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Abstract—Microscopic damage progress in high temperature CFRP cross-ply laminates under
thermal cycling was investigated. Two types of laminate configuration were tested to study the effect
of ply thickness. Matrix cracks initiated in both 0◦ and 90◦ plies and the number of cracks increased
as the number of cycles increased. The saturated number of cracks in 90◦ plies was twice as large as
that in 0◦ plies. To discuss these experimental results, shear-lag analysis was used to evaluate both the
energy release rate associated with matrix cracking and the thermal residual stress in cracked plies. It
was implied that the effect of the maximum thermal residual stress as well as the energy release rate
range were significant in the quantitative evaluation of the matrix cracking induced by the thermal
cycling.

Keywords: Thermal cycling; energy release rate; shear-lag analysis; modified Paris law.

1. INTRODUCTION

Carbon Fiber Reinforced Plastics (CFRP) are used in the form of multidirectional
laminates. Thermal stress in the plies is induced as a result of the temperature
change from the cure temperature, due to a large difference of thermal expansion
coefficients of the plies [1, 2]. If the temperature changes periodically, the thermal
stresses also change periodically. Periodic thermal stresses often cause matrix
cracking in laminates, which degrade mechanical properties of the laminates [1–5].
If the application of CFRP to a space structure is considered, it is important to
understand the matrix cracking behavior induced by periodic thermal stresses due
to the solar eclipse, etc.

∗To whom all correspondence should addressed.
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336 K. Teradaet al.

In the present study, microscopic damage such as matrix cracking was observed
in high temperature CFRP AS4/PEEK cross-ply laminates under thermal cycling
condition. Damage progress was analyzed using shear-lag analysis [3, 4].

2. EXPERIMENTAL PROCEDURE

Thermal cycling tests were conducted for carbon fiber reinforced polyetherether-
ketone (AS4/PEEK). Polyetheretherketone (PEEK) is thermoplastic resin that has
a well defined glass transition temperature (143◦C) with corresponding significant
changes in coefficient of thermal expansion and elastic properties [6]. The me-
chanical properties of AS4/PEEK are showed in Table 1. The stress-free tempera-
ture of the laminate is 310◦C. In the experiment, two kinds of cross-ply laminates,
[02 /903 /02] and [02 /904 /02], were used. In the present study, the outer ply was
defined as the 0◦ ply. Figure 1 shows the geometry of the specimen for thermal
cycling test. All edge surfaces of the specimens were polished for damage obser-
vation. Before testing, all specimens were dried in a vacuum chamber to eliminate
the moisture effects. In-house thermal cycle test equipment that consisted of a liq-
uid nitrogen (LN2) vessel and ceramic fiber heaters was developed. First, specimens

Figure 1. Specimen geometry for thermal cycling test.

Table 1.
Mechanical properties of AS4/PEEK at various temperatures

Temperature [◦C]

0 50 100 150 200 250

Longitudinal tensile modulusE1 [GPa] 134 134 134 134 134 134
Transverse tensile modulusE2 [GPa] 10.0 8.9 7.9 5.6 3.2 1.5
In-plane Poisson’s ratioν12 0.31 0.31 0.31 0.5 0.5 0.5
Longitudinal thermal expansion coefficientα1 [µε/K ] 0.6 0.6 0.6 0.6 0.6 0.6
Transverse thermal expansion coefficientα2 [µε/K ] 29.1 29.1 29.1 80.0 80.0 80.0
* Out-of-plane Poisson’s ratioν23 0.5 0.5 0.5 0.5 0.5 0.5

* Assumed value.
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Damage in CFRP laminates under thermal cycling 337

Figure 2. Specimen temperature as a function of time.

were heated up to 150◦C or 250◦C by ceramic fiber heaters. Then, they were cooled
down to−196◦C, that is, the boiling point of LN2. Specimens were held in each
environment for 5 min. Figure 2 shows the specimen temperature as a function of
time. The thermal cycling test in−196 to 150◦C range was conducted up to 1000
cycles, and that in−196 to 250◦C range was conducted up to 500 cycles. The
microscopic damage was observed with an optical microscope and soft X-ray radi-
ography. The matrix crack density was defined as the number of matrix cracks per
unit observed length.

