina, which will be discussed later. Thus, it

appears that the D/W/D #2 specimens have been damaged by moisture exposure.

The above results are summarized in Fig. 16 and 17. It is seen
that the influence on strength by humidity treatment is insignificant
as compared to the influence by temperature, Fig, 16. The influence of
humidity on the stiffness of the laminates is significant, Fig. 17,

which displays the initial axial modulus E, as influenced both by moisture

1
and temperature. Under colder temperature, there exists a wide difference
between dry and wet specimens. The difference narrows, however, as tempera-

ture increases beyond 65°C (150°F).

Compression Behavior of 0°-Laminates

Experimental results obtained for the compressive strength of 0°-laminates
that were tested under the seven different moisture conditionings are shown in
Fig. 18 through Fig. 24. In the case of ambient-dry specimens, six temperature
levels ranging from -12°C (10°F) to 149°C (300°F) were selected. Thiswas done
to check the analytical microbuckling model in a wider temperature range.

For the remaining six moisture cases, only four temperature levels were selected.
In general, three to five replica specimens were tested; their averaged values

and their range of scatter are shown in the figures. In the case of ambient-
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dry specimens tested under room temperature, nine replicas were used in order
to make certain that the averaged value obtained represents reasonably well
the statistical mean value of the compressive strength.

The scatter in the compressive strengths under a given test condition
appears to be quite large. However, when compared to the tensile strength
distribution of the same material system [26], the compressive strength scatter
is about the same as in the tension strengths. This lack of uniformity is
thought to be caused by material imperfections rather than the method used in
conducting the experiments.

Temperature effect on the compressive strength is considerable. From
room temperature to 121°C (250°F), the strength may decrease by 30%. This
degrading effect is enhanced with moisture content. The effect of moisture
absorption on the compressive strength is also significant. This is in contrast
with the (+ 4S°)Zs laminates where moisture has only a minimal effect on the
strength but a larger effect on the stiffness.

These two effects are best observed in the display in Figs. 25 and 26.

In Fig. 25, it is also seen that specimens subjected to moisture saturation
appear to have been damaged, since a drying process did not return the
specimens to the performance level of the un-treated specimens. Fig. 26

shows the 0, versus moisture content relation when temperature is held constant.
It is seen that moisture absorption can reduce noticeably the compressive
strength.

The effects of temperature and/or moisture on the stiffness of the
0°~laminates was minimal. The only exception is the group of specimens which
were moisture saturated (m~1.4%), see Fig. 27. The stiffness of this group was

not influenced by temperature. It is not clear what mechanism causes the

27
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decrease in stiffness. It should be recalled that the moisture saturated
45°~laminates also had a noticeable stiffness degradation due to moisture
absorption. It is possible that the fiber/matrix interface bonding is weakened
by excessive moisture absorption, so that premature fiber-buckling takes place
resulting in structural stiffness degradation in the laminate.

Let us now return to the analytical microbuckling model developed earlier.
From the axial stress-strain curves obtained for the + 45°-laminates, lamina
shear stress-strain curves were calculated for each of the seven moisture-
treatments and the various temperature test conditions (i.e., from the curves
in Figs. 9-15). A value for f0/£ (see Eq. (7)) was then selected, in this
case fo/ 2 = 0.0108, such that the computed room temperature compressive strength
for the ambient-dry specimens agrees with the averaged value obtained experi-
mentally, (see Fig. 18). This fo/l = 0.0108 value was used in predicting the
theoretical compressive strengths for all test cases. The comparisons between
theory and experiment are depicted in Fig. 18 through Fig. 24. The agreement
between theory and experiment is satisfactory, considering the scatter of the
experimental results. Again, the only exception is the case of the moisture
saturated specimens where the prediction over-estimates the experiment by

about 40%.*

* The analytical model tends to over-estimate the strength of specimens
conditioned under high temperature (65°C and above) and with some moisture
absorption. It is suspected that the lamina shear stress-strain curves
derived from the (+ 45°) laminates may be inaccurate; or at least, it is
not accurate enough under high temperature and humidity conditions.
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Compression Behavior of (0/90)28-Lam1nates

—~—

Results for the (0/90)28 laminates are presented in Fig. 28 through
Fig. 34. 1In general,increasing temperature reduces the strength, except
under very low temperature, see,e.g., Fig. 28. A combined edge effect and
thermal residual stress effect is blamed for the lower compression strength
” at low temperature (see, e.g.,discussions in [28]). This combined effect
existed in all moisture conditioned specimens.
M Moisture increase lowers uniformly the compressive strength. Notice
the excessive drop in strength for the case of moisture saturated specimens,

Fig. 33. The degrading effect of moisture tends to be minimized by in-

% crease of temperature.
Notice also the considerable scatter in strength caused by various
moisture treatments. The scatter narrows, however, at higher temperature.
This, too, may be attributed to the edge/residual thermal stress effects,

which complicate the failure mechanisms. At higher temperature, these effects

are reduced.

g As for the stiffness of the (0/90)28 laminates, temperature does not
seem to have any noticeable effect. The effect of moisture is also insig-
nificant, except in the case of moisture saturated specimens whose stiff-
nesses are uniformly lower. This pattern is consistent with the previously
discussed (+ 45°)25 and 0°~laminates.

