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In this paper, the effect of thermal cycle on the interlaminate shear strength (ILSS) and impact
behaviour of unidirectional carbon fibre reinforced polyetherimide (PEI) matrix composites
were studied. Samples were subjected to 100 thermal cycles (by immersing from boiling water
(100◦C) to ice water (0◦C). The effects of thermal cycles were characterized by short beam shear
and instrumented impact testers. Also Fractographic investigations were done using a scanning
electron microscope (SEM). It is observed that the plastic deformations at the fibre/matrix and
interlaminar interface as well as residual stresses lower the ILSS and flexural modulus of the
material proportional with the number of thermal cycles. Up to the first 20 thermal cycles the
material shows a brittle fracture with lower fracture energy, but after the 20th thermal cycles it
is possible to observe that the material fractures with higher fracture energy at longer fracture
time. A remarkable difference in the fracture morphology between the thermal cycled and
un-treated materials has been observed. It is found that thermal cycles strictly affect the
fracture morphology. C© 2006 Springer Science + Business Media, Inc.

1. Introduction
Unidirectional carbon fibre reinforced polyetherimide
(PEI) matrix composites are being used increasingly in
aerospace and aeronautic industries. These materials are
widely used in aircraft bodies. Aircrafts are exposed to
atmospheric environments during service life. Composite
materials are subjected to attacks of the environment and
must be used under moisture at different conditions. Thus
the environmental effect of moisture and/or water absorp-
tion at different temperatures on carbon fibre reinforced
polymeric composites is of significant interest because the
mechanical and physical properties are greatly dependent
on it. The water absorption, not surprisingly, results in
drop of interlaminar shear strength due to degradation of
PEI matrix and fibre/matrix interface [1].

When a component is subjected to cyclic temperature
variation during operation, the component is described as
being exposed to “thermal cycling”. Thermal cycling is
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another serious problem for the material of aircraft bodies;
because during flights at higher altitudes the temperature
of the aircraft body decreases below −50◦C and then may
rise sharply to over 100◦C in a minute time. These thermal
cycles repeat along the service life. Thermal cycling in-
duces microcracking of the resin matrix and degradation
by means of shear loading [2]. Thermal exposure com-
bined with mechanical loading can produce significant
damage accumulation in polymer composites that can al-
ter their mechanical and permeability properties [3–6].

All materials expand or contract during temperature
changes. Thermal fatigue might be damaging for struc-
tures internally constrained, which cannot expand or
contract freely as in composite materials. The composite
consists of two distinct components: the matrix and
the fibre, each with different mechanical properties
and coefficients of thermal expansion. During thermal
cycling, both matrix and fibre expand or contract,
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according to their coefficients of thermal expansion. As
they are internally constrained, temperature fluctuations
cause stress build-up at the interface [7]. These stresses
might be relieved by one or more of the following means:
(a) plastic deformation of the ductile matrix; (b) cracking
or failure of the brittle fibre; (c) failure of the fibre/matrix
interface [8]. Several simple models of fibre debonding
were discussed by Hutchinson and Jensen [9]. Constraint
of thermal expansion causes thermal stresses, which may
also initiate and propagate fatigue cracks [10]. This, in
turn, influences the structural integrity of the composite
and can limit the life of a composite material. Various
methods have been used to measure and quantify the
effects of thermal cycling. Variations of longitudinal
coefficients of thermal expansion with a number of cycles
were monitored in [11]. The effect of thermal cycling
was related to the amount of accumulated plastic strains
in [12]. Two different damage mechanisms in Kevlar
49-epoxy composites were studied in [13]. By Bechel et
al., Laminates were submerged in liquid nitrogen (LN2)
and returned to room temperature 400 times. Ply-by-ply
micro-crack density (transverse cracks), micro-crack
span, laminate modulus, and laminate strength were
measured as a function of thermal cycles in [3].

