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Abstract—Transverse crack behavior in quasi-isotropic interleaved CFRP laminates was observed by
an optical microscope and a soft X-ray radiography system. Seven symmetric laminates composed
of the same combination of ply orientations were tested to clarify the effect of stacking sequence
on transverse crack behavior in°9flies. The thickness of 90plies and the modulus of adjacent

plies were found to be most influential in their effect on transverse cracking behavior. To model
the experimental results, damage mechanics analysis was used. The predictions of transverse crack
evolution based on both energy and average stress criteria were compared with the experimental
results. The validity of the present analysis was confirmed. The advantage of this analysis was its
applicability to general laminate configuration, once the critical values were determined.

Keywords CFRP; quasi-isotropic laminates; transverse crack; stacking sequence; damage mechanics;
energy release rate.

1. INTRODUCTION

Carbon fiber reinforced plastics (CFRP) are used in the form of the multidirectional
laminates. In the failure process of CFRP laminates, unique microscopic damages,
such as transverse cracks and delamination, initiate and grow under loading.
Especially, transverse cracks are induced in the early stage of the failure process
and cause following serious damages, such as delamination and fiber breaks. This
implies the necessity to clarify the behavior of transverse cracking for application

*To whom correspondence should be addressed.



Downloaded by [Siauliu University Library] at 07:15 17 February 2013

242 S. Kobayashet al.

of CFRP laminates to primary structures. Although many experiments have been
conducted for general laminates [1-3], most of analytical models of transverse
cracking have been limited to only cross-ply laminates [4—7].

Gudmundson and Zang [8] proposed a damage mechanics model for the pre-
diction of the thermoelastic properties of composite laminates containing matrix
cracks. The analysis can be applied to general laminate configurations. With the
analysis, Ogiharat al [9] derived the energy release rate associated with trans-
verse cracking, and proposed a model to predict the transverse crack behavior based
on both energy and average stress criteria.

The objective of this study is to investigate the effect of stacking sequence on the
transverse crack behavior in quasi-isotropic interleaved CFRP laminates experimen-
tally. The experimental results are compared with the analytical prediction based on
the damage mechanics analysis [9] to evaluate the effectiveness of the analysis.

2. EXPERIMENTAL PROCEDURE
2.1. Material

A material system used was CFRP T800H/3900-2 with interlaminar-toughened
resin layers, supplied by Toray Inc. The T800H/3900-2 prepreg system has tough
and fine polyamide particles on its surfaces, which results in formation of the
interlaminar-toughened resin layers at every ply interface in a laminate. The thick-
ness of the interlaminar-toughened layers is approximatejyr80T800H/3900-2
laminates are known to provide both high compressive strength after impact dam-
age and high compressive strength at elevated temperatures for moistured test spec-
imens [10, 11]. It is also known that delamination around open holes is suppressed
under static tensile loading [12]. Material properties are shown in Table 1 [12].

The laminate configurations were symmetric and quasi-isotropic composed of the
same combination of ply orientations’(@5°, —45° and 90) shown in Table 2. The
specimen size was 150 mm long, 25 mm wide and 1.5 mm thick. GFRP tabs were

Table 1.
Material properties of unidirectional T800H/3900-2 laminate

Longitudinal Young’s modulus (GPa) 143
Transverse Young’'s modulus (GPa) 7.99
In-plane shear modulus (GPa) 3.96
In-plane Poisson’s ratio 0.345
Out-of-plane Poisson’s ratio 0.490
Longitudinal thermal expansion —152
coefficient (10°6/°C)

Transverse thermal expansion 34.3
coefficient (10°8/°C)

Fiber volume fraction (%) 56~ 55
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Table 2.
Laminate configurations

Laminate with two 90 plies at the (a) [04£45/90k
center (b) [45/0445/90k
(Group A) (c) i45/0/90}%
Laminate with one 90ply located (d) [0/90445]s
symmetrical to the center plane (e) [0/45/9@15]s
(Group B) (f) [45/0/90/45]

(g) [90/45/0/—45)

glued on the specimen. Free edges of these specimens were polished to observe
microscopic damages.

2.2. Damage observation

Quasi-static tensile tests were conducted at room temperature. The cross-head speed
was 0.5 mm/min. During the test, the testing machine was periodically stopped and
the polished edge of the specimen were directly observed by an optical microscope.
A soft X-ray radiography was also used for internal damage observation. lodozinc
(Znl), a dye penetrant opaque to X-rays, was applied along the specimen edge.
The observed area was 50 mm long at the center of the specimen. The number of
transverse cracks in the specimen was counted to obtain the transverse crack density,
which was defined as the number of transverse cracks per unit specimen length.