To attempt to predict the strength of the (0/90)28 laminates, the
simple rule-of-mixture was used. Since the compressive data for a pure

90°-~laminate was not compiled in this program, we used the results generated

-

by Verette [24], who tested 90°-laminates made of the same AS/3501 graphite/

epoxy system. Fig. 35 shows the Verette results for ambient dry and moisture
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saturated cases. The contribution to compression strength of the 90°-lamina
for various moisture streatments may be extrapolated between the curves in
Fig. 35.

It is seen that the rule-of-moisture predicts rather well the strength
of the (0/90) laminates, except for low temperature conditions. The lower
temperature results could be accommodated if the edge effect and the thermal
residual stress effect were included in the prediction.

It is also noted that the prediction by rule-of-mixture in this case is
based primarily on the results of the 0°-lamina. The curves shown in Figs. 28
through 32 are calculated using the predicted strength for the 0°-lamina
rather than the actual experimental values for the 0°-lamina. Recall that
the predictions for the 0°-lamina under moisture saturated conditions were
higher than from the experiments. The same discrepancy between theory and
experiment is again evident in the results for the (0/90) laminates under the
same moisture condition, Fig. 32. But, when the experimental values for the
0°-lamina are used in the rule-of-mixture calculation, the agreement is almost
perfect, Fig. 32.

Compression Behavior of Quasi-isotropic Laminates

Experimental results for the three types of quasi-isotropic (n/4)
laminates are shown in Fig. 36 through Fig. 46. Strength versus temperature
plots for the various moisture treatments are depicted in Figs. 36 to 40.

It is seen that the degrading effects of temperature and moisture are notice-
able but not great. Some edge effect and thermal residual stress effects are

also present at the low temperature test condition. Edge effects can be

seen from the differences in strength for the three types of laminates.
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It appears that (0/90/1_45)8 has the lowest compressive strength and

* 45/90/0)s the highest. This difference in strength disappears when the
temperature is increased beyond 65°C (150°F). It is interesting to note that
an independent test in tension indicates tensile strength difference in the

three types of laminates, with the order in strength reversed.

U.e of the rule-of-mixture, by considering the 0°, 90°, and + 45° laminae
as basic elements, yields good agreement with the experiment in this case. Of
course, the rule-of-mixture does not recognize the lamination sequence
and differences due to lamination sequence (edge effect) do show in the
experimental data.

Fiés. 41, 42, and 43 summarize the averaged experimental values of the
compressive strength for the three types of laminates. It is seen. that
the strengths of the laminates are sensitive to the moisture treatment only

at temperatures equal to or lower than room temperature..

Figs. 44, 45 and 46 depict the averaged experimental values of the
axial stiffness E1 for the three types of laminates. Here again,
the influence of temperature is minimal, while the influence of moisture is

significant only for the case of moisture saturation.
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5. Conclusions

In this report, we have presented the results of a comprehensive experi-
mental program in which the compression behavior of some basic composite
laminates was examined under a wide range of environmental conditions. A non-
linear microbuckling model was developed to preéict the compressive strength
of a unidirectional laminate. It was also found that the rule-of-mixture is
generally applicable for other types of laminates, except in a few special
cases where =dge effects and thermal residual stress are important.

Experimental determination of the lamina shear stress-strain curve by
testing a + 45°-laminate in compression is generally satisfactory, although

the accuracy of this approach is open to question when high temperature and 3

moisture are present in the specimen. This aspect needs further examination.

The assumption of initial fiber deflection in the lamina is justified,
but the determination of this deflectfon for this report was empirical.
Confirmation of the existence of this initial deflection and its statistical
magnitude needs further research.

Experimental failure modes in the unidirectional lamina do not indicate
explicitly fiber microbuckling as it was assumed in the predictive model; nor .

do they preclude such a failure mode.

Despite these uncertainties, the fact that the predictive model yielded '

| good agreement with a large number of test cases (total 30 cases with more

o AT, il

‘ than 120 specimens) tends to support the fiber microbuckling assumption.
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The microbuckling model presented in this report does not include explicitly
the parameters of temperature and moisture. Rather, these factors are
implicit in the lamina shear stress-—strain relation which serves as input
information in the calculation. It is conceivable, as a future research subject,
that the shear stress-strain relations generated under various temperature/
moisture test conditions may be represented by a single master curve with
temperature/moisture shift functions built in. This approach has been shown
applicable in some viscoelastic behavior of composites [29]; it is also worth-
while trying in this case.

The test fixture used in the present study is, for all practical pur-

poses, satisfactory.
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Fig. 1 Compression Test Fixtures
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Fig. 4 A Hypothetical Shear Stress-strain Curve for U.D. Composite
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Fig. 5 A Hypothetical ("  versus Lateral Fiber Deflection
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B2 (0/+45/90) _

B3 (+45/90/0) _

Fig. 8 Final Failure Appearance; (a) (0/-_t45/90)s laminate,
and (b) (~J:45/90/0)s laminate.
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