ATAA JOURNAL
Vol. 40, No. 2, February 2002

Prediction of Compressive Failure in Laminated Composites
at Room and Elevated Temperature

Junghyun Ahn* and Anthony M. Waas®
University of Michigan, Ann Arbor, Michigan 48109-2140

An experimental and analyticalinvestigation of the notched strength of fiber reinforced polymer matrix compos-
ite laminates subjected to remote uniaxial and biaxialloads is presented. Experimental results pertaining to failure
mechanisms, critical loads, and critical strains for cross-ply and quasi-isotropic laminates at room and elevated
temperature (200°C) are presented. A micromechanics based finite element analysis that uses readily available
constituent properties for predicting notched strength of general multilayered composite laminates is developed
and used to predict the experimentally measured failure loads. Good agreement between experiment and analysisis
reported. The present methodology is an attempt to remove the empirical nature of composite strength prediction.

Introduction

AMINATED fiber-reinforced polymer matrix composites

(PMCs) are finding increased use in a broad range of indus-
trial applications. Applications in the national infrastructure (such
as all-composite bridges over interstate highways), the automotive
industry, the medical sector, and the aerospace industry are some
examples of where these materials are earmarked for several uses.

Composite materials are superior to conventional monolithic ma-
terials for a number of reasons, noteworthy among these being their
mechanical properties. Ashby and Jones' have formulated perfor-
mance indices that can be used to select a material for a given
application based on satisfying certain objective measures. PMCs
appear to be the material of choice fora number of such applications.
Issues such as damage tolerance and durability, performance degra-
dation due to aging, fatigue under multiaxial loads, and response at
elevated temperature are currently being researched.

Experiencewith previousapplicationsof PMCs forrotorbladesin
the helicopterindustry, pressure vessels, and other similar situations
that call for superior tensile stiffness and tensile fatigue life have
shown PMCs superior performance in a tensile load environment.
In contrast, the compressive strength of PMCs is known to be less
attractive 2

The response of composite laminates when subjected to mechan-
ical loads is influenced by the material type (fiber and matrix) and
configuration (stacking sequence and layup). In addition to these
factors, geometrical parameters (notches and thickness discontinu-
ities) and loading characteristics (multiaxial, thermal, cyclic load-
ing, to name a few) also affect the overall performance of composite
laminates. One of the challengingtasksin the analysis and design of
PMC-based structural laminates is to improve strength prediction,
particularly for situations involving nonhomogeneousstress states*
under different design environments.

Previous work related to the presentinvestigationwas undertaken
by Sandhu,’ Danielset al.,° Soutis et al.,” Martin et al.,> and Wham
and Palazotto.” Martin et al.® investigated failure in thermoplastic
laminates and provided comparisons between theory and experi-
ment. The effect of a central notch on failure in thermoplastic lam-
inates was examined by Daniels et al.> and Wham and Palazotto.’
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In addition to these investigations, Waas and SchultheisZ provide
a comprehensive review of previous work related to compressive
failure in composite laminates.

The organization of the present paper is as follows. First, details
of the uniaxial and biaxial experiments conducted on notched planar
compositelaminates will be presented. Results obtained from exam-
ining different types of laminates will be described, with important
observationsdeduced from the tests to ascertain the laminate resid-
ual stiffness properties. This is followed by a discussionof the effect
of the environment on the observed failure mode. Next, the devel-
opment of a micromechanics-basedfinite element model to predict
the onset of failure in notched laminated composites at room and
elevated temperature, when subjected to remote planar uniaxial and
biaxial loads, is presented. Both material degradation (due to tem-
perature) and structural (stress concentration) effects are accounted
for in the analysis. The predictions of the model are found to be in
good agreement with the measured experimental results.

Details of the Experiments

Khamseh and Waas'® have pointed out difficulties associated
with stress concentrations that are encountered in the design of
a cruciform-shaped planar specimen for in-plane biaxial loading
of composite laminates. To select the size of the specimen in the
present experiments, a model of the notched laminated plate and
grips (steel) was generatedusing the ABAQUS® finite element anal-
ysis (FEA) software package. This stress analysis program was used
to examine the effect of several specimen geometries on the stress
concentrations due to the applied loads. The loads were applied at
the boundaries of the loading arms by use of displacement con-
straints. Eight noded parabolic plane stress elements were used to
model the plate material and steel grips. Ply properties were en-
tered from which ABAQUS calculates the equivalent plane stress
constants using classical lamination theory. From the results of the
FEA, it was concluded that a cruciform configuration matching the
dimensions given in Fig. 1 was the desirable specimen shape. The
word “desirable” is used to identify with a stress state for which
an in-plane region in the interior of the specimen (shown as the
crosshatched area in Fig. 1) is not influenced by the effects of the
far-field edges (i.e., edge curvatures identified as R, in Fig. 1) due
to the loading.