3. EXPERIMENTAL RESULTS

The first microscopic damage observed in all laminates was transverse cracks in 90
plies. Matrix cracks int45° plies and free edge delamination initiated successively.
Quasi-isotropic laminates tested are classified into two groups. In the present study,
a laminate group which consists of the laminates with twd 8lies at the center
is referred to as group A, and the other laminate group which consists of laminates
with one 90 ply located symmetrical to the center plane is referred to as group B.
Microscopic damage progress in the laminates in one group is similar.

First, microscopic damage progress in group A laminates are described. Figure
1 shows a transverse crack observed if ples of [45/0/~45/90] laminate
(e = 1.32%, ¢ is laminate strain). It is seen that the transverse crack runs through
the thickness of the two 9(plies. In Fig. 1, a matrix crack in the-45 ply is
also observed. Matrix cracks ir45° plies were also observed in [@45/90]
laminates; however, matrix cracks were not observet4s° plies of [+-45/0/90}
or in 45 plies of [45/0/~45/90] and [0/4-45/90] laminates until final fracture.
Figure 2 shows the internal damage state of [45/48/90]; laminate £ = 1.32%).
Because the delamination area becomes black on the image and matrix cracks
cannot be detected, dye penetrant was applied along the one side of the specimen
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Figure 1. Microscopic damage in [45/6445/90k laminate ¢ = 1.32%, ¢: laminate strain, edge
observation).

edge to clarify the behavior of both delamination and matrix cracks near the free
edge. It is seen that transverse cracks in@lis go through the width direction;
however, matrix cracks ir-45° plies grew only a little in the width direction. The
number of cracks increased as the laminate strain increased. Free edge delamination
at the —45/90 interface and in 90plies initiated in all group A laminates and
extensive growth of delamination was observed in [45/83/90] laminates.
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Figure 2. Microscopic damage in [45/6/45/90k laminate ¢ = 1.32%, X-ray observation).
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Figure 3. Microscopic damage in [0/9@#45]s laminate ¢ = 1.56%, edge observation).

Second, microscopic damage progress in group B laminates was observed.
Figures 3 and 4 show transverse cracks observed inp86s of [0/90445]s
(e = 1.56%) and [45/0/90+45]s (¢ = 1.59%) laminates, respectively. It is seen
that the transverse crack runs through the thickness of the sngy@0Transverse
cracks in 90 plies of [0/45/90/45]s and [45/0/90+45] laminates were not
perpendicular to the loading direction. This inclination of transverse cracks’in 90
plies placed betweett45° plies is attributed to the cross-elasticity effectiod5°
plies which results in generation of out-of-plane shear stress°iplgs at the free
edge [12]. As the load increased, matrix cracks4b°> plies of [0/45/90/45];,
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Figure 4. Microscopic damage in [45/0/96445]s laminate ¢ = 1.59%, edge observation).

in —45 plies of [45/0/90/45] and in 48 plies of [90/45/0/45]s laminates
were also observed around the tip of transverse cracks “irplgfs. Only some
small delamination was observed in group B laminates just before the final fracture.
Figures 5 and 6 show the internal damage state of [45/0488); (¢ = 1.57%)
and [90/45/0+45]s laminates £ = 1.51%), respectively. Similarly to the group A
laminates, transverse cracks irf §ies go through in the width direction. Matrix
crack onset in 45and/or—45° plies at the free edge and only a little growth in the
width direction was observed in [0/45/9045]s and [45/0/90+45]s laminates.
In [90/45/0/-45]s laminates, an array of small matrix cracks in°4dies was
observed along the transverse cracks in@ies.