3. EXPERIMENTAL RESULTS

3.1. Matrix crack progress

With the optical microscope, matrix cracks induced by cyclic thermal stress were
observed in both 0◦ and 90◦ plies. Figures 3 and 4 show the edge views of matrix
crack in 0◦ and 90◦ plies, respectively. With these observations, matrix cracks
were found to extend to the full thickness of 0◦ and 90◦ plies. Figure 5 shows
a sequence of soft X-ray radiography observations (−196 to 250◦C temperature
range, [02 /904 /02]). With the soft X-ray radiography, matrix cracks were found
to extend to the full width and height of 0◦ and 90◦ plies. Soft X-ray radiography
indicated that crack initiation occurred not only from the specimen edge but also
from the crack tips in 0◦ plies. Figure 6 shows the schematic of matrix crack
progress in 90◦ plies. The high stress intensity near the tip of matrix cracks in
0◦ plies tends to generate the matrix crack initiation in 90◦ plies.

Figures 7 to 10 show the crack density in each ply as a function of the number of
thermal cycles. For the thermal cycling in−196 to 150◦C range, at the early stage
of this thermal cycling, the number of matrix cracks in 0◦ plies grew more rapidly
than that in 90◦ plies. After a few hundred cycles, the matrix crack density growth
rate of 90◦ plies became larger than that of 0◦ plies. Eventually the matrix crack
density of 90◦ plies became larger than that of 0◦ plies.
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338 K. Teradaet al.

Figure 3. Matrix crack in 0◦ plies (−196 to 250◦C, [02 /904 /02], 200 cycles).

Figure 4. Matrix crack in 90◦ plies (−196 to 250◦C, [02 /904 /02], 200 cycles).

For the thermal cycling in−196 to 250◦C range, matrix cracks in both 0◦ and
90◦ plies initiate simultaneously. The matrix crack density seemed to reach the
saturation level approximately at 500 cycles.

There was a tendency that the matrix crack density saturation level of 90◦ plies
was approximately twice as large as that of 0◦ plies. In [02 /903 /02] laminate, the
matrix crack growth rate of 90◦ plies was larger than that in [02 /904 /02] laminate.

3.2. Delamination progress

For the thermal cycling in−196 to 150◦C range, no other damage, such as
delamination or fiber fractures, except matrix cracks, was observed before 1000
thermal cycles. On the other hand, for the thermal cycling in−196 to 250◦C
range, delaminations which evolved along matrix cracks in 0◦ plies were observed
approximately after 200 thermal cycles, as shown in Fig. 5. After 500 cycles, the
delaminations could be seen as black-regions, which spread along matrix cracks in
0◦ plies. Figure 11 shows the delamination initiating from the tip of a matrix crack
in 0◦ plies.

D
ow

nl
oa

de
d 

by
 [

Si
au

liu
 U

ni
ve

rs
ity

 L
ib

ra
ry

] 
at

 0
7:

13
 1

7 
Fe

br
ua

ry
 2

01
3 



Damage in CFRP laminates under thermal cycling 339

Figure 5. Soft X-ray radiography observation. Temperature range was−196 to 250◦C. Laminate
configuration was [02 /904 /02].

Figure 6. Schematic of matrix crack progress in 90◦ plies.

Figure 7. Matrix crack density as a function of thermal cycle number [−196 to 150◦C], [02 /903 /02].
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340 K. Teradaet al.

Figure 8. Matrix crack density as a function of thermal cycle number [−196 to 150◦C], [02 /904 /02].

Figure 9. Matrix crack density as a function of thermal cycle number [−196 to 250◦C], [02 /903 /02].