Several specimen configurations corresponding to different val-
ues of R, were studied'® using the FEA. The results were used to
arrive at an optimum value of R, based on the condition that the
specimen with a hole does not contain effects associated with the
stress concentration at the hole interfering with nonuniformitiesin
the stress field generated on account of the edge curvatures. For
the composite plate we studied, this working area translated into
a 6.35-cm (2.5-in.) square region in the middle of the cruciform
configuration.

The test specimens were made of graphite/toughened epoxy ma-
terial containing Hercules IM7 (intermediate modulus) fiber and
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Table 1 Zero-ply material properties of the 48-ply graphite/977-3 epoxy composites

Material Eq1,Msi/GPa Ej, Msi/GPa G, Msi/GPa vy,  Thickness, in. (mm)
IM7/977-3 epoxy  23.5/162.0 1.21/8.3 0.72/5.0 0.30 0.0052(0.132)

IM7 fiber 42/289.6 —_— —_— 0.25 2.756E—04 (0.007)
977-3 epoxy 0.7/4.8 —_— —_— 0.34  2.444E—04 (0.006)

Table2 Laminate material properties as determined from CLT using the properties
from Table 1

Laminate type  Stacking sequence

E.., Msi/GPa  E,,, Msi/GPa Gy, Msi/GPa vy,

Quasi isotropic  [+45/0/—45/90]6s

8.828/60.867

8.828/60.867  3.372/23.249  0.309

Cross ply [0/90]125 12.401/85.502 12.404/85.502 0.7119/4.908 0.029
Y Z  Through Thickness Strain Gage oA
==y
2.51n.
(63.5 mm)

7
2.5in.
(63.5mm)

Rc

Fig. 1 Specimen configuration and dimensions. 5.5 in. (139.7 mm) X
5.5in. (139.7 mm) cruiciform specimens, R, = 0.25 in. (6.35 mm), HER-
CULES IM-7/977-3 (toughened epoxy resin), 48-ply plate, 0.5-in. (12.7-
mm) hole diameter, 0.25-in. (6.35-mm) thickness, cross-ply: (0/90);,
and quasi-isotropic: (+45/0/— 45/90);.

977-3 toughened epoxy matrix, designed for operation at elevated
temperatures. In Table 1, the lamina properties are given, based
on data provided by the manufacturer. Two types of stacking se-
quences were investigated: cross ply [0/ +90],,s and quasi isotropic
[4+45/0/—45/90]¢,. In Table 2, Laminate material properties,calcu-
lated using generalized classical lamination theory (CLT) are listed.
The linearelastic plane stress solutionthatcorrespondsto the present
configuration, as given by Lekhnitskii,'!' was used to calculate the
stress field corresponding to the uniaxial and equibiaxial loading
used in the experiments. This solution were verified with the strain
data (away from and near the hole edge) that were recorded in the
room temperature test for each laminate type. Such a check yielded
good agreement between test data and the two-dimensional elastic-
ity solution. The details of the elasticity solution, the biaxial load
frame used for the experiments, and the test procedure are given by
Ahn.2

The in-plane dimensions of the test specimens are givenin Fig. 1.
The thicknessof the laminates was 0.635-cm(0.25-in.) witha 0.013-
cm (0.005-in.) tolerance. In the center of the steel grips, a 0.724-cm
(0.285-in.) channel, 3.048 cm (1.200 in.) in depth, was machined
along the length of the grip. The specimen was bonded to the walls
of this channel with the use of Devcon® brand plastic steel putty
adhesive,treated with release agentto allow for ease of separationof
the two materials at the end of an experiment. The Devcon putty acts
as an interface between the specimen edge and the surface on which
the specimen sits, effectively smoothening out the interface surface
irregularitiesbetween the two materials and ensuring a smooth load
transfer.

To perform a compression test at elevated temperature, a
feedback-controlled radiation-heating element with an insulation
tunnel was designed. Special strain gauges for high temperature

Y
Surface Strain gages
X

7 1 —
BA —
A Tin,
(25.4mm)

Fig.2 Strain gauge locations on the specimen.

were used for the test. To ensure a steady temperature in the en-
closed test chamber, four locations in the test chamber were used
to monitor temperature. The heating rate was limited to be very
slow (2°C/min). In addition, thermocouple gauges placed inside
the specimen cutout edge and on the specimen surface were used
to verify that the specimen temperature was fairly even (less than
1°C change from location to location). Circulating water through a
copper pipe wrapped around both parts cooled the load cell and the
loading frame. The maximum temperature of the tests was limited
to 200°C (392°F).

A 50,000-1bf load cell was used to obtain a load time history of
the far field applied load. Surface strain measurements at various
locations on the specimen were obtained via strain gauges. Strain
gauges were mounted along the edges of the hole, as well as in the
correspondingfar-field region. A set of two additional strain gauges
were mounted inside the hole, along the wall thickness, to record
changes in strain in the out-of-plane (through-the-thicknes) direc-
tion, revealing failure initiation. Strain gauge locations are shown
in Fig. 2. Strain gauge readings, along with load cell readings, were
monitored and recorded using a commercial data analysis software
package. The data sampling rate was five samples per second at a
loading rate of 0.0001 in./s.