Figure 7 shows the transverse crack density in@igs as a function of laminate
strain. Group A laminates (a) [@445/90}, (b) [45/0/—45/90}, (c) [+45/0/90}
can be regard as [(Sub. Lam.)/9@yhere (Sub. Lam.) represents sublaminates
whose mechanical properties are expected to be identical from a macroscopic point
of view. Therefore, transverse crack onset strain in the laminates is expected to
be similar. However, experimental results show that the order of transverse crack
onset strain is (a) [0#45/90] > (b) [45/0/—45/90] > (c) [+:45/0/90}. This is
attributed to the difference in thermal residual stress in the laminate near free edges.
That is, the thermal stress is expected to be more severe in the laminate Where 0
and 90, plies, which have a large thermal coefficient mismatch, are placed close
to each other, and the transverse crack onset strain is expected to be smaller. After
the transverse crack onset, the transverse crack density in (b) [485090]; and
(c) [+45/0/90) became larger than (a) [@45/90] because the stress recovery
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Figure 5. Microscopic damage in [45/0/96445]s laminate ¢ = 1.57%, X-ray observation).
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Figure 6. Microscopic damage in [90/45/6445]s laminate ¢ = 1.51%, X-ray observation).

between the cracks becomes larger with increasing stiffness of plies adjacent to the
90 ply.

In the group B laminates, transverse crack onset strain of (d) [G#88) and
(f) [45/0/90/—45]s, which have 0 plies adjacent to 90plies, became larger than
the rest, (e) [0/45/90+45]s and (g) [90/45/0+45],. This is due to the constraint
effect of O plies. The transverse crack density of (g) was much smaller than that of
any other laminates. This is because of the lack of one side of adjacent ply which
causes lower stress recovery.
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Figure 7. Transverse crack density in 9flies as a function of laminate strain (experimental results
and analytical predictions¥ = 70 MPa andG¢ = 300 J/n?).

4. DISCUSSION

The authors’ group conducted damage mechanics analysis [9] to model the trans-
verse crack behavior. A short review of this analysis is shown here. Gudmundson
and Zang [8] developed an analytical model for the prediction of the thermoelastic
properties of composite laminates containing transverse cracks. The in-plane com-
pliance matrix of laminates with transverse cradge,, can be expressed using an
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in-plane compliance matrix without transverse cra&ks,as

N N -1
&©=Ow4—ZMMNVZNW), (1)
k=1

i=1

where v’ is the volume fraction of ply, p* is the normalized crack density in
ply k, A* is the matrix defined by the compliance matrix of each ply and a unit
normal vector on the crack surfagg®’ is the matrix associated with average crack
opening displacement in pl. The (1, 1) component of the inverse of the in-plane
compliance matrix, AS; ¢ (0*) (1.1 is the laminate Young's modulug(p*).

Assuming that transverse cracks occur at a constant load and also midway
between the existing transverse cracks, the energy release rate when the transverse
crack density becomeasfrom p/2, G(p) at laminate stress is expressed as

Nia 1 1
Gwh=2§iw—mf( >, (2)

E(o*)  E(p*/2)

wherea' is the thickness of ply, o7 is a parameter to consider the effect of thermal
residual stress arising from the cure process. Considering the transverse cracking in
the 90 ply, o7 is an axial laminate stress to nullify the thermal residual stress in the
90 ply in the loading direction.

In the energy criterion, transverse cracks are assumed to onsetGuteimed in
equation (2) reaches a critical valug;. The relation between the laminate stress
and the normalized transverse crack density is expressed as

o chk< 11 )‘1
o(p’) = SV a \EGH _ E(pH/2) +or. (3)

In the damage mechanics analysis, the average stress of damaged plies can be
derived. In the average stress criterion, it is assumed that the transverse cracks onset
when the average stress normal to crack surfaces afiglsiches a critical valueX.
Considering the 90ply, the relation between the laminate stress and the normalized
transverse crack density is expressed as

k
9c

— 4 Hago — a1(pN ST, + (a0 — a2 SH T, AT
1*0"/-‘5("1",1)(510(1,11) [ S -y Si (1’2)]

(4)

o (o) =
SHaySian + SHg S

whereS] is a compliance matrix of pl¥, o, is a component normal to the loading
direction of the in-plane thermal expansion coefficient vector for the laminate, and
ap andagg are axial and transverse thermal expansion coefficients of a unidirectional
composite, respectively.

Transverse cracks are assumed to onset only when both criteria are satisfied. In
other words, the criterion that gives lower transverse crack density at the same
laminate strain has to be regarded as a proper prediction.
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The predictions based on both energy and average stress criteria are shown in
Fig. 7. Material properties used are listed in Table 1. Critical values were selected
to fit the experimental results. The critical energy release rate and critical average
stress are 300 J/Arand 70 MPa, respectively. Predictions are in good agreement
with the experimental results except for (a), (e) and (f) laminates. In the analysis,
average transverse crack opening displacements (COD) are assumed to be equal to
that in an infinite homogeneous transversely isotropