64

AR R

=4
af

St 9 3
IR

1 T /(g

e Bzt iAol
%‘

gz AE A3

A}-&-F* - Stephen R. Swanson™*

Strength Prediction of Carbon/Epoxy Composites
under Compressive Loading with Hydrostatic Pressure

Yong Ju Jee* and Stephen R. Swanson™*

= %

a3z

b et
23} AR

r~
N]}J
S 5
fr
o,

Aeirbal FAE BYAR FREE 95 BT Yot e
257, 2EY TR 4 gl FYE Hste] A Aeel

JiN‘
OIIZ
®
0
J%'

438 deh, olR A3 Lo HIAZ GF AEE G5 BE %a% SEEEREES
HAsRAE BEo oWl AFME WE BE UL o felel Bk Af BF BYNEF

45 HWEE Ede 2dg pdsiaa @
Ryl of&7tRd s F= 24, &7 misalignment2} 7] A-F waviness & 3188} 5L,
L"@ g9} 2| Atolel] AtEs)t AAZE 23T o EgAse] sy} dejd i b gt
= oje7kx] FPES Eslod f3fo] AP vl AES ek & 2dg o] 5 o
235 kA Rl whel FbEe, oferbA] EaleA el AYUFER Fe Folel
qzkelA HEkt

ko

ABSTRACT

Compression loadings in thick composites can in some cases lead to three-dimensional states
of stress with a compressive mean stress. Models are examined in the present work that attempt
to predict the effects of this compressive mean stress on the compression strength of carbon/epoxy
fiber composites. The models assume that the fibers have an initial misalignment, and that
composite failure occurs when the fiber-matrix bond strength is exceeded. Literature values
for the effect of pressure on bond strength are included. Comparisons with experimental data
from the literature support the predicted increase in compression strength with pressure.

Key Words: Compressive Strength, Carbon/Epoxy, Composites, Pressure Effect, Com-
pressive Failure, Bond Strength, Fiber Waviness
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Introduction

Composite materials are being used in applica-
tions where the compressive strength is important.
The apparent compressive strength of fiber com-
posites seems to be a quite complex subject, with
a number of variables affecting the results. One
of these factors appears to be a mean compressive
stress effect. For example, data exists in the
literature that shows that the compressive strength
of fiber composites with polymeric materices in-
creases with hydrostatic pressure. It is possible
that three-dimensional mean compressive stress
may play a similar role as pressure, and thus this
effect may be important in .thick laminates loaded
in compression, where three-dimensional stress
fields will be significant.

Composites are being considered for applications
involving thick laminates loaded in compression,
such as in a submersible structures. Thick lami-
nates will habve special features relative to more
conventional thin laminates. In addition to possible
manufacturing problems, thick composites lami-
nates will tend to have three-dimensional state of
stress. These is some experimental evidence that
three-dimensional compressive stress states can
actually improve the apparent compressive stre-
ngth of the laminates. This apparent strength in-
crease is likely associated with a compressive mean
stress that acts as a superposed pressure. There
is evidence in the literature, as will be discussed
later, that superposed hydrostatic pressure acts
to increase the apparent compressive strength of
fiber composites. A farther question is thus to
explain the mechanisms behind this beneficial
pressure effect. The present paper will attempt
to show that this strength increase can be explained
in terms of known effects of pressure on the po-
lymer matrix, and the interaction of the matrix
with compressive strength of fiber composites.

Although many researchers have studied com-
pression failure mechanisms of composite struc-
tures, there is not at present a well established
theoretical and/or experimental basis for the pre-
diction of compressive strength. A number of
models for compressive strength of unidirectional
composites have been suggested. The problem is
complex, not only because of the mechanics of
analysis, but also because of the variable failure
mode of different composite materials. Neverthe-
less, the various micromechanical models available
in the literature are valuable in gaining an un-
derstanding of the controlling damage mechanisms
and in directing future efforts at increasing com-
pressive strength. The failure of carbon fiber
composite materials has been studied by a number
of investigators, including Rosen[1], Chaplin[2],
Evans and Adler[3], Budiansky[4], DeTeresa
et al.[5], Hahn and Willams(6], Swanson[7],
Argon[8], Wronski and Howard[9], Piggott[10],
DeFerran and Harris[11], Greszczuk[12], and
Hayashi[13], and many others. Guynn et al.[14]
give a number of additional references.

In the following, theoretical models of comp-
ressive failure of fiber composites will be revie-
wed. Modifications of the models to incorporate
pressure effects on polymeric matrices will be
shown. The model predictions will then be
compared with literature results of compression
tests carried out on carbon/epoxy laminates under
hydrostatic pressure.

Theoretical models

There have been a large number of theoretical
models put forth to attempt to explain the me-
chanisms in compressive failure of fiber compo-
sites. A number of these models consider com-
pressive failure to be governed by bifurcations
bucking of perfectly straight fibers that are sta-
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bilized by the matrix. The matrix is typically re-
presented by the modulus only, although a tangent
modulus can be incorporated, as by Rosen[1],
Wang(5], Hahn and Willams[6]. The fibers are
typically assumed to act cooperatively, as in the
classical shearing and extension models of Rosen
[1]. A second approach considers that the models
are initially inperfect, by assuming that the fibers
have an initial periodic waviness. Examples are
given in the work of Herrman et al.[16], Lanir
and Fung(17], and Hahn and Williams[6]. This
category of models does not exhibit bifurcation
bucking, but rather fails by excessive deformation
of the fibers, leading to either excessive fiber or
matrix stresses or strains.

The authors, and many others, believe that
models involving initially wavy fibers are more
realistic for carbon/epoxy composites. As noted
above, models with initially straight fibers predict
a compressive strength that depends on the matrix
stiffness, while the initially wavy fiber models
include not only the stiffness but either the fiber
or the matrix strength. In previous results
reported by out laboratory, tests were carried out
on fiber composites in which the fiber-matrix bond
strength had been artificially reduced with a
release agent, but leaving the matrix stiffness
unchanged. The apparent laminate compressive
strength was reduced by up to a factor of four,
indicating the importance of the matrix bond
strength and thus supporting the use of imperfect
fiber models(Swanson and Colvin[18]). Syste-
matic changes in compressive strength with fiber
-matrix adhesion strength were also reported by
Madhukar and Drzal[19].

The following work will attempt to show that
the effect of pressure or mean compressive stress
can be readily incorporated into existing models
for fiber composite compressive strength based on
the above. Two models will be examined in the

following. The first is a very simple model used
previously by the authors that permit examination
of the basic ideas, while the second follows recent
work of Zhang and Latour[20] in giving an im-
proved treatment of the matrix stresses.

Model 1-A model that expersses the features
described above, i.e. of initially wavy fibers and
a limiting fiber-matrix bond, has been used pre-
viously by Swanson[7] and Swanson and Colvin
[18] for compression failure of laminates. The
model assumes that both fiber and matrix will have
a sinusoidal displacement field, based on the work
presented by Hahn and Williams[6]. This, of
course, is an approximation, but it has permitted
calculations to be made involving lamination effects
in compression failure. The basic ideas of the
model will be illustrated in the following. The
critical axial plies are assumed to have an initial
fiber waviness given by

Vy = fo sinAx
where f, @ amplitude of initial fiber waviness
A . wavelength of fiber

The subsequent lateral deformation is taken as

v=v, = (f—fp) sinkx

where v lateral displacement

f . amplitude of fiber waviness

The deformation under load can then be solved
for fiber lateral displacement by using the mini-
mum potential energy therorem, with the para-
meter { governing the amplitude of the bending
deformation of the fibers. The task is to formulate
the strain energy of the axial fibers and matrix,
and then to minimize the potential energy under
applied axial compression displacement.

The strain energy terms are given as follows:
(1) In-plane shear in axial plies:

_ 6(?)"1/())

Ty = (f~fy) A (coshx)
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(2) Axial compression of axial plies
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- 1 A o
Ul = J’O ]0 jo 2 Eu €4 a’zdydx (5)
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02 02 ............ (7)

where ¢€;; is the applied displacement per unit
length in the axial direction, g4 is the axial strain
in the fibers, and eg is the axial displacement per
unit length due to the bending undulation of the
fibers. The bending energy in the fibers could also
be included, but as discussed previously (Hahn
and Willams[6] and Swanson{7]) this term has
little effect. Substituting these expressions for st-
rain energy into the potential energy, and mini-
mizing with respect to f, the fiber bending dis-
placement parameter, under an applied axial di-
splacement per unit length of g;;, gives

Gm(f_f()) +E11)\.2<f2"f02 )f—- Ellfgll m () eerenn (8

The limiting condition is assumed to be established
by the shear stress in the matrix or the fiber matrix
bond. This is calculated by multiplying the sheat
strain in the matrix, given by Eqn 3 above, by
the matrix shear modulus, to get

Tt =G, (f—f 0)}\-

It can also be observed from Eqn 1 that A;is the
maximum value of the fiber misalignment angle,
so that Eqn 9 can be written as
T

¢ = G + G
where ¢ and ¢, are the current and initial values
of fiber of misalignment angle. The maximum
value of the fiber misalignment angle is thus de-
termined by the ultimate allowable matrix shear

stress T, giving
Tu
o, = 5 + ¢
(2 Gm 0
Substituting this value for ¢, into Eqn 8 gives an
expression for the axial compressive stress as

Gy =_{E11(¢?l_¢02> + Gm(ﬁi)u“d)o)/ (Du} (12)

Thus the model predicts a compressive strength
related to the initial and ultimate fiber misalign-
ment angle, and the ultimate fiber misalignment
angle is determined by the allowable matrix shear
stress.

It is known that the stiffness and strendth of
polymeric materials increase with pressure (Pae
and Bhateja[21], Silano et al.[22]). Thus the
pressure effect can be directly incorporated into
the above model of compressive strength. The
effect of pressure on the fiber-matrix bond strength
was taken from data of Shin and Pae[23] given
in the nondimensional from of

~C/‘CO = 1+ (p/f())

with 0,=0.159, and where t and t; are the matrix
bond strength with and without pressure. The
effect of pressure on the modulus is much lower
than the effect on matrix bond strength, and did
not change the calculation significantly. This ex-
pression for the increase of matrix bond strength
with pressure is quite similar to that given by
Groves et al.[24] at lower pressures. This form
of the pressure effect has been presented in pre-
vious work by Jee and Swanson[25].

Model 2 — Zhang and Latour[20] have recently
presented a model for compression failure in co-
mposites, that significantly improves the treatment
of the matrix stresses. It will be shown in the
following that the pressure effect can be readily
incorporated into this model, using ideas similar
to those shown above.

Zhang and Latour[20] follow the general ideas
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of earlier model for compression failure in fiber
composites, in that they use a 2—D formulation
in which the fibers and matrix are both idealized
as slabs in a plane stress analysis. In addition,
they use a beam on elastic foundation analysis for
the fiber. However Zhang and Latour have made
a significant improvement on previous models in
the treatment of the stress distribution within the
matrix. They were able to obtain an elasticity
solution for the matrix stresses that is exact for
the idealization addressed. One of their significant
results is that they show that the shear mode of
fiber deformation is favored for all fiber volume
fractions, is disagreement with early work that
suggested that the preferred deformation pattern
would change with volume fraction. The equation
developed by Zhang and Latour needed for the
subsequent work will be briefly reviewed here,
and then used to display the pressure effect on
compression strength.

Zhang and Latour start with a 2-dimensional
representation of the fiber and matrix, in which
the slab representing the fibers has thickness of
2r, and the spacing between fibers is 2a. the
coordinate system is in the x-y plane, with x in
the direction of the fibers. They then related the
stresses in the matrix to the deformation of the
fibers by use of the stress function given as

o(x,y) = sin axcicoshoy + ¢cpsinhay +

cyycoshay + cyysinhoy] -+ (14)

The stresses are obtained from the stress function
using the usual relations. The strains are then
obtained from the stresses using Hooke’s law, and
integrated to obtain the displacements. The co-
nstants are then determined by matching the di-
splacements at the fiber-matrix interface. The
centerline displacement of the fiber is assumed
to have a sinusoidal displacement goven by
v(x) = A sinax

The displacements u and v at the fiber-matrix
inteface are then obtained from the above using
the usual assumption of plane sections remaining
plane for the fiber. Thus the stresses and strains
within the matrix can be fully determined by the
assumed fiber deformation. The expression for the
matrix shear stress at the interface with the fiber
will be interest in the present development. Zhang
and Latour give an expression for the shear stress
as (for the shearing model of fiber deformation)