Figure 10. Matrix crack density as a function of thermal cycle number [−196 to 250◦C], [02 /904 /02].
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Damage in CFRP laminates under thermal cycling 341

Figure 11. Delamination from the tip of matrix crack in 0◦ plies.

4. DISCUSSION

In order to explain these experimental results, the stress field of a cross-ply laminate
which contains cracks in both 0◦ and 90◦ plies was calculated by using the shear-lag
analysis [3, 4]. Energy release rate associated with matrix cracking was calculated
as follows.

G = −
∂
[
t0

(
σ 0
x

(
σ0
x

E0c
1
− ν0c

12σ
0
y

E0c
1

)
+
(
σ 0
y

(
σ0
y

E0c
2
− ν0c

12σ
0
x

E0c
1

))]
2∂(t0d0+ t90d90)

−
∂
[
t90

(
σ 90
x

(
σ90
x

E90c
2
− ν90c

12 σ
90
y

E90c
1

)
+
(
σ 90
y

(
σ90
y

E90c
1
− ν90c

12 σ
90
x

E90c
1

))]
2∂(t0d0+ t90d90)

, (1)

wheretθ is half thickness ofθ◦ plies,dθ is matrix crack density inθ◦ plies,σ θi is ave-
rage stress ini direction inθ◦ plies.Eθc1 ,Eθc2 , νθc12 (Young’s modulus along the fibers,
Young’s modulus transverse to the fibers and major Poisson’s ratio, respectively) are
the elastic constants of the crackedθ◦ plies calculated using shear-lag analysis, as
shown in the Appendix. The energy release rate range1G was calculated using
equation (1).

In order to relate1G to the matrix crack density, the modified Paris law [5] was
used. The conventional Paris law approach relates the crack growth rate to the range
in the applied stress intensity factor. Nairn and his coworkers proposed analysing
fatigue data using a modified Paris law approach [5]. In their analysis, the energy
release rate range was used instead of the range in stress intensity factor, and the
transverse crack density was substituted instead of the crack length. In the modified
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342 K. Teradaet al.

Paris law analysis, the matrix crack density growth rate is given by

dD

dN
= A1Gn, (2)

whereA and n are two power-law fitting parameters,D is matrix crack density
andN is the number of thermal cycling. If equation (2) is valid, plotting dD/ dN
as a function of1G on a log– log scale should yield a linear relation. Furthermore,
in the present study, another power-law relation was assumed between the stress
amplitude in cracked plies(1σmax) and dD/ dN as follows.

dD

dN
= B(1σmax)

m, (3)

whereB andm are two power-law fitting parameters.
The experimental results could be rearranged from the following three points of

view.

Point 1. The difference in temperature range of thermal cycling (−196 to 150◦C or
−196 to 250◦C).

Point 2. The difference in ply thickness ([02 /903 /02] or [02 /904 /02]).

Point 3. The difference in position of cracked layer (inner or outer).

As regards Point 1, there is a positive correlation between1G and dD/ dN ,
because1G in −196 to 250◦C range is larger than that in−196 to 150◦C.
Moreover, there is also positive correlation between1σmax and dD/dN , because
1σmax in −196 to 250◦C range is larger than that in−196 to 150◦C. For example,
the matrix crack density growth rate in Fig. 9 is much larger than that in Fig. 7.
These experimental results are consistent with equations (2) and (3).

As regards Point 2, there is a negative correlation between1G and dD/ dN ,
because the thicker the cracked plies, the larger is1G. Figures 12 and 13 show

Figure 12. Energy release rate range as a function of matrix crack density. Thermal cycle range was
−196 to 250◦C.
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Damage in CFRP laminates under thermal cycling 343

Figure 13. Maximum stress at−196◦C as a function of matrix crack density.

Figure 14. Matrix crack density growth rate as a function of1G.

analytical results of the energy release rate range and the maximum stress as a
function of matrix crack density. In Fig. 12, dD/ dN of 90◦ plies in [02 /903 /02]
laminate is larger than that in [02 /904 /02] laminate. This result is inconsistent
with equation (2). However, there is a positive correlation betweenσmax and
dD/ dN , because the thicker the clacked plies are, the smallerσmax is. In Fig. 13,
the maximum stress of the [02 /903 /02] 90◦ ply, keeps a higher level than others.
This analytical result is consistent with the experimental result. This result is also
consistent with equation (3).