To understand the fibre-matrix interaction during tem-
perature fluctuation extensive finite element analyses of
the model have been performed the results of which are
presented else in [14–16]. An axisymmetric model, shown
in Fig. 1, with two rectangles representing the fibre and
the matrix was analyzed. If the rectangles in Fig. 1 had
not been bonded to each other during temperature fluctu-
ations, they would expand or contract freely in the radial
and axial directions according to their coefficients of ther-
mal expansion, as shown in the upper part of Fig. 1. On
the other hand if two rectangles had been bonded together,
the resin would experience tensile stresses in the axial di-
rection during the cooling portion of the thermal cycle
because the matrix would contract much more than the fi-
bre, as displayed in Fig. 1a. During the heating phase, the
resin expands more than the fibre, which results in com-
pressive axial stresses in the resin, as shown in Fig. 1b.

Figure 1 A cylinder of fiber embedded in cylinder of matrix.

These stress and deformation patterns allow for qualita-
tive explanation of the mechanics of plastic deformations
during thermal cycling. It should be noted that during
cooling the tensile radial stress would have a tendency to
tear the matrix apart from the fibre at the free surface.

Instrumented impact test is one of the important me-
chanical characterization techniques, which gives detailed
information about the impact properties of the materials.
It is possible to monitor both elastic and plastic energy
absorption as a function of time or displacement. This is
very important for composite materials, because it is pos-
sible to observe the energy absorption of delaminations
during the impact. On the other hand short beam shear
test is one of the important tests for the investigation of
interlaminar shear strength (ILSS) of composites.

The objective of this study is investigating the thermal
cycle and water absorption effects on unidirectional car-
bon fibre reinforced polyetherimide (PEI) composites. It
is aimed to determine the decrease of interlaminar shear
strength (ILSS) and impact strength as a function of ther-
mal cycle. Furthermore it is aimed to determine the re-
lationship between ILSS and impact strength. Scanning
electron microscope (SEM) investigations were done to
understand the fracture morphologies after water absorp-
tion and thermal cycles.

2. Experimental
Unidirectional carbon fibre reinforced polyetherimide
(PEI) composites were kindly supplied by Ten Cate Ad-
vanced Composites (Nijverdal/Netherlands) in the form
of hot pressed plaques. PAN based carbon fibre was manu-
factured by Amoco used in composite plaques (T300 12K
309 NT type). The fibre volume content is 60%. Plaques
were manufactured from 14 ply with a per ply thickness
of 0.14 mm and the arial weight per ply is 222 g/m2. The
commercial code of the laminate is CD5150. Mechanical
properties of the composite laminate are given in Table I.

Both impact and short beam shear test samples were
dried in an oven at 24◦C for 24 h and then balanced before
the thermal cycling tests. Thermal cycling was performed
in a self-designed apparatus composed of two separate
tanks consisting of a boiling water tank an ice-water tank.
The temperature was kept at 100◦C for the boiling water
tank and 0◦C for the ice-water tank. Both impact and
shear test samples were placed into the sample holder and
immersed into the first chamber. After waiting for 1 min in
boiling water, the sample holder was raised from the first
tank and immersed quickly into the second tank, which
was full of ice-water. After waiting for 1 min in ice-water,
samples were immersed back into the boiling water. This
operation takes two minutes in total and corresponds to
one thermal cycle. After the 5th, 10th, 20th, 40th, 60th,
80th and 100th thermal cycles 10 impact and 10 shear
test samples were collected from the sample holder. After
carefully balancing, samples were dried in an oven at 24◦C
for 24 h. In order to examine the variation of laminates
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T AB L E I Mechanical properties of composite laminate

−55◦C 23◦C 80◦C 80◦Ca Units Method

Tensile strength (0◦) 1583 1890 1728 1605 MPa ASTM D3039
Tensile modulus (0◦) 131 128 127 127 GPa ASTMD3039
Tensile strength (90◦) 26 MPa ASTMD3039
Compressive strength (0◦) 936 876 814 689 MPa ASTMD3410
Compression modulus (0◦) 120 119 120 123 GPa ASTMD3410
In plane shear strength 121 104 94 89 MPa ASTMD3518
In plane shear modulus 4395 3208 2744 2558 MPa ASTMD3518
Flexure strength 1289 1072 1118 MPa ASTMD790
Flexural modulus 99 100 97 GPa ASTMD790

aPre-conditioned at 70◦C/85% RH (1000 hr).

physical properties after cyclic thermal loads, short beam
shear test and instrumented impact tests were carried out.

In order to obtain the interfacial strength of the car-
bon/PEI composites short beam shear tests were per-
formed using an Instron 4411 tester. Composite specimens
with dimension of 6×2×12 (mm) are used. The ratio of
span to thickness was set to be 6, and the nose diameters
of the loading cylinder and the supporting fixtures were
6.3 and 3.2 mm, respectively, as recommended by ASTM
D2344-84. The crosshead speed was set to be 1 mm/min.
Ten samples were tested for each parameter and the mean
value of these samples was given as result.

Impact tests were performed on a instrumented Ceast
pendulum type tester (Resil 25). Impact test samples were
prepared according to ISO 180 standards. Un-notched
samples were used with dimensions of 10×2×65 mm.
Preliminary experiments were performed in order to find
the appropriate falling angle, which was chosen to be 50◦
in order to remove the inertial oscillations in the contact
load between striker and sample. At a falling angle of 50◦
the strike range of the izod hammer was 1.08 kN. The
hammer length and mass were 0.327 m and 1.254 kg,
respectively. The sampling time was 8 µsec. The impact
velocity was 1.51 m/s, and the maximum available energy
was 0.54 J. Fmax is the maximum force that is obtained
during the impact test. Emax is the total fracture energy
of the material. The force-time curves can be divided
into two regions: the first region is the crack initiation
region and the second region is the crack propagation
region. The areas under each region give the energy for
these processes, which are defined as the energy for crack
initiation (Ei) and the energy for crack propagation (Ep).
The spikes in the first region of the F-t curve are due
to inertial oscillations of the sample. Instrumented impact
tests were performed with ten samples for each parameters
and mean value of these samples was given as result.

Fractured surfaces of the impact test samples were
examined by scanning electron microscopy, (SEM), using
a JOEL JSM-6335F field emission scanning microscope.

3. Results and discussion
After 100 thermal cycles no remarkable weight change
in the composite materials is observed. The results of in-

terlaminar shear strength (ILSS) are illustrated in Fig. 2.
As seen in Fig. 2 there was a remarkable decrease in
ILSS even after the first 5 thermal cycles. Interlaminar
shear strength was calculated for un-treated material as
85.28 MPa and 59.05 MPa for the the 5 times thermal
cycled sample. Percentage decrease in ILSS after the first
5 thermal cycles corresponds to % 69.3. ILSS of the mate-
rials continued to decrease with increasing of the thermal
cycles, but this amount was not as remarkable as the de-
crease obtained in the first 5 cycles.

During the thermal cycles the composite material was
subjected to thermal stresses. After waiting in hot wa-
ter at 100◦C for 1 min both carbon fibres and matrix
expanded. Then, materials were quickly immersed into
the ice-water tank. The temperature difference was ap-
proximately 100◦C. As a result of the difference in the
coefficient of linear thermal expansion between the fibre
and matrix, shear stresses will occur and as a result of
this stresses plastic deformations and micro cracks at the
fibre/matrix and interlaminar interface is expected. Also
thermal gradient occurs in the composite material dur-
ing the heating and cooling phases, which results in high
residual stresses in plies. Like a fatigue experiment, de-
formations increase with the number of cycles.

During the investigations of interlaminar shear strength
of composites by the short-beam method we also mea-
sured the flexural modulus of the samples. It is observed

Figure 2 ILSS results as a function of thermal cycle number.
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that the flexural modulus decreased as a function of the
thermal cycle number (Fig. 3).

The plastic deformations at the fibre/matrix and in-
terlaminar interface (i.e debonding, delaminations) and
residual stresses lower the ILSS and flexural modulus of
the material even after the first 5 thermal cycles.

Instrumented impact test results are illustrated in
Figs. 4–7. As seen in Fig. 4, Fmax values were slightly
increased up to the first 20 thermal cycles. After 20 ther-
mal cycles, Fmax values are to decrease. The smallest Fmax

value is obtained at the 100th cycle.
Fig. 5 illustrates the total fracture energies of the ma-

terials. As seen in Fig. 5 the total fracture energy was
decreased in the first 20 thermal cycles. At the 20th cycle
Emax shows a minimum. Emax increased as a function of
the thermal cycle number after 20 cycles. It is possible to
explain the decrease in Emax at the first 20 thermal cycles
by residual stresses, which are induced by thermal cycles.
This residual stresses between the fibre/matrix and inter-
laminar interface were not high enough to form plastic
deformations, micro crack formations or interlaminar de-
laminations but stretched the material. Stretched material
was more inclined to initiate cracks.

Fig. 6 gives detailed information about the crack for-
mation and propagation and their relationship to thermal

Figure 3 Flexural modulus results as a function of thermal cycle number.

Figure 4 Impact test results (Fmax) as a function of thermal cycle.

Figure 5 Impact test results (Fracture energy) as a function of thermal
cycle.

Figure 6 Impact test results (Crack initiations and propagation energies)
as a function of thermal cycle.

cycles. It was clearly seen that crack initiation energy
(Ei) was decreasing with increasing number of thermal
cycles. On the other hand crack propagation energy was
obtained to decrease slightly up to 20 thermal cycles.
At the first 20 cycles it is possible to say that residual
stresses help cracks to propagate easily, which result in
lower the crack propagation energy. Because there were
no debonded or delaminated regions and the material still
behaves a brittle nature. It is understood that the thermal
cycle number of 20 is a critical point in our study. At
the 20th thermal cycle residual thermal stresses result in
shear stresses, which were high enough to form crazes,
micro cracks, delaminated or debonded regions. After 20
thermal cycles the weakening of the interface as a result
of deformations permits a rise of the fracture energy, the
debonding, dewetting, pull out of fibres and sliding of the
fibre in the matrix blocks allowing large energy consump-
tion until the rupture of the fibres. It was observed that
there was an increase in Ep. As illustrated in Fig. 5, the to-
tal impact energy Emax, (sum of Ei and Ep) increases with
the number of thermal cycles. We get the similar results
with ref. [17].

Fig. 7 illustrates the force-time (F-t) curves of instru-
mented impact tests. Each force-time curves illustrates
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Figure 7 Force-time (F-t) curves of instrumented impact tests. There is a remarkable difference between the fracture patterns of thermal cycled material.

Figure 8 Fractured cross section of original sample.

1237



single test group data, which represents the best charac-
teristics of their group. There was a remarkable difference
between the fracture patterns of thermal cycled material.
Up to the first 20 thermal cycles the material shows a brit-
tle fracture with higher Fmax and lower fracture energy, but
after 20th thermal cycles it is possible to observe that the
material fractured with higher fracture energy and longer
fracture time.

Fractographic investigations were done by SEM
studies. Fig. 8 illustrates the cross sections of fractured
untreated or original materials. It is possible to observe

the neutral axis, tensile zone and compression zones
clearly. Neutral axis divides the fractured cross sections
into two parts. The tensile zone is placed on the left hand
side while the compression zone is placed on the right
hand side. Un-treated material with a strong interface
tends to show brittle-like planar fracture surfaces the
brittle fracture morphology is clearly observed in Fig. 8.

Fig. 9 illustrates the fractured cross sections of a 100
times thermal cycled samples. There was a remarkable
morphological difference as compared to untreated mate-
rial (Fig. 8). There was not a evident neutral axis formation

Figure 9 Fractured cross section of 100 times thermal cycled sample.

Figure 10 Boundry layer of tensile zone of fractured untreated material.
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as observed in Fig. 9. As a result of thermal cycles de-
laminations between the plies (or laminates) occur in the
material. Each laminate was fractured individually with
mixture of tensile-compression zones placed around the
cross sections. Weak-interface materials exhibited brush-
like failures with protruding fibres. It is also possible to
observe longer debonded, pulled out fibre bundles at the
cross sections, which indicate the poor interfacial bonding
and weakened zones between the fibre/matrix and inter-
laminar interfaces.

Fig. 10 shows the boundary layer of the fractured
untreated material surface of the sample at the tensile
zone. The fracture of a fibre bundle in the composite
specimen with PEI matrix was observed. The fibres
seem to be bonded very strongly to the matrix. The high
interfacial strength between the fibre and matrix leads
eventually to extensive transverse fibre fracture on the
back face of impact rather than pulling-out of fibres,
matrix cracking, etc. Fibres fractured in a brittle manner
without any indication of yield or flow. As a result of

Figure 11 Tensile zone of fractured cross sections of 100 times thermal cycled sample.

Figure 12 Compression zone of fractured cross sections of untreated material.
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Figure 13 Compression zone of fractured cross sections of 100 times thermal cycled sample.

strong fibre-matrix interfacial bond strength, the pull-out
lengths show a very short stub of carbon fibre.

As a result of thermal cycle, there was a remarkable
deformation in the fibre/matrix interface. It is possible to
see many pulled long fibres, which indicate poor adhesion
between the fibre/matrix interfaces as shown in Fig. 11.
The length of pulled-out fibre is quite longer than fractured
untreated material.

There was a brittle fracture wrinkled pattern on the
fracture surface of all fibres in the compression zone of
untreated material (Fig. 12). In addition to shear fractured
fibres, small fibre fragments as a result of microbuckling
and the fracture of resin can be observed in Fig. 12. Frac-
ture of the polyetherimide matrix was formed in irregu-
lar patterns including the matrix fragments of 0.5–5 µm
sizes. The extensive fragmentation of the matrix can be
attributed to compression and shear fracture from the im-
pact loading and can be contrasted with the matrix fracture
occurring under quasi-static loading conditions.

Fig. 13 illustrates the compression zone of thermal cy-
cled material. It should be remembered that as a result
of thermal cycles, there were a remarkable stresses and
elasto-plastic deformations at the fibre/matrix interface.
Weakening at the interface resulted in insufficient support
of fibres by the matrix. Increased debonded fibre length
caused more available fibres to be fractured by microbuck-
ling deformations. It is possible to see in Fig. 13 that there
were fractured short fibres and many pulled out fibres on
the cross sections.

4. Conclusion
The residual stresses at the fibre/matrix and interlaminar
interface as a result of thermal cycles lowered the ILSS

and flexural modulus. The percentage decrease in ILSS
after the first 5 thermal cycles corresponds to % 69.3. ILSS
of the materials decreased with increasing thermal cycle
number, but this increase was not as remarkable as in the
first 5 cycles. Remarkable differences between the frac-
ture patterns of thermal cycled materials were observed.
Up to the first 20 thermal cycles material showed a brit-
tle fracture with higher impact force and lower fracture
energy. After 20 thermal cycles it is possible to observe
that the material fractured with higher fracture energy and
longer fracture time.

Thermal cycling results in weak fibre/matrix and inter-
laminar interfacial strength. This causes remarkable dif-
ference in fracture morphology. As the fractured cross
sections were investigated it was observed that material
changes its fracture morphology from brittle to though
manner.
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