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Effects of moisture on matrix cracking in a
cryo-cycled cross-ply laminate
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Abstract

This work was motivated by previous cryogenic-cycling experiments using liquid nitrogen and associated analysis of a

balanced and symmetric cross ply laminate with polished edges made from IM7 fibers and CYCOM� 5250-4 bismalei-

mide matrix. Moisture effects were studied both experimentally and analytically in an attempt to explain differences in

crack occurrences between inner and outer plies and between otherwise nearly identical experiments. It was shown that

moisture locally diffused into a surface layer has a three-dimensional effect on the laminate stress distribution near the

edges where cracks initiate. These effects are strongly ply dependent and help explain ply-to-ply variations in crack

densities observed in experiments.
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Introduction

Carbon fiber reinforced plastic (CFRP) materials have
been studied for use in developing high performance
metal lined and linerless pressure vessels. In particular,
they may be well-suited for linerless storage and trans-
portation of cryogenic fluids. A study by Kessler1

found that replacing a traditional fuel vessel with one
made entirely from composites could reduce the tank
weight by 40%. However, composites are prone to cer-
tain types of damage. The environment of space, as well
as the filling and draining of cryogens, can subject
materials to large cyclic temperature variations that
can result in considerable thermal stress and damage.

One adverse effect of thermal-stress cycling in com-
posites is microcracking at the ply level, which is illus-
trated in Figure 1. Microcracking consists of cracks
that typically span the thickness of the lamina and
run parallel to the fibers. One cause of microcracking
is the stresses resulting from the mismatch in coeffi-
cients of thermal expansion (CTE) at both the ply
level (macro) and fiber-matrix level (micro). Typically,
residual stresses develop in thermosetting composites
when they are cooled back to room temperature from
an elevated cure temperature. When a cross-ply lami-
nate is exposed to a temperature decrease relative to its
stress-free temperature, the mismatch in CTE between
orthogonal plies results in significant transverse tensile
and longitudinal compressive normal stresses in each
ply. The in-plane transverse tensile stresses are most

significant with regard to ply cracking since, for large
temperature changes, they can approach and exceed the
transverse strength of the ply.

At the fiber-matrix level, concentrations of shear
stress as well as tensile normal (peel) stress can occur
at the fiber-matrix interface in the region local to where
the fibers terminate at ply edges. With typical coupon
testing the edges are polished to facilitate microscopic
examination. These flat polished surfaces create ideal-
ized geometry at the fiber ends that can be analyzed
using micromechanics local to the ply free edges.2

Fiber-matrix interface failure at the free edge creates
initiation sites for through ply cracks in the presence
of ply level transverse tensile stresses. Through-thick-
ness cracks form in the presence of this damage and
propagate through the matrix, parallel to the fibers as
a result of cyclic thermal stress (thermal fatigue).

Numerous investigations have been conducted in an
attempt to collect experimental evidence regarding fac-
tors that influence microcracking.3–9 The majority of
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cryogenic thermal cycling research is performed using
flat laminate coupons which have their edges, and
hence the fiber ends, directly exposed. This facilitates
the matrix crack initiation/propagation scenario
described above. As a consequence, the cracking in
these thermal fatigue tests is often dominated by edge
effects. One frequent, yet unexplained, experimental
observation is that outer plies generally crack first
and more often than interior plies.4–6,10,11

In this work numerical models were developed to
help understand the stresses that occur within the
lamina due to thermal and moisture expansion effects.
This includes macro ply level stresses, as well as stresses
local to the ply edges as they vary through the laminate
thickness and finally, micro scale stresses around the
fiber ends at the edges. It is shown that moisture has
a strong influence on the macro and local stress states
and contributes to observed variations in cracking
between inner and outer plies in a cross-ply laminate.

Material

For test results reported here a CFRP composite mate-
rial, IM7/5250-4, was used to fabricate a balanced and
symmetric 8-ply cross-ply laminate. The IM7 fibers are
continuous, PAN based, intermediate modulus fibers
manufactured by Hexcel. The matrix material, 5250-4,
is a high temperature bismaleimide resin made by
CytecTM Engineered Materials. The prepreg resulted
in an average ply thickness of 0.14 mm and a fiber
volume fraction of approximately 60%. The thermoe-
lastic fiber and matrix properties used for the finite ele-
ment model were published by Kim et al.9 and Kim and
Castro.12 for unidirectional IM7/5250-4 lamina at
�196�C and are shown in Tables 1 and 2 respectively.
Note that the transverse shear modulus and transverse
Poisson’s ratio (�23) values were assumed to be

temperature independent since they were only available
at 23�C. The fiber and matrix properties were applied in
a finite element micromechanics model to estimate the
lamina properties listed in Table 3. The micromecha-
nics model was based on assumed hexagonal fiber pack-
ing and a 60% fiber volume fraction. It is recognized
that some properties, in particular matrix properties,
are variable with temperature and moisture content.
However, all analyses assumed constant and linear
properties.