As regards Point 3, in the shear-lag analysis [3, 4], the ply modulus variation is
dependent only on the ply thickness and the crack density. Then the energy release
rate associated with matrix cracking in 0◦ plies is equal to that in 90◦ plies, when
t0 = t90 andd0 = d90. Therefore, this analytical result indicates that in [02 /904 /02]
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344 K. Teradaet al.

Figure 15. Matrix crack density growth rate as a function of1σmax.

laminate1G associated with matrix cracking in 0◦ plies is equal to1G associated
with matrix cracking in 90◦ plies. However, Fig. 10 indicates that both the saturation
level and the growth rate of crack density in 90◦ ply is twice as large as that in 0◦
plies. This experimental result is inconsistent with the above-mentioned analytical
result. Thus, in order to consider matrix cracks in the outer plies, we must use
other analytical models, which should be modified on the assumption of different
displacement fields.

From these analyses and experimental data, dD/ dN was plotted as a function of
1G or1σmax on a log–log plot. Figures 14 and 15 show dD/dN as a function of
1G and1σmax, respectively. Data in Fig. 15 seem to fall on a master curve. On
the other hand, data in Fig. 14 have less correlation than that in Fig. 15. This means
that, in this study, dD/ dN –1σmax analysis is better than the modified Paris law
analysis for the present laminate configuration.

5. CONCLUSIONS

Thermal cycling tests were conducted for two types of AS4/PEEK cross-ply lam-
inates. Matrix cracks were observed in both 0◦ and 90◦ plies of both laminates.
To explain the matrix crack progress, shear-lag analysis was used to calculated the
ply stress and energy release rate associated with matrix cracking. Comparing the
maximum stress amplitude analysis with the energy release rate range analysis, the
maximum stress amplitude analysis provided a better explanation of the experimen-
tal results for the present laminate configuration. Further analysis is necessary to
generalize the present conclusion.
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APPENDIX

The parameters (σ θi , Eθc1 , Eθc2 , νθc12) in equation (1) are shown as follows.

σ 0
x = −

t90

t0
σ 90
x = A′

2d90

Rλx
sinh

(
Rλx

2d90

)
+ B ′ 2d0

Rλy
sinh

(
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t0
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(− ν12
E1
f1y + 1

E2
f2y
)
f3x

,

E90c
2 =

f4xf3y − f3xf4y(
ν12
E1
f2x − 1

E1
f1x
)
f4y −

(
ν12
E1
f2y − 1

E1
f1y
)
f4x

,

ν90c
12 =

E90c
1

f4x

(
1

E90c
2

f3x − 1

E1
f1x + ν12

E1
f2x

)
,

ν90c
21 =

E90c
2

f3x

(
1

E90c
1

f4x − 1

E2
f2x + ν12

E1
f1x

)
,

E0c
1 =

g1xg2y − g2xg1y(
1
E2
g3x − ν12

E1
g4x
)
g2y −

(
1
E2
g3y − ν12

E1
g4y
)
g2x

,

E0c
2 =

g2xg1y − g1xg2y(− ν12
E1
g3x + 1

E1
g4x
)
g1y −

(− ν12
E1
g3y + 1

E1
g4y
)
g1x

,

D
ow

nl
oa

de
d 

by
 [

Si
au

liu
 U

ni
ve

rs
ity

 L
ib

ra
ry

] 
at

 0
7:

13
 1

7 
Fe

br
ua

ry
 2

01
3 



346 K. Teradaet al.

ν0c
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E0c
1
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ξx = 3G23

t0t90
(α1− α2),

ξy = 3G23

t20
(α1− α2),

1T = T − Tsf,

whereTsf is the stress-free temperature.
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