_ao(1+y,)+(1 ~v,,)sinhzacoshaa+2arcosh?aa,
- 2a0.(1+v,,) +(3—v,,)sinh2aa

Ty = 4 GyAacosaxB

where the matrial properties are that of the matrix,
and 2a is the space between the fibers. Zhang
and Latour then use the matrix normal and shear
stresses in the usual beam on elastic foundation
representation of the fiber. The equation for fiber
microbuckling is given by

4 2 d
Bl G+ PUG =2 & 20,20 e (18)
X

where r is the radius of the fiber (the half thickness
of the slab). Substituting for the matrix interface
stresses permits the solution for the critical axial
force in the fibers, and thus the composite co-
mpressive stress, to be obtained as follows. De-
fining
12
28(1+v,,) +(1—v,,)sinh2&+ —2%1}15 +2arcosh®
(1+,)[2E(1+p,,) +(3—v,,)sinh2E]

The composite failure stress for perfectly aligned
fibers is given by Zhang and Latour as

2
Of =llf[EIf % + Z.EmC:I

The above expression must be modified to account
for initially imperfect fibers. However it has poi-
nted out by Yeh and Teply[26] and used by Zhang
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and Latour, that the failure stress for fibers with
initial waviness can be related to that above by

Gf.wavy = ¢m +¢O] cj.aligned

where ¢ is the initial fiber misalignment angle,
and ¢, is the additional fiber misalignment angle
required to produce failure. This equation can then
be used to predict the compressive strength of the
composite, including the effects of hydrostatic
pressure. The procedure is to determine the ma-
ximum fiber misalignment angle from Eqn 17,
using the fiber-matrix interface shear stress as
being critical. Note that the critical additional angle
for fiber-matrix interface failure is given by ¢,,=
aAm, where A is the amplitude of the additional
deformation and Am is the critical value of this
additional deformation. As before, the critical in-
terface shear stress is taken to be a function of
the pressure, as given in Eqn 13. The critical
amplitude is then substituted into Eqn 21 to get
the predicted composite compressive stress for
fibers initial waviness, including the effect of su-
perposed pressure.

Results

Table 1. Material properties used in the models,

Model 1

Composite axial modulus E11 {127 GPa  |(18.4 Msi)
Composite shear modulus G12 6,55 GPa |(0.95 Msi)
Matrix shear strength tm 95.9 MPa [(13.9 ksi)

Coefficient of pressure effect o |0.159
Initial fiber misalignment angle |3.8° or variable

Model 2

Fiber Modulus Ef 212 GPa  [(30.7 Msi)
Fiber volume fraction vf 0.6

Fiber diameter 710" m

Matrix tensile modulus Em 8.52 GPa [(1.235Msi)
Matrix shear modulus Gm 3.28 GPa [(0.475Msi)
Matrix shear strength tm 95.9 MPa |(13.9 ksi)

Coefficient of pressure effect o 10,159
Initial fiber misalignment angle |3.2° or variable

The properties used in the two models are listed
in Table 1. In general the properties used are
consistent between the two models, with the ex-
ception of the matrix shear modulus. Model 1 uses
a smeared composite shear modulus, while model
2 distinguishes between matrix and composite
properties.

One issue of the models that must be addressed
is the question of whether the results are depo-
ndent on the wavelength of the assumed initial
fiber waviness. The equations of model 1 are si-
mple enough so that it can be seen by inspection
that only the initial misalignment angle is involved.
This is not the case with model 2, where the
complexity of the equations conceals the form of
the dependence. However, the numerical results
show that indeed for all ranges of practical im-
portance, only the initial misalignment angle is
numerically important, independent of the value
of sinusoidal wavelength. These results are im-
portant, as it is very difficult to accurately cha-
racterize the initial fiber imperfections.

The primary feature of the models that is the
focus of the present work is the predicted depe-
ndence of compressive strength on superposed
hydrostatic pressure. The predictions of the two

1.8 T T i T T T
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1.6 -
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» 1.4 ~
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& N
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[¢] 1 + ~ -
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0.8 i 1 | 1 L I

1.6 2 25 3 3.5 4 45 5
Misalignment Angle, degrees
Fig. 1. Effect of initial misalignment angle of wavy

fibers on the predicted compressive failure
strain for carbon/epoxy composites,
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ngth of carbon/epoxy composites as predi-
cted by the present models.

models are very similar, even though the two
models differ significantly in their treatment of the
state of stress in the matrix. Again it should be
emphasized that to avoid undue fitting in these
comparison, similar properties were used in the
two models, with the exception of the matrix shear
modulus and the initial fiber misalighment angle.
As mentioned above, the matrix is identified in
model 2, but enter as a composite property in
model 1, and the matrix properties are adjusted
accordingly. The other property that was varied
was the initial fiber misalignment angle. The
measured values of 3.8° nd 3.2° were used in
model 1 and model 2, respectively, to provide
a realistic representation of composite failure
properties without pressure effects. These values
give model results consistent with the measured
compressive strength without pressure. The initial
misalignment angles are also consistent with a
value of 3° reported by Jelf and Fleck [27]. A
value of fiber-matrix allowable strength equal to
the measured interlaminar shear strength of 95.9
MPa for AS4/3501—6 was used in the calculation
for both models.

Experimental data for the increase of compre-
ssive strength with superposed hydrostatic pres-

Pressure, MPa
Fig. 3. Comparison of model prediction for pressure
effect with data of Parry & Wronski[29]
60% V; Type Il carbon/epoxy) and Weaver
& Williams[28], (36% V; Modmur Type II
/Epikote 828 epoxy).

sure have been published by Weaver and Willams
[28] and Parry and Wronski[29], for carbon/epoxy
materials. The model predictions are shown
compared with these data in Fig. 3, for hydrostatic
pressures up to 500 MPa. Since the experimental
data are for systems with different fiber volume
fractions properties, the data have been norma-
lized to the case of zero pressure to permit co-
mparisons. The properties used in the models are
the same as described above, i.e. no changes in
input data were made to attempt fit the literature
data.

It can be seen that both models give about the
same prediction, and are both reasonably consi-
stent with the trends of the experimental data.
Teh experimental data differ in detail between the
two references, although both show significantly
increases in compressive strength with pressure.
It may be noted that the data shown for Weaver
and Willams[28] are from Fig. 3 of that reference.
Because only one data point was reported at the
zero presure condition used to normalize the data,
it is possible that the normalized experimental
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curve could be shifted up of down. However,
the slope would not be affected.

Discussion

It is interesting to note the close agreement of
the two models, particularly in the prediction of
the effects of pressure. Clearly the prediction is
strongly influenced by the assumption for the effect
of pressure on the matrix or fiber-matrix bond
strength given in Eqn 13, taken from the work
of Shin and Pae[23] and used in the both models.
1t is surprising that the other features of the models
agree as well as they do, in view of the differences
in model formulation. The agreement between the
two models does not imply that either is correct,
but it does help to identify the essential features
in each.

The major point of the present work is to
establish a plausible mechanism for the effect of
hydrostatic pressure on compression failure in
carbon/epoxy laminates. As mentioned in the In-
troduction, it is believed that this effect should
be applicable to thick limanates, in which 3-d st-
ress-state can be important. The first premise of
the models examined here is that fiber-matrix bond
strength is important in establishing compressive
strength of carbon/epoxy composites. For this to
be the case, the models must have initial impe-
rfections. The assumption of initially wavey fibers
with uniform wavelength and amplitude is or cause
a gross idealization, but is simple enough to be
readily incorporated into the models. There is
quite a bit of evidence that initial imperfections
are important. For example, initially perfect fibers
lead to the usual models of bifurcation buckling
of fibers, with the predicted composite compre-
ssive strength depending on the matrix stiffness,
and not the matrix strength. However it has been
shown by many investigators that incorporating

initial imperfect fibers into the failure model pro-
vides a straightforward way to establish a matrix
bond strength dependence. The experiments re-
ported by Swanson and Colvin[18] in which an
artificially lowered fiber-matrix bond reduced the
laminate compressive strength by up to a factor
of four also lends experimental support to this
idea, as well as the results of Madhukar and
Drzall19].

The second basic premise of the models is that
hydrostatic pressure tends to increase the matrix
and fiber-matrix bond strength. As discussed in
the Introduction, it is well established in the k-
terature that pressure can enhance the strength
of polymers. The data of Shin and Pae[23] provide
a quantitative assessment of the increase of epoxy
bond strength with pressure, and was used here
in the present models. Additionally, in a quali-
tative sense the effect of compressive normal stress
on epoxy bond shear allowables is readily apparent
and was used both by Groves et al.[24] and in
our laboratory(Smith and Swanson[30]) to design
end grips for tubular test specimens. It thus seems
that the basic ingredients of the model are quite
plausible. It should be immediately apparent,
however, that the specific implementation of these
ideas into a model involves a high degree of
idealization.