Experimental Procedure

The 48-ply composites were tested under uniaxial and 1:1 (in
far-field displacement) biaxial loading at both room temperature
(21°C) and 200°C to understand the failure mechanisms and how
they are affected by temperature. The catastrophic nature of the
failure in composites and the additional limitation placed on the
visual investigation of failure initiation and progression suggested
a displacement-controled mode for the tests (as opposed to the
load control). This facilitates examination of specimens loaded to
initial (local) failure but recovered prior to global failure. The in-
fluence of hole size on the failure mode had been established and
verified before.!%!* Therefore, in the present study, one hole size
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Table3 Cross-ply laminate experimental data

Specimen  Temperature, Loading  Failure initiation = Maximum hole

type Cc° type load, ksi/MPa strain, pue Failure mode
Cross ply 21 Uniaxial 44/303 7500 Kink at 0-deg edge
Cross ply 200 Uniaxial 19/131 2700 Kink at 0-deg edge
Cross ply 21 Biaxial 37/255 6600 Kink in 0, 90-deg edge
Cross ply 200 Biaxial 18/124 2080 Kink in 0, 90-deg edge

Table4 Quasi-isotropic laminate experimental data

Temperature, Loading  Failure initiation =~ Maximum hole
Specimen type Cc° type load, ksi/MPa strain, pue Failure mode
Quasi isotropic 21 Uniaxial 21/145 6600 Shear failure (+45/—45)
Quasi isotropic 200 Uniaxial 19/131 3900 Shear failure (+45/—45)
Quasi isotropic 21 Biaxial 26/179 4443 Shear failure (+45/—45)
Quasi isotropic 200 Biaxial 24/165 2872 Shear failure (+45/—45)
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ing of a cross-ply laminate plotted against remote strain (room temper-
ature).

(0.5 in. diam) was chosen for all specimens. Each test consists of
loading a particular type of laminate until global failure, to esti-
mate the ultimate strength of the specimen. This information is
used subsequently to aid in unloading similar specimens that have
failure initiated but that have not reached their ultimate load car-
rying capacity. A sudden nonlinear (with respect to a far-field load
component) increase in the through-the-thickness strain inside the
hole (strain gauge placed through the thickness on the hole edge)
indicates that there is failure initiation at the hole edge of the spec-
imen. At this point, there may not be a sign of global failure of the
specimen.

Note that in the elevated temperature experiments, during the
heating cycle, the loading piston was separated from the speci-
men grips initially, to ensure free thermal heating, with freedom for
unconstrained thermal expansion (or contraction). Thermal strains
were measured and recorded. These values were used for establish-
ing the laminate orthotropic thermal expansion coefficients.'?

A typical strain history is shown in Fig. 3 for a cross-ply lam-
inate loaded in equibiaxial compression at room temperature. As
expected, the response is symmetric because the cross-ply laminate
has equal stiffness along the loading directions. Detecting local-
ized failure was done by following the through-the-thicknes strain,
as shown in Fig. 4, for a uniaxially loaded cross-ply specimen at
elevated temperature. The test was stopped as soon as any nonlin-
ear strain increase was observed in the through-the-thickness strain
reading. The unloaded specimens were sectioned and observed un-
der an optical microscope to examine the failure initiating mecha-
nisms. Both the in-plane and out-of-plane views of the failed region
were examinedand digital photomicrographswere acquired. A sim-
ilar procedure was used to study the remainder of the specimens.

Fig. 4 Experimental strain results for a uniaxially loaded cross-ply
laminate at elevated temperature.

Room Temperature Results

The mechanismof failurein cross-ply laminates was kink banding
(also identified before by a number of researchers; see Refs. 13-
23). The values of far-field stress at failure for different loading
conditionsare indicatedin Table 3. Failure initiates in the zero plies,
at the hole edge, and propagatesin a direction that is perpendicular
to the direction of applied far-field load. Both, inplane and out-of-
plane kink banding occurs in the zero plies (Fig. 5). For uniaxial
loading at room temperature, the surface strain at the hole edge in
the direction of applied load at failure initiation is 7500 pe and
the corresponding far-field strain is approximately 3000 we. When
the damage propagates in the form of kink bands, the fiber/matrix
interfaceis completely severed in a number of fibers within the kink
bands. In addition, the kink banding also introduces interlaminar
separationbetween the kinked ply and the neighboring 90-deg plies.

Quasi-isotropic laminate specimens fail by both inplane shear
failure and kink banding simultaneously (Fig. 6). Whether kink
bands form in the 0-deg plies or fiber/matrix interface failure occurs
in the 45-deg plies is determined by 1) the specimen characteris-
tics (stacking sequence, fiber/matrix interface toughness, and initial
fiber misalignment) and 2) the in situ shear response of the ma-
trix. In the present case, it is possible that shear failure along the
fiber/matrix interface led to catastrophic failure of the specimens.
Although there was evidence of kink band formation observed af-
ter the test, the fiber/matrix interfacial failure in the 45-deg plies
was seen to be extensive, starting at the hole edge and propagating
outward. A summary of the critical quantities at failure of quasi-
isotropic laminates is given in Table 4.

The main difference in response of the laminates between the re-
mote uniaxial and the equibiaxialdisplacementloadingis notin the
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Fig.5 Cross-ply laminate failure mechanism (biaxial, room temperature).
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Fig.6 Quasi-isotropic laminate failure mechanism (biaxial, room temperature).

mechanism of failure, but the magnitude of far-field loading neces-
sary to achieve failure initiation. Remote equibiaxial compression
loading tends to relieve the compressive stress gradient away from
the hole, as compared with uniaxialloading. For the cross-ply case,
this combined effect due to biaxial loading does not show much of
an effecton the magnitude of the failure initiation stress because the
failure mechanism is initiated by a fiber instability. However, the
quasi-isotropic specimens show different far-field failure initiation
loads depending on whether the remote loading is uniaxial or equi-
biaxial. This is because the failure mechanism is governed by the
state of shear in the matrix, which is a strong function of ply angle
and overall stacking.

In summary, in cross-ply laminates, because there are only
0-/90-deg plies, failureinitiationoccurs by kink bandingin the 0-deg
plies, starting from the hole edge at a position that is perpendicu-
lar to the direction of loading. Ideally, both kink bands (on either
side of the hole) should form simultaneously, but due to material
non-homogeneity or a slight perturbation of the symmetry of load-

ing, one of the two kink bands forms first, followed by the other.
The kink band formation leads to interlaminar cracking between
the kinked ply and the adjacent 90-deg ply. Quasi-isotropic lam-
inates show a competition between shear failure in the +45/—45
lamina and the 0/90 lamina. The experimental results show that
quasi-isotropic laminates fail by interfacial failure along the +45-
deg plies; however, it is postulated that this mechanism is triggered
by kink banding in the zero plies, as modeled later.

Elevated Temperature Results

At elevated temperature, a new parameter emerges to influence
the mechanism of failure. Because the matrix properties undergo
degradation as temperature increases, the matrix-sensitivemechan-
ical properties of laminates such as the instantaneous composite
transverse modulus and the instantaneouscomposite shear modulus
are affected at elevated temperature. An examination of the shear
response of the in situ matrix as a function of temperature providesa
convenientmeans to establish the manner in which matrix-sensitive
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Table 5 Results of the mesh convergence with hole diameter 0.5 in. (12.7 mm)

Maximum Maximum resultant

Dimensions imperfection stress on Plateau stress
Meshused X length x Y length size microregion, kpsi/MPa  on microregion
Baseline 300d s x 142dy 1.81dy 37/255 29
Mesh A 375dy x 142dy 1.81dy 37/255 28
Mesh B 300dy x 177d ¢ 1.81dy 37/255 27
Mesh C 375dy x 177dy 1.81dy 37/255 26
Mesh D 450d; x 213dy 1.81dy 37/255 29

properties are degraded with increase in temperature. Furthermore,
due to the mismatch in the coefficients of thermal expansion, the
nature of the fiber/matrix interface is also changed. In addition,
the matrix-rich region between plies that control the interlaminar
strength is also affected.

As in the room temperature tests, failure initiation is sensed by
a sudden increase in the through-the-thickress (out-of-plane mode)
strains, which allows the unloadingof a specimen for postfailure mi-
croscopicexaminationof regionsnear the holeedge. Cross-ply lami-
nates show extensivekink formation just as in the room-temperature
case. Compared to the room-temperature case, failure occurs at a
lower load (see Table 3). Again, the kink banding initiates at the
hole edge and propagates in a direction perpendicular to the direc-
tion of loading (Fig. 5). Noticeably, the out-of-plane failure is very
extensive. This observation may point to the reduced interlaminar
strength at elevated temperature, for the reasons discussed earlier.

Quasi-isotropic laminates (Table 5) show a combination of dif-
ferent failure modes; however, fiber/matrix shear failure is still the
dominant failure mechanism for damage propagation. A band of
damage consistently propagates along the +45/—45 line from the
0-deg hole edge, in the form of interfacial fiber/matrix cracking,
indicating that this is the form of energy release at failure.

Modeling of Compressive Response of Multiply
Multidirectional Laminates

As observedin the experiments, when a multidirectionallaminate
containinga circularhole is subjected to remote compressive loads,
failure in the form of a microstructural instability is initiated in the
vicinity of the hole, which s the area of higheststress concentration.
For cross-ply laminates, the failure is triggered by a 0-deg ply insta-
bility, characterizedby fiber kinking. For the case of quasi-isotropic
laminates, which consist of 0- and 45-deg plies, two types of failure
mechanisms compete against each other. These are failure initia-
tion due to fiber instability in the zero plies, and failure initiated by
matrix shearresponse,responsibleforinterface(fiber/matrix) crack-
ing and/or matrix shear failure. The dominant failure mode for this
type of laminates has been reported as zero-ply kinking failure.!%23
However, itis notclear whether postmortem investigationor surface
imaging of a particular laminate system (fiber, matrix, and layup)
can pinpointthe general failure initiation mechanism. Based on this,
it was decided to investigate both possibilities of fiber kinking and
matrix shear failure. Furthermore, it is hypothesized that the in-
plane kinking failure mode is the dominant mode of failure for the
symmetric quasi-isotropic laminates.