Tests were performed on a cross-ply, symmetric lam-
inate, [0/90]2s, with a total thickness of approximately
1.12 mm. Plies within this symmetric laminate are
referred to in pairs, where pair 1:8 represents the outer
plies and pair 4:5 is the block ply pair in the center of the
laminate. Details of the specimen preparation have been
previously described11 along with the apparatus used to
cryo-cycle the coupons by dipping them in liquid nitro-
gen (LN2). The automated system enabled up to several
hundred continuous cycles unattended.

Analysis

Thermal loading

For laminate stress analysis it was necessary to obtain
the stress free temperature. Heating an unsymmetric,
[0/90]4, laminate strip in an oven until it was no
longer warped resulted in a stress-free temperature
estimate of 225�C. Tracing the curvature of the same
strip and using composite laminate theory yielded a

Figure 1. Transverse microcrack in a cross-ply laminate.

Table 1. Fiber Properties at �196�C

Fiber type IM7

Longitudinal modulus, E1 (GPa) 276

Transverse modulus, E2 (GPa) 19.5

Shear modulus, G12 (GPa) 70.0

Poisson’s ratio, n12 0.28

Transverse shear modulus, G23 (GPa) 5.735

Poisson’s ratio, n23 0.7

Longitudinal CTE, a1 (10-6/oC) �0.4

Transverse CTE, a2 (10-6/oC) 5.6

Table 2. Matrix Properties at �196�C

Matrix type 5250-4

Modulus, E (GPa) 6.1*

Poisson’s ratio, n 0.35

CTE, a (10-6/oC) 44.0

CME, b (%/% moisture) 0.62

*estimated from ply data.
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stress-free temperature of 204�C. The average of
these (214�C) was used for analysis. It was noted
that the experimentally determined value was close to
the post-cure temperature of 226�C. For purposes of
this analysis, specimens submerged in LN2 would reach
a temperature of -196�C. Hence, the change in temper-
ature from a stress free temperature was estimated to be
�410�C. Only uniform temperature loads were consid-
ered. Thermal fatigue in this material was previously
found to be insensitive to the thermal transient.11

Moisture loading

Consider the case of one-dimensional diffusion in a slab
of thickness h defined by two infinite planes perpendic-
ular to the x-axis with initial and boundary conditions
depending on x only. Assuming constant diffusivity D,
the moisture concentration dependence on time t is
governed by the diffusion equation:

@c

@t
¼ D

@2c

@x2
ð1Þ

For moisture concentration held constant at the
boundaries the Fourier series solution to the above
was given by Jost.13 Assuming an initial uniform mois-
ture concentration ci throughout the slab and a con-
stant value at the boundaries, cb, the following form
of the solution was given by Shen and Springer:14

c� ci
cb � ci

¼ 1�
4

�

X1
j¼0

1

2jþ 1
sin
ð2jþ 1Þ�x

h

� exp �
ð2jþ 1Þ2�2Dt

h2

� � ð2Þ

Predicted distributions of moisture concentration
through half the slab thickness are shown in Figure 2

for cb ¼ 0.9 and ci ¼ 0.05. Included on the figure are
polynomial curve fits for the moisture distribution pre-
dicted at the end of 1 h, 1 day, and 3 day periods. The
curve fits were used to map the moisture concentration
onto a finite element mesh so that effects of moisture
expansion on stress could be estimated. For the 1 h
data, due to the shallow diffusion, the a polynomial
curve fit was applied in the finite element analyses
(FEA) model just to a depth of 0.14 mm and the
remaining domain of the FEA model was assumed to
still have the initial moisture concentration. As
described later, sufficient accuracy in stress predictions
was obtained by assuming the diffusion was the same
both parallel and transverse to the fibers. The diffu-
sivity was estimated to be 3.0x10-7 mm2/s at room tem-
perature based on data reported by Bao and Yee15 for
CytecTM 5250-4. The graphite fibers were assumed
impermeable.