The comparisons of the models with the ex-
perimental data shown in Fig.3 would seem to
be quite supportive of the major features of the
models. The slope of the increase in composite
compressive strength with superposed hydrostatic
pressure is captured very well, indicating that the
basic mechanisms have been represented in the
models. However a more detailed quantitaive ag-
reement would require more experimental data,
as well as detail in the models.

A generalization from compression under su-

perposed hydrostatic pressure to general three
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dimensional states is required to directly use the
present work in analysis of thick composites.
Clearly, superposed hydrostatic pressure is just
one very simple state of three-dimensional com-
pressive stress. However, in view of the direc-
tional properties of the material and the presemed
failure mechanism of failure of the fiber-matrix
bond, the stress component normal to the fibers
may be more appropriate. In particular, it is su-
ggested here that in general the pressure term
be replaced by the least compressive value of either
the in-plane normal stress o, or the through-
the-thickness normal stress o3. However, this
point must necessarily be established by experi-
ments under general states of stress. Clearly more
work is reugired to generalize the present work
to 3—d compressive stress states.

Summary and Conclusions

Two models are presented that demonstrate a
dependence of compressive strength of carbon/
epoxy composites on superposed hydrostatic pre-
ssure. The essential features of both models in-
clude the assumption of initially wavy fibers, and
that failure is predicted when the strength of the
matrix or fiber-matrix bond is exceeded. Litera-
ture values for the effect of pressure on the bond
strength are employed. The models predict an
increase of composite compressive strength with
hydrostatic pressure. Comparisons with experi-
mental data support the idea of an increase in
compression strength with pressure. The results
are believed to be applicable to state of stress in
thick composites that can include three-dimensio-
nal compression, but further work is required to
generalize the pressure dependence to a mean
stress dependence of strength.

References

1. Rosen, B.W., 1965, “Mechanics of Com-
posite Strengthening, ” Fiber Composite Materials,
ASM, Metals Park, OH, pp.37-75.

2. Chaplin, C.R., 1977, “Compressive Frac-
ture in Unidirectional Glass-Reinforced Plastics,”
J. of Materials Science, Vol.12, pp.347-357.

3. Evans, A.G. and Alder, W.F., 1978, “
Kinking as a Mode of Structure Degradation in
Carbon Fiber Composites,” Acta Metallurgica,
Vol.26, pp.725~738.

4. Budiansky, B., 1983, “Micromechanics,”
Computers and Structures, Vol.16, pp.3—12.

5. DeTeresa, S.]., Poter, R.S., and Farris,
R.J., 1986, “A Model for the Compressive Bu-
ckling of Extended Chain Polymers,” J. of Ma-
terials Science, Vol.20, pp.1645—-1659.

6. Hahn, H.T.and Williams, J.G., 1986,
“Compression Failure Mechanisms in Unidirec-
tional Composites,” Compositz Materials: Testing
and Design(7th Conference), ASTM STP 893,
pp. 115-139.

7. Swanson, S.R., 1992, “A Model for Co-
mpression Failure in Fiber Composite Laminates, ”
ASME J. of Engineering Materials and Techno-
logy, Vol.114, pp.8-12.

8. Argon, A.S., 1972, “Treatise on Materials
Science and Technology,” ed. Herman, H., Vol.
1, Academic Press, pp.79-114.

9. Wronski, A.S. and Howard, R.J., 1980,
“Failure Criteria in Brittle Solids under Complex
Loading,” High Pressure Science and Technology
Edited by Vodar, B., and Matenau, P., Perga-
mon Press, pp.270-296.

10. Piggott, M.R., 1981, “A Theoretical Fra-
mework for the Compressive Properties of Aligned
Fibre Composites,” J. of Materials Science, Vol.
16, 2837-2845.

11. DeFerran, E.M., and Harris, B., 1970,
“Compression Strength of Polyester Resin Rein-
forced with Steel Wires,” J. of Materials Science,
Vol.4, pp.62-72.

12. Greszczuk, L.B., 1982, “On Failure Mo-



w8, W4, 1995, 12

Frebz S skE Rt shiAle delel Badg gAY FE OF 73

des of Unidirectional Composites under Compre-
ssive Loading,” Fracture of Composite Materials,
ed. Shi, G.C., and Tamuns, V.P., Martiinus
Nijhoff, pp.231~244.

13. Hayashi, T., 1970, “Compressive Strength
of Unidirectionally Fibre Reinforced Composite
Materials,” Seventh Intl.

14. Guynn, E.G., Ochoa, 0.0., and Brad-
ley, W.L., 1982, “A Parameter Study of Ana-
lyses,” J. Composite Mtls, Vol.26, pp.1594—
1643.

15. Wang, A.S.D., 1978, “A Non-Linear Mi-
crobuckling Model Predicting the Compressive

Strength of Unidirectional Composites,” ASME
Paper 78—~WA/Aero~1.
16. Herrman, L.R., Mason, W.E., and

Chan, T.K., 1967, “Response of Reinforcing
Wires to Compressive State of Stress,” J. Com-
posite Mtls, Vol.1, pp.212-226.

17. Lanir, Y., and Fung, Y.C.B., 1972,
“Fiber Composite Columns under Compression,”
J. Composite Mtls, Vol.6, pp.387-401.

18. Swanson, S.R., and Colvin, G.E., 1993,
“Compression Failure in Reduced Adhesion Fiber
Laminates,” ASME J. of Engineering Materials
and Technology, Vol.115, pp.187-192.

19. Madhukar, M.S., and Drzal, L.T., 1992,
“Fiber-Matrix Adhesion and Its Effect on Com-
posite Mechanical Properties lll., Longitudinal
(0°) Compressive Properties of Graphite/Epoxy
Composites,” J. Composite Mtls, Vol.26, pp.
310-333.

20. Zhang, G., and Latour, R.A., 1993, “FRP
Composite Compressive Strength and Its Depen-
dence upon Interfacial Bond Strength, Fiber Mi-
salignment, and Matrix Nonlineality,” Proc.
American Soc. for Composites 8th Tech. Conf.
Technomuc Pub, Co., pp.519-528.

21. Pae, K.D., and Bhateja, S.K., 1975,
“Influence of Pressure on Yield and Fracture in
Polymers,” J. of Macromolecular Science-Reviews

in Macromolecular Chemistry,” Vol.c13(1), pp.
1-75.

22. Silano, A.A., Pae, K.D., and Sauer, J.
A., “Effects of Hydrostatic Press on Shear Be-
havior of Graphite/Epoxy Composites,” J. Com-
posite Mtls, Vol.26, pp.462-485.

23. Shin, E.S., and Pae, K.D., 1992, “Ef-
fects of Hydrostatic Pressure on the Torisional
Shear Behavior of Graphite/Epoxy Composites,”
J. Composite Mtls, Vol.26, pp.462-485.

24. Groves, S., Sanchez, R., Ryon, R., and
Magness, F., 1992, “Evaluation of Cylindrical
Shear Joints for Composite Materials,” J. Com-
posite Mtls, Vol.26, pp.1134-1150.

25, Jee, Y.]., and Swanson, S.R., 1993,
“Effect of Hydrostatic Pressure on Compression
Failure in Carbon/Epoxy Laminates,” AMD-Vol.
162, Mechanics of Thick Composites, Y.D.S.
Rajapakse, ed., Proc. Joint SES/ASME/ASCE
Mtg. Charlottesville, Virginia, pp.127-136.

26. Yeh, J.R., and Teply, J.L., 1988, “Co-
mpressive Response of Kevlar/Epoxy Composite, ”
J. Composite Mtls, 3, pp.245-257.

27. Jelf, P.M., and Fleck, N.A., 1992, ©
Compression Failure Mechanisms in Unidirectional
Composites,” J. Composite Mtls, Vol.26, pp.
2206—2726.

28. Weaver, C.W., and Williams, J.W.,
1975, “Deformation of a Carbon/Epoxy Composite
under Hydrostatic Pressure,” J. of Materials
Science, Vol.10, pp.1323-1333.

29. Parry, T.V., and Wronski, A.S., 1982,
“Kinking and Compressive Failure in Uniaxially
Aligned Carbon Fiber Composites Tested under
Superposed Hydrostatic Pressure,” J. Materials
Science, Vol.17, pp.893-900.

30. Smith, L.V., and Swanson, S.R., 1994,
“Design of Cylindrical Specimen for Biaxial Testing
of Composite Materials,” submitted to Experi-
mental Mechanics.