The cross-ply laminates (Fig. 7) were studied first, followed by
the quasi-isotropiclaminates (Fig. 8). Unlike the cross-plylaminates
(0- and 90-deg plies), the quasi-isotropiclaminates have three kinds
of lamina (0-, 450- and 90-deg plies). Therefore, it is necessary
to separate the two families of lamina in the region of study (the
0-/90-deg lamina and the 45-deg lamina).

The failureinitiationanalysis based on micromechanicsis carried
out in a manner similar to that described by Ahn and Waas.?* The
region of failure near the cutout and correspondingto the zero plies
are isolated and analyzed using the finite element method. The size
of this region is left as an unknown of the problem. A converged
solutionis obtained when the salient features of the micromechanics
based analysis shows no difference with respect to the size of the
meshed area.

For the FEA analysis, a rectangular mesh containing 22,650 el-
ements (four-node quadrilateral plane strain) and 23,028 nodes,

Fig.7 Cross-ply laminate microregion for FEA.

with two degrees of freedom (u and v) per node was chosen.
The ABAQUS commercial solver was used. The initial mesh size
(termed baseline model) correspondsto a rectangularregion that is
300 fiber diameters d, in length and 142 fiber diameters in width.
The elements were of length 2d, and width 0.5d;, such that two
layers of elements constitute a single fiber. The matrix was also
modeled with two adjacentelements, albeit the two matrix elements
differed in width from the two fiber elements, taking into account
the difference in thickness of the matrix such that the matrix vol-
ume fraction V,, corresponds to the specimen (55%). Convergence
and mesh size dependency were checked by incrementally increas-
ing the mesh size until no substantial change in the salient features
(and values) associated with the response resulted. The results of
the mesh sensitivity study are shown in Fig. 9 and Table 5, for a
configuration of the current analysis [hole diam 0.5 in. (12.7 mm)].
As can be seen in Table 5, the maximum limit load (our analysis
uses this value as the failure initiation point) is insensitive to mesh
size, and the plateau load also shows insignificant change as mesh
size varies. Based on this mesh sensitivity study, the analysis model
was deemed to have satisfactory convergence for the present study.

Each microregionis situated as shown in Figs. 7 and 8, where the
symmetry plane (y =0) is marked as indicated. The Lekhnitskii''
solution corresponding to a notched laminate of infinite extent is
used to compute the displacementfields along the edges correspond-
ing to the microregion. These displacement fields are computed
correspondingto a unit far-field load in the case of uniaxial loading
and unit far-field proportional loads in the case of biaxial loading.
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Fig.8 Quasi-isotropic laminate microregion for FEA.
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Fig.9 Effect of mesh size on load-shortening behavior of microregion.

Along the bottom edge of the microregion (marked as AD), equi-
librium nodal equivalent loads are enforced. That is, the edge AD
is under load control, and the remaining edges are under displace-
ment control, so that fibers can deform according to the requirement
of far-field equilibrium. It turns out that, if an analysis is conducted
with theedge AD free of tractions, the results obtained for the salient
features associated with the deformations within this microregion
do not change. This is not surprising because the dominantloading
is compressionalong the fibers, whereas the tractions along the bot-
tom edge (edge AD) of the microregion are negligible compared to
these dominant compressive stresses. Nevertheless, the objective is
to obtain the limit load that the microregion can sustain, as well as
the corresponding far-field stresses.

A flowchart of the analysis procedure is given in Fig. 10a. First,
an elastic eigenvalue analysis of the microregion is carried out to
obtain the eigenmodes of the microregion. Next, by the use of the
eigenmodeassociated with the smallestnonzeroeigenvalueas a per-
turbationto an otherwise perfectmesh, a response analysisis carried
outusingthe Riks method optionprovidedin ABAQUS. Thisis done
for a series of imperfection magnitudes. The eigenmodes provide

Table 6 Comparison of experiment and analysis
for cross-ply laminate

Uniaxial, Uniaxial, Biaxial, Biaxial,

ksi/MPa ksi/MPa ksi/MPa ksi/MPa
Case (21°C) (200°C) (21°C) (200°C)
Analysis 62/427 30/207 67/462 35/241
¢~ 0.8 deg 40/276 21/145 46/317 25/172
Experiment 44/303 19/131 371255 18/124

Table 7 Comparison of experiment and analysis
for quasi-isotropic laminate

Uniaxial, Uniaxial, Biaxial, Biaxial,

ksi/MPa ksi/MPa ksi/MPa ksi/MPa
Case (21°C) (200°C) (21°C) (200°C)
Analysis 38/262 22/152 44/303 24/165
¢~ 0.8 deg 27/186 15/103 34/234 18/124
Experiment 21/145 19/131 26/179 24/165

the perturbation shape, but not the absolute magnitude of perturba-
tion. Thus, the user must specify the imperfection magnitude. In the
present work, this is achieved as follows: As shown in Fig. 10b, the
maximum amplitude of the lowest eigenmode (which occurs along
the edge AD) is chosen such that the fiber misalignment angle ¢ is
approximately in the range 0.05-1 deg. Because A is known, § is
chosen such that ¢ assumes the intended value. After several runs
correspondingto different values of ¢ are completed, the load max-
ima associated with the resultant compressive load on edge AB of
the microregion or reaction force (RF1) vs the load proportionality
factor (LPF) (fraction of the total applied load) curves are plotted
as a function of imperfection magnitude. Then, by extrapolation,
the value correspondingto the perfect case (no imperfection) is ob-
tained. The perfect case corresponds to perfectly straight fibers, and
this case yields an upper bound for the attainable load maximum.
The perfect case was also analyzed separately (with straight fibers)
as a nonlinear response problem, and it yielded the same result for
the maximum load and plateau load as that obtained by extrapo-
lation. As shown by Ahn and Waas,?? the present problem is one
where the loading on the microregionboundariesis nonunifrom. As
aresult, this loadnonuniformityessentially produces the same effect
as that of an initial geometrical imperfection of the fibers (such as
fiber misalignment). Therefore,even in the absence of an initial fiber
misalignment, the perfect microregion response analysis exhibits a
limit load type behavior.

The fiber (IM7) is assumed to be linearly elastic (see Table 1), and
the matrix (3270 toughened epoxy) property within the laminate is
evaluated from the +45/—45 coupon test, which will be described
in the next section. The matrix is modeled as a J2 incremental flow
theory solid with isotropichardening. Thus, the in situ elastic-plastic
matrix behavioris incorporatedin the present analysis.

The cases studied herein correspond to those from the experi-
ments reported earlier. Thus, for each laminate, two different runs
are performed, one at room temperature and one at elevated temper-
ature. For each temperature, uniaxial and biaxial loading cases are
investigated. In this manner, we have studied four different cases
for each laminate type. Of course, in the quasi-isotropiccase, there
are four additional cases because both the zero ply and the 45-deg
ply are investigated. Tables 6 and 7 show results corresponding to
the preceding cases. The results obtained for differentimperfection
magnitudes are also shown in Tables 6 and 7.

In Situ Matrix Characterization

To evaluate the material properties of the matrix within the lam-
inate (in situ matrix properties), a (£45),, coupon test (Fig. 11)
at room and high temperature was performed following the pro-
cedure of American Society for Testing and Materials ASTM-
D3518-76 (Ref. 24). The elastic properties of the lamina and the
complete shear-stress/shear-strain behavior of an IM7/3270 in the
principal material coordinate system were obtained from this test.
The procedure used to generate the data consists of subjecting a
(£45),, angle ply laminate to uniaxial compression and measuring
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Fig. 11 The +45/— 45 coupon test of a specimen taken from the cross-
ply laminate.

the laminate strains &, and &, and the applied remote stress on the
laminate. Note that, for this test, y,, = &,, — &,,. The data shown in
Fig. 12 from this test can be used to extract the complete nonlinear
shear-stresshhear-strain response of the in situ matrix (3270) as
discussed hereafter. We begin by assuming that the 3270 matrix
material can be modeled as an elastic-plastic solid obeying the small
strain J2 flow theory of plasticity? Then, from the elastic (linear)
portion of the curve in Fig. 12, we first obtain the in-plane lamina
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shear modulus G,. In the lamina principal coordinates, we know
that

)]
2)

e11 = & = (6xx +8&yy)/2, Yi2 = 2610 = &y — &y,

011 = 04 /2, 021 = Oxy /2, Tip = Oxy /2
Thus, using Egs. (1) and (2) and the definitionsof equivalentstress
o and equivalentplastic strain incrementd&” (in the Appendix), the

data in Fig. 12 can be used to constructa plot of ¢ against £”.
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Accordingto the J2 flow theory of plasticity with a Mises-Henky
yield condition, the ratio of the increment of each plastic strain
componenttoits correspondingdeviatoricstress componentremains
constant, which is (see Ref. 25)

de!, [6; = da 3)

Using Eq. (3), and the relation between ¢ and d&”, the nonlin-
ear portion of the shear-stress tj,/shear-strain y;, response curve
for a single lamina can be extracted. The curve thus obtained for
IM7/977-3 system is shown in Fig. 13. The instantaneous slope of
the curve in Fig. 13 is the tangent shear modulus of the lamina
G1,(112). Therefore, we nextuse the approximate Halpin-Tsai rela-
tions (see Ref. 26) to extract the variation of the in situ matrix shear
modulus G, (t1,) by using G, (t12),

—1
14+&-n-v G — G,
szGlz(w> : = 2 )

L—ny-vy B Gy + &G,

and n, = 1 for random packing of fibers. With G,, (t,) so obtained,
the in situ matrix shear-stressshear-strain curve is as shown in
Fig. 14.In a similar manner, the in situ uniaxial stress/strain curvein
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Fig. 15 In situ shear stress vs shear strain response of the matrix and
the deduced uniaxial stress vs uniaxial strain response of the matrix
(high temperature).
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Fig. 17 Deformed microregion shape (equivalent plastic strain contour plot).

compression for the matrix is also obtained. This uniaxial response
curve was used in the input data file for the micromechanics based
FEA. This curve is also shown in Fig. 14. The same procedure is
applied to the high temperature case, and the results obtained for
the matrix stress/strain curves are shown in Fig. 15.

FEA Results and Interpretation
A typical load response behaviorof a microregion within a cross-
ply laminate model is shown in Fig. 16, and a series of deformed
plots of the microregion showing the initiation and propagation of

damagein the form of kinkbandingis shownin Fig. 17. The numbers
indicated in Fig. 16 correspond to the series of deformation plots
shown in Fig. 17. The microregionresponse follows a linear path up
to point @. Although local matrix yielding (in areas of the microre-
gion near the cutout) is indicated before the attainment of point @,
the total integrity of this region is not affected much from the matrix
yielding because 1) the area of yielding is small compared to the
overall size of the microregion and 2) the fiber rotation is small up
to the point of maximum load (point @). Thus, the resultantRF1 vs
LPF relation is linear up to the maximum load point, although this
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Fig. 17 Deformed microregion shape (equivalent plastic strain contour plot) (continued).

is notnecessarily what could be expected; thatis, in general the RF1
vs LPF behavior is problem dependent. As loading increases, the
fibers in the areas where the matrix has become softer start to rotate,
resulting in a drop of the resultant RF1 computed at the symmetry
plane (indicated by point® in Fig. 11). As deformation progresses,
the region of matrix yielding (and corresponding fiber rotation) is
expanding, propagatingupward away from the areas near the cutout
(until it reaches point @; see Fig. 11 for the deformed configura-
tion). Once the region expands away from the hole to an area where
the effect of the stress gradienthas diminished, there is no tendency
for further propagation, and, thus, the load assumes a fairly constant

value (plateau load). After this point, deformation becomes stabi-
lized (fiber rotation stops), and the band of kinked fibers starts to
broaden in the x direction without any further sudden drop in the
reaction force (®). The scenario just described is quite typical of the
response of the microregionsfor all of the cases correspondingto the
cross-ply laminate as well as to the zero-ply microregion within a
quasi-isotropiclaminate. The far-field load (or loads corresponding
to biaxial tests) corresponding to point @ is read off and tabulated
in Table 1 for all of the cross-ply laminate cases studied herein.
For the case of quasi-isotropic laminates (Fig. 2), the responses
look differentfor each lamina (0 ply and 45 ply). Again, the zero-ply
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Fig.17 Deformed microregion shape (equivalent plastic strain contour plot) (continued).
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response is similar to that of the cross-ply model, but the far-field
load at which kink banding initiates is different. The 45-deg ply is
modeled in a manner that is similar to the zero-ply microregion,
but the microregion boundaries are taken to be along the material
principal directions (in this case the 45- and 135-deg directions, see
Fig. 8). Again, displacement boundary conditions are enforced on
the edges AB, BC, and CD, whereas edge AD is subject to equiva-
lent equilibrium nodal loads. As loading proceeds, the RF1 vs LPF
relation is very nearly linear (Fig. 18a) and shows no sign of lead-
ing to a load maximum preceding a sudden load drop. At the same
time, the corresponding plots for the equivalent plastic strain £” vs
LPF [Fig. 18b, sampled at the location with coordinates (0.025 in.,
0.276 in.)] shows that the matrix elements contained between any
two fibers along the 45-deg direction and close to the cutout un-
dergo increasing amounts of shearing. As loading proceeds, more
and more of the matrix elements undergo large amounts of shearing.
Simultaneously, the RF1 vs LPF plot for the zero-ply microregion
approaches a maximum load. Thus, the scenario is as follows: the
zero-ply reaches a maximum load, at which stage kink banding
is about to initiate in this ply. At the same time, the integrity of
the 45-deg ply is compromised due to the large amounts of plastic
straining. Thus, the laminate has a choice in selecting the failure
path that corresponds to the largest release of energy. As observed
experimentally, a fiber/matrix interfacial crack is seen to dominate
the failure within the 45-deg ply but not without some incidentkink
banding in the zero plies. Therefore, for quasi-isotropic laminates,
the maximum load correspondsto the initiationof kink banding that
then triggers the mode of fiber/matrix interfacial failure that is ob-
served experimentallyin the 45-deg plies. Clearly, we need to have
an accurate knowledge and measurement of the critical fiber/matrix
interfacial fracture toughness (or the in situ matrix fracture tough-
ness because the crack meanders between the fiber matrix interface
and along the matrix) to carry out a fracture mechanics based en-
ergy release rate analysis of the 45-deg ply. Such an analysis will
determine the mode of failure for which the largest amount of en-
ergy is released. A fracture mechanics based analysis is relegated
to the future, but details of such an analysis in the context of double
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cantilever beam specimens is reported by Song and Waas.”’” For
now, we observe the good agreement between the far-field load cor-
respondingto the maximum load prediction and the experimentally
measured failure loads as indicated in Table 3, especially for the
case of small imperfection (¢ = 0.8 deg). This lends confidence to
our contention that zero-ply kinking is the dominant and, hence,
governing mode of failure initiation in notched quasi-isotropic
laminates.