For the stress analysis it was necessary to create a
two-dimensional moisture distribution near the edge of
the laminate. The diffusivity was assumed isotropic
over a square domain in the x-y plane spanning half
the laminate thickness. The moisture concentration was
assumed to be given by:

cðx,yÞ ¼ cð yÞ þ cðxÞ � cm½ � 1�
cð yÞ � cm
cb � cm

� �
ð3Þ

The functions c(x) and c(y) are for an instant in time
and were defined by the curve fits as shown in Figure 2
mapped to the x and y coordinate directions respec-
tively. The constant cm is the minimum value that
depends on which curve is employed from Figure 2

Table 3. Unidirectional lamina properties at �196�C

Composite type IM7/5250-4

Fiber volume fraction (%) 60

Longitudinal modulus, E1 (GPa) 168

Transverse modulus, E2 (GPa) 12.1

Shear modulus G12 (GPa) 8.11

Poisson’s ratio, n12 0.305

Poisson’s ratio, n23 0.59

Transverse tensile strength, þS22 (MPa) 94*

Longitudinal CTE, a1 (10-6/oC) 0.25

Transverse CTE, a2 (10-6/oC) 21

Longitudinal CME, b1 (%/% moisture) 0.01

Transverse CME, b2 (%/% moisture) 0.29

*Value reported by Bechel et al.6
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Figure 2. Predicted moisture distribution based on Equation

(2) for constant boundary conditions and diffusion times of 1 h,
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puted data. The 1 h distribution is shown with the uniform initial
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to the data at a depth less than 0.2 mm.
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and occurs at the maximum x and y in the domain. For
example, for an initially dry laminate and a short time
period, cm ¼ 0. An example of a two-dimensional dis-
tribution defined by Equation (3) with cb ¼ 0.9, ci ¼
0.05, and t ¼ 24 h is shown in Figure 3. Note that
Equation (3) yields continuity with the one-dimensional
distribution seen in the right portion of Figure 3 and
satisfies the boundary condition that c ¼ cb at the
exposed surfaces. Actual laminae have anisotropic dif-
fusivity.15 However, the effect of anisotropy on the
stresses of interest were found to be negligible, so
only results based on isotropic diffusivity are reported
here.

Stress analysis

Three levels of stress analyses were performed. First, at
the laminate level, edge effects are ignored and stresses
due to homogeneous hygrothermal loads are discussed
as they relate to transverse matrix cracks. Second, stres-
ses local to the polished laminate edges due to homo-
geneous and non-homogeneous hygrothermal loads are
discussed. Finally, stresses local to fiber ends (micro-
scale) at the polished edges are discussed as they
relate to matrix crack initiation and development. All
three are important to matrix cracking in a thermal
fatigue environment with the latter two found to
relate to previously unexplained differences in crack
frequency observed for inner and outer plies.

Laminate level analysis (average ply stresses)

From a macroscopic point of view, lowering the tem-
perature of a flat symmetric cross-ply laminate causes a
simple mechanical interaction between plies due to the
anisotropy of the CTE. In high volume fraction graph-
ite fiber composites the plies are effectively prevented
from shrinking in the transverse (in-plane) direction
because of the combined low CTE and high modulus

in the fiber direction of the adjacent plies. Hence, all
plies in a cross-ply laminate subject to cryogenic tem-
peratures experience a combination of transverse ten-
sion and axial compression. In some cases the
transverse tension can exceed the ply strength and
transverse ply cracks are generated.3

A uniform increase in moisture has the opposite
effect of a temperature decrease, that is, the epoxy
swells and causes compression and tension respectively
in the transverse and longitudinal directions within each
ply. Hence, a uniform concentration of moisture dif-
fused throughout the laminate will cancel some of the
in-plane ply level stress that occurs at temperatures
below the stress free temperature. For a uniform mois-
ture distribution, Figure 4 shows an estimate based on
constant properties and classical laminate theory16 of
the relation between moisture content and transverse
tensile stress at -196�C in the cross-ply laminate studied
here. It is seen that for a dry laminate the tension is near
the transverse strength of 94 MPa reported by Bechel
et al.6 Saturated moisture content for this material is on
the order of 1.5%, which would correspond to a reduc-
tion in peak stress during a thermal cycle of more than
50%. In terms of thermal fatigue, much more modest
moisture levels would cause a significant reduction in
the mean stress level. Reductions in mean stress would
cause a reduction in resulting thermal fatigue cracks.

Based on this laminate level analysis alone, the stres-
ses are uniform and the same in each ply. Therefore,
one would conclude that thermal fatigue cracks would
occur equally in all plies. It is well known that different
plies experience different rates of cracking which moti-
vates study of the stresses at smaller scales.4–6,10,11

Lamina level analysis (local edge effect stresses)

It is well known that laminates of unidirectional fiber
composites display complex mechanical behavior local
to the edges. In typical thermal fatigue tests the edges
are polished flat for microscopic inspection and thus
provide an idealized geometry for local analysis of

Figure 3. Example of two-dimensional moisture distribution

used in the finite element models based on one-dimensional

diffusion.
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this behavior. A finite element model was developed to
study this effect for the present case of a cross-ply lam-
inate exposed to thermal and moisture loads. In partic-
ular, ply edges where the fibers terminate were of
interest. To obtain results for all plies in the cross-ply
laminate versions (a) and (b) of the model were gener-
ated as indicated in Figure 5. As seen in this figure, a
thin slice that includes half the thickness of the sym-
metric laminate was modeled. For version (a), symme-
try constraints were applied to the cut boundaries
normal to the 2 and 3-directions. The cut boundaries
normal to the 1-direction were constrained to remain
plane but free to allow uniform non-zero normal strain
in the 1-direction. These boundary conditions are
appropriate for a symmetrically loaded laminate
where the slice is far from the corners of the laminate.

This approach was also used to develop the constraints
for version (b). The solid model and a portion of the
uniform finite element mesh are also shown in Figure 5.
Fully integrated 20-node brick elements were used.
Finer meshes than the one shown with five elements
per ply in Figure 5 produced negligible changes in
results of interest. A finer mesh was only used for the
1 h moisture diffusion load case so that the moisture
gradients would be accurately represented in the model.

Diffusion of moisture into the epoxy causes swelling
so that local transverse compressive stresses develop.
These stresses are shown in Figure 6 as predicted by
model versions (a) and (b), depicted in Figure 5, and
correspond to the moisture loading distribution shown
in Figure 3. Note that stress component S33 is always
transverse to the fibers in the plane of the ply. Stress

Figure 5. Solid model and partial finite element mesh for laminate edge effect modeling.
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component S22 is always perpendicular to the plane of
the laminate and S11 is parallel to the fibers in each ply.
Hence, S11 and S33 are in different global directions for
plies 1 and 3 vs. plies 2 and 4. The stress contours show
that the moisture diffused into the surface causes trans-
verse compressive stress near the free surface of plies
with fibers orthogonal to and terminating at the free
surface.

Analysis of individual lamina that includes behavior
local to the laminate edges reveals important stress
information that helps explain why certain plies
develop cracks earlier and more often than others in
the thermal fatigue environment. Of particular interest
here is the noticeable difference in compressive stress
near the free surface between plies 1 and 3 as predicted
using model version (a) as shown in Figure 6. This
stress component would tend to close a transverse ply
crack like the one shown in Figure 1. To quantify this
effect, an average nodal stress was computed for each of
the 4 plies using results from model versions (a) and (b).
These averages were computed for nodes on the free
surface for several different times of moisture diffusion
and are shown in Table 4. There are two interesting
observations. First, the outer ply experiences signifi-
cantly less of the beneficial compressive stress than do
the inner plies. This is due to the lesser constraint at the
top free surface of the laminate vs. that experienced by
the inner plies. Second, the magnitude of the average
stress in a particular ply is actually greater for shorter
times of moisture diffusion. Even with uniform mois-
ture content at infinite time, the outer plies still have
less beneficial compressive stress due to moisture
expansion. Note, however, that the mechanics of this

problem are identical to the thermal contraction of
reduced temperature. This means that the outer ply
would experience less of the crack generating tensile
stress caused by cooling. Hence, these observations
alone do not explain why the outer plies crack more
readily than do the inner plies.

Figure 7(a)–(h) shows more detailed information
about the transverse stresses for each of the plies at
the polished edge surface. These graphs are nodal stres-
ses taken from the FEA. Results for ply pairs 1:8 and
3:6 are from model (a) depicted in Figure 5 while the
results for ply pairs 2:7 and 4:5 are from model (b). The
left edge of each graph represents the top face of the ply
closest to the top of the laminate and the right edge
represents the location of the interface with the adja-
cent ply beneath. The predicted transverse normal stres-
ses due to a uniform temperature change of -410�C in a
dry laminate are shown in Figure 7(a) and (b). The
effect of uniform moisture content (0.9 weight percent)
in Figure 7(c) and (d) is seen to mirror that of temper-
ature Figure 7(a) and (b). The effect of moisture dif-
fused into the laminate surface is shown in Figure 7(e)

Figure 6. In plane transverse ply stress due to moisture expansion associated with 24 h of moisture diffusion into the free surfaces

(top and left edges). Moisture distribution is shown in Figure 3. Model (a) from Figure 5 (left) and model (b) from Figure 5 (right).

Table 4. Moisture induced thickness-average transverse ply

stress at the free edge

Ply 1 h 3 days Infinite

1:8 �44.3 MPa �34.2 MPa �33.0 MPa

2:7 �64.6 MPa �51.9 MPa �49.7 MPa

3:6 �64.1 MPa �47.8 MPa �39.4 MPa

4:5 �67.1 MPa �48.9 MPa �40.2 MPa
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and (f) and Figure 7(g) and (h) for 3 days and 1 h of
diffusion respectively.

The predicted normal stresses in Figure 7 are par-
allel to and located at the polished free edge surface of
the laminate. Component S33 is the crack opening
stress for through ply cracks. Component S22 is
through thickness and is zero (for uniform loading)
or very small at points away from the edge (interior
of the laminate). For this reason S22 is generally
ignored. However, it is seen in Figure 7 that S22 at
the free surface is significant both for uniform (a–d)
and non-uniform (e–h) loading. Perhaps more signif-
icant, in terms of explaining variations in ply crack

densities, is the fact that S22 varies significantly
between the plies. In particular, ply pair 1:8 must
always have zero S22 at the free surface. Hence, the
outer plies always have a significant region of uniaxial
transverse normal stress while the inner plies have
varying states of biaxial normal stress. When consid-
ering the net effect of cryogenic temperature and mois-
ture, these stresses are always tensile except for some
mild compression for S22 in certain cases. These ply-
to-ply variations are in stark contrast to the simple
laminate theory analysis of the previous section
which indicated that the state of stress in each ply
was identical.
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Fiber/matrix level analysis (micromechanical edge
effects)

The ply level stresses local to the polished free edges
described in the previous section are directly related to
the occurrence of fatigue cracks that span the thickness
of the ply and then run parallel to the fibers. These
fatigue cracks form at preferential sites where there is
pre-existing microscopic damage or where the local
fiber distribution is more favorable for crack initiation.
Or, as suggested in the previous section, where the local
edge stresses may be more favorable for initiation. In
this section, finite element micromechanical models are
described that predict local stresses around a fiber end
assuming a uniform hexagonal packed fiber distribu-
tion. The modeling details were described previously
by Andrews and Garnich2 who were predicting the
effects local to the fiber ends for a uniform temperature
decrease combined with transverse tension associated
with a balanced cross-ply laminate. They showed that
cryogenic temperatures would create peel and shear
stresses at the fiber matrix interface near the free sur-
face at the fiber end. In the idealized model these stres-
ses are singular and would cause microscopic damage in
the form of fiber-matrix debonding as has been
observed experimentally by Lafarie-Frenot et al.7

Here stress results are presented for moisture loading.
The model was adapted to allow a gradient in moisture
content (Figure 2). It was found that the moisture gra-
dient for all but extremely short diffusion times was
negligibly small relative to the length scale of the micro-
mechanics model (i.e. a fiber diameter). This led to sim-
plified models that isolate the effect of moisture on the
microstresses found previously.2

The finite element micromechanics model is shown
in Figure 8. All faces, except the near face with the fiber
ends, are constrained to remain plane. For moisture
loading two variants of these boundary conditions
were applied. First, considering surface moisture at
the edge of an interior ply (e.g. point A in Figure 6),
the four lateral faces were constrained from displacing
in the local direction perpendicular to the face. Hence,
this version assumes that the dry bulk of material on
the interior completely resists the moisture expansion
near the ply edge surface. The second variant was
devised to simulate a point in an outer ply near the
free surface (e.g. point B in Figure 6). In this model
one lateral face was left free to displace while remaining
planar and the other three were constrained as above.
These boundary conditions simulate extreme condi-
tions where the moisture diffusion depth is small com-
pared to the laminate thickness as for the laminate edge
model results in Figure 7(g) and (h). Since the matrix
material is trying to expand under moisture loading,
volume average biaxial and uniaxial compressive

stresses will develop respectively in the models. For
the linear models these results will add to those of
Andrews and Garnich.2