Conclusions

Experimental results of a series of uniaxial and equibiaxial
in-plane compressive loading experiments on notched composite
laminated plates under room temperature and elevated tempera-
ture conditions were presented in this paper. Two types of 48-ply
graphite/epoxy composites were studied to understand their com-
pressive failure mechanisms. The laminate stacking sequence was
selectively designed to isolate the different failure mechanisms that
operate in angle plies and plies oriented in the loading direction. In
the specimens containing plies along the direction of the load (cross
ply), uniaxial compression leads to fiber kink banding. This same
scenario persists at both room and elevated temperatures.

The failure of the quasi-isotropic laminates involves a combina-
tion of kink banding and fiber/matrix interfacial failure. The magni-
tude of remote failure initiation loads between the loading cases

laminate and the cross-ply laminate is the angled ply (45-deg ply in
this case). This 45-deg ply acts as a buffer zone (lower stiffness, but
better shear response). Based on the micromechanics-based FEA
results, it is possible to postulate that although the matrix layers be-
tween any fibers and situated near the zone of large stress and strain
gradient are undergoing excessive plastic deformation, the integrity
(catastrophic failure) of the laminate is still controlled by the state
of stress and deformation of the zero plies. As soon as the zero ply
reaches an instability limit, two possibilitiesare encountered.Either
energy is released by the spreading of the kink band within the zero
plies or through interfacial fiber/matrix failure within the now com-
promised 45-deg plies. The winner of this competitionis governed
by the fiber/matrix interfacial fracture toughness and/or the in situ
matrix fracture toughness compared against the zero-ply kink band
toughness (defined as the energy released per unit advancement of
the kinked band). It is probable that kink banding triggersinterfacial
failure because until the zero ply undergoesa load drop, the coexist-
ing 45-deg ply has no possibility of initiating the fiber/matrix inter-
facial failure. Thus, the failure load predictionbased on the zero-ply
maximum loads provides a good agreement with the corresponding
experimental data, in both cross-ply and quasi-isotropic laminates.

Appendix: Effective Stress and Effective
Plastic Strain Increment

o= \/%[(011 — o) + (022 — 033)* + (033 — 011)2] + 3(T122 + 14+ T321)

di? = \/[%[(dafl —del)’ + (dsl, — dsl,)’ + (el — dafl)z] + g[da{’j +dsl, + dag’f]}

(uniaxial or biaxial) at a given temperature is unlike that of cross-
ply laminates. The interfacial failure persists either at +6 or —6
angle or both. Fibers crossing the line of failure were broken due to
the large amount of energy released as the interfacial crack propa-
gates rapidly. At an elevated temperature, the same failure mecha-
nisms persist, but at differentmagnitudes of far-field loading. Under
equibiaxialcompression,the remote load to initiate failure at a given
temperature is higher than the uniaxial case, whereas for cross-ply
laminates there is no appreciableincreasein load between the uniax-
ial and biaxial cases at a given temperature. Furthermore, for a given
loading (uniaxial or biaxial), the failure initiationload decreases for
cross-ply laminates, whereas there is not a noticeable decrease for
the quasi-isotropic laminates.

From the observed results, and the loads reported in Tables 3-5,
the following is concluded. In cross-ply laminates there is a notice-
able decrease in the failure initiation loads between room and high
temperature, whereas such a reduction is hardly noticeable in the
quasi-isotropic laminates. This observation shows that the mech-
anism of failure initiation in cross-ply laminates (fiber instability
followed by kink banding) is strongly influenced by the matrix be-
cause the mechanical properties of the matrix have been degraded
at high temperature.

On the other hand, the mechanism of failure initiation in quasi-
isotropic laminates is not affected as much as cross-ply laminates by
temperature. It is seen that at a given temperature, biaxial loading
reduces the failure initiation load for cross-ply laminates, whereas
for quasi-isotropic laminates this trend is reversed.

Results from a micromechanics-based global-local FEA were
used to understand the experimental results. Cross-ply laminates
have only 0- and 90-deg lamina, and the majority of load is car-
ried by simple compression of these laminae. These laminas fail by
fiber microbuckling (on accountof a gradually weakening matrix in
shear), which in turn progresses to kink band formation due to fiber
rotation, followed by band broadening and the triggering of failure
in other plies.

For the quasi-isotropic laminate, the majority of the load is still
carried by the zero-ply lamina. However, the differencebetween this
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