The stress distribution at the fiber/matrix interface
around the end of the fiber is complex and specific to
the assumed uniform hexagonal fiber packing. Also,
singularities exist so the peak stress predictions are
dependent on the number of elements in the finite ele-
ment model. Hence, the results only provide a qualita-
tive basis for discussion. We follow Andrews and
Garnich2 and examine circumferential-average stresses
at the fiber/matrix interface transformed to cylindrical
coordinates natural to the fiber. Figure 9 shows the
stress distribution for moisture loading where the
boundaries of the model are constrained to simulate a
fiber within an interior ply and a case of superficial
moisture diffusion. In each of these graphs the left
edge of the graph represents the fiber end location
and the horizontal axis has units of fiber radii along
the length of the fiber. Figure 10 shows the stress

Figure 8. Finite element model of fiber ends.
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distribution for moisture loading where the boundaries
of the model are constrained to simulate a fiber near the
surface of an outer ply (i.e. ply pair 1:8) and superficial
moisture diffusion. The notable result was that fibers in
the interior plies experience much greater magnitudes
of compressive stress at the fiber-matrix interface,
which could inhibit damage, than do fibers in the
outer plies. Note also that the shear stresses are oppo-
site in sign to those of a thermal load.2 These singular
stresses at the fiber ends due to moisture correspond to
the extremes of intra-ply level edge surface stresses illus-
trated in Figure 7(e)–(h), that is, the boundaries are
fixed against expansion, causing an upper bound in
stress, while the actual material would expand some
small amount due to the finite stiffness of the underly-
ing material. This result is counter to the macro point
of view where uniform laminate moisture would pro-
vide the greatest transverse compressive stresses and
they would only be non-zero for component S33.
However, since cracks originate local to the edges,
these local stresses are of primary importance.

Experimental

Crack density measurement

Details of the experimental apparatus and protocol for
thermally cycling laminate coupons were described pre-
viously by Dalgarno et al.11 An optical microscope was
used at 200x magnification to inspect the polished edges
for cracks. An initial inspection was made prior to ther-
mal cycling to ensure the coupons were initially free of
cracks. Once the experiments began, periodic counting
of cracks on all coupons was performed. Cracks were
counted on the long edge of the coupons and in order
for a crack to be counted it had to span the full thick-
ness of the ply. The reported crack densities are aver-
ages of those found in ply pairs that are symmetric
about the mid-plane of the 8-ply laminate. For exam-
ple, the crack density for plies 2 and 7 are averaged. The
crack density (�) was determined according to Equation
(4) where N is the total number of cracks counted in a
batch of n coupons and l is the length of the test section
for a ply pair:

� ¼
N

nð2l Þ
ð4Þ

Hence, � is the lineal crack density for a ply pair as
observed on the coupon edges. A photomicrograph of a
typical microcrack found in the block ply pair 4:5 is
shown in Figure 11.

In order to avoid potential end effects, crack counts
were restricted to a test section in the middle of the long
edges of each coupon. Since the test section was on the

long side of the coupons, two coupons cut orthogonal
to each other were required to expose cracks on the
long edges for all symmetric ply pairs of the cross-ply
laminate.

Description of experiments

Experiments involved thermal cycling from room tem-
perature (approximately 23�C) to LN2 temperature
(�203�C at the test elevation of 2200 m.). Dalgarno
et al.11 described three variations of this basic experi-
ment. Here we review data for one of those experiments
and describe results from additional experiments
involving moisture. For the first experiment, referred
to as the free-edge experiment11, 10 coupons with
free-edges were cycled 2600 times with crack inspection
after 0, 1, 5, 30, 75, 125, 175, 250, 325, 400, then every
100 until 1000 total cycles, and then every 400 until
2600 cycles. Following the procedure described by
Bechel et al.,4 each cycle consisted of a hold time of
2min in LN2 followed by a 10min hold in front of a
fan circulating room temperature air.

Figure 11. Photomicrograph of a typical microcrack.
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Cracks cause a zone of stress relief around the crack
which inhibits the occurrence of new cracks in the
immediate vicinity. This effect limits the total number
of cracks to some saturated density. Cracks were
always observed to span the effective ply (or block
ply) thickness. Hence, thick plies have wider cracks
with larger zones of stress relief. Therefore, the block
ply pair 4:5 has cracks with double the width of pairs
3:6 and 2:7. Also, plies in pair 1:8 are at the surface of
the laminate resulting in an open crack where the crack
width is effectively about double the ply thickness.
Based on this observation the densities of cracks in
1:8 and 4:5 were doubled for comparison with densities
of the shorter cracks in ply pairs 2:7 and 3:6. The
adjusted crack densities vs. number of cycles are
shown in Figure 12. Note that delamination around
crack tips can also affect crack density. However, no
delamination was observed in this study.

The data shown in Figure 12 are not consistent with
data reported for the same material and laminate by
Bechel et al.5 For the outer plies they report a similar
result of approximately 12 cracks per centimeter after
1000 thermal cycles. However, they reported almost no
cracks for all interior plies, while Dalgarno et al.11

report significant cracking in ply pairs 2:7 and 4:5 as
shown in Figure 12. It was noted that the tests by
Bechel et al.5 may have been at high humidity vs.
those of Dalgarno et al.11 where the high plains of
Laramie, Wyoming are frequently at very low humidity
levels.

To study the effect of moisture on the thermal fati-
gue tests two additional tests were performed. They
were identical to tests reported previously11 except
that the coupons were moisture conditioned prior to

testing, and the tests were conducted in a high humidity
environment. In the first test an approximately satu-
rated condition was obtained by soaking 8 coupons in
water at 79�C for 10 days. At the completion of the
experiment, the coupons were weighed and then dried
in an oven until no weight change was observed. The
moisture content of the coupons was determined to be
1.54%. Loos and Springer17 reported maximum mois-
ture contents ranging from 1.50%–1.90% for three dif-
ferent carbon/epoxy systems. These coupons were
thermally cycled 1600 times in a high humidity (80%–
90%) environment. The humidity was maintained with
a humidifier and a small tent placed over the cycling
apparatus. The resulting crack densities are shown in
Figure 13. Only crack density for the outer ply pair is
shown because no cracks were found in any of the inte-
rior plies. Though cracks did develop in ply pair 1:8,
their density is in order of magnitude reduced com-
pared to the original test (Figure 12).

The second experiment was intended to have signif-
icant moisture but unsaturated. After drying, the cou-
pons were soaked at 60�C for 22 h. This resulted in an
average moisture content of 0.60%. For these coupons,
1600 thermal cycles in the same high humidity environ-
ment produced no cracks. A surprising result was that
the average moisture content of the coupons doubled to
nearly 1.2% during the test. Moisture related data col-
lected for this test is shown in Table 5.

Discussion

This study was a follow-on effort intended to gain
understanding of why certain plies in a simple cross-
ply laminate crack more readily than others when
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subject to cryogenic thermal cycling (thermal fatigue)
and why similar thermal cycling experiments by differ-
ent investigators have produced dramatically different
crack densities. A simple laminate analysis for uniform
thermal or moisture loading predicts that all plies of a
balanced symmetric cross-ply laminate have identical
stress states. Low temperatures cause transverse tensile
stresses while moisture expansion causes offsetting
compressive stress. It was clear that a more detailed
stress analysis was required. It was also suspected that
uncontrolled moisture effects were having a strong
effect on test results. Experimentally it was found that
moisture saturated samples experienced only a few
cracks in the outer plies after 1600 thermal cycles
while the interior plies were undamaged. A second
test using samples that were less than saturated pro-
duced no cracks after 1600 cycles. It was observed
that high humidity maintained during this test to pre-
vent drying actually caused a significant increase in
moisture content during the test. These tests demon-
strated the crack suppressing power of moisture as
well as the ability of moisture to invade a test if not
excluded from the test environment. Note that from
a macro scale perspective this ingress of moisture
during a test could cause a reduction in fatigue crack
formation that could be confused with the effect of
approaching a saturated crack density. Hence, the

main objective of this work was to investigate how
moisture might contribute to apparent inconsistencies
in thermal fatigue crack densities in a balanced cross-
ply laminate.

To find differences between plies that help explain
different thermal fatigue crack densities it was necessary
to perform a multiscale stress analysis of the laminate.
The fact that thermal fatigue experiments generally uti-
lize polished edges for optical inspection for cracks pro-
vides idealized edge geometry even when considering
very small scales at the surface. Hence it was reasonable
to assume flat surfaces for finite element models both at
the local laminate ply-level edges and at the fiber/
matrix level. The local (edge) stress condition is impor-
tant because thermal fatigue cracks generally initiate at
the edge and propagate parallel to the fibers. There is
evidence that fiber debonding at the free edge7 is the
initial damage mechanism. This is supported by the
presence of a local singular stress condition.2 Ply level
stresses will tend to cause this fiber/matrix interface
damage to coalesce and form through-ply cracks at
the edges. This scenario is supported by the fact that
different plies display different thermal fatigue behavior
while the stress condition away from the edges of the
simple cross-ply laminate studied here, is identical for
all plies. It is also supported by experimental evidence
reported by Dalgarno et al.11 who found that simply

0

0.2

0.4

0.6

0.8

1

0 200 400 600 800 1000 1200 1400 1600

M
ic

ro
cr

ac
k 

de
ns

ity
, c

ra
ck

s/
cm

Cycle number

Figure 13. Crack density vs. number of cycles in ply pair 1:8 for moisture saturated coupons.

Table 5. Data from second moisture conditioned coupon thermal cycling test

Condition Mass (g) Moisture (wt %) Number of Cracks

Initial 15.17 0.46 0.0

Dried 22 h at 135�C 15.10 0.00 0.0

24 h soak at 60�C 15.19 0.60 0.0

1600 thermal cycles 15.28 1.19 0.0

Garnich et al. 2793



painting the laminate edges with epoxy almost comple-
tely eliminated thermal fatigue cracking. In the analyses
performed here, large ply-to-ply differences in the stress
condition were found only at the edges. These differ-
ences are the result of the relative proximity of each ply
to the free surface of the laminate. The outer plies have
an adjacent ply on just one side where interactions can
develop. As a result, the outer plies and the immediately
adjacent inner plies experience a significantly different
stress condition local to the edge surface than do the
deeper interior plies. This is true even when the thermal
or moisture loading is uniform throughout the lami-
nate. Perhaps most significant is the fact that the
outer ply pair, local to the edge surface is nominally
in a uniaxial state of tension while inner plies have sig-
nificant through thickness transverse stress at the edges.
It is possible that this uniaxial tension stress state in the
outer plies is more favorable for through-ply crack for-
mation than the varying degrees of biaxial tension that
exist in the interior plies. At the same time, the outer
plies experience the least beneficial compression when
moisture is present. This may explain why outer plies in
some cases have developed high crack densities in
experiments where little or no cracking occurred for
any of the interior plies.

To further examine the effects of local stress contri-
butions on the evolution of fatigue cracks at the ply
edges, a micro scale model based on that of Andrews
and Garnich2 was used to estimate micro stresses at the
scale of the fiber for superficial moisture loading. It was
found that points at the ply edge near the free surface of
the outer ply would experience significantly less benefi-
cial compressive radial stress at the fiber/matrix inter-
face due to polymer moisture expansion compared to
points on the edge of interior plies. This suggests that
micro scale damage due to cryogenic temperatures,
acting as a precursor to through ply cracks, will
happen more readily in the outer plies compared to
inner plies when moisture is present.

The present modeling work has been limited to
analyzing some sample cases for idealized moisture dis-
tributions. This was partly influenced by the fact that
actual moisture distributions were unknown for any of
the known experiments for this material. It was also
found that the stresses local to the ply edges were
only moderately sensitive to the distribution of mois-
ture within. The experiments involving moisture
conditioning both involved relatively high moisture
contents and in one case the moisture content was
found to change during the test. There is a need for
further experimental work where moisture content is
better quantified and controlled. Also, there is still
opportunity for better understanding the physics that
lead to outer plies cracking more readily than the
inner plies.

Conclusions

Multiscale stress analyses were performed to investigate
the stresses local to the laminate edges in a balanced
symmetric cross-ply laminate subject to thermal and
moisture loading. The results were examined based on
the assumption that thermal fatigue cracks in cryo-
cycled coupons initiate at the edges where microscopic
damage occurs at the interface of the fiber and matrix.
The stresses at the edges were found to vary signifi-
cantly depending on the whether the ply was located
on the interior or exterior of the laminate. This pro-
vides a physical basis for the observation that outer
plies often crack more readily than interior plies. In
addition, moisture was shown both experimentally
and analytically to have a strong crack suppressing
effect even when restricted to diffusion into a thin
layer on the surface of the laminate. Since moisture
has sometimes been uncontrolled in cryo-cycling exper-
iments it provides an explanation as to why similar
experiments by different investigators have produced
quite different crack densities. There is significant
opportunity for further modeling and experiments to
better understand thermal fatigue cracking composite
material behavior. In particular, controlled moisture
experiments would be useful to corroborate the analy-
ses described here.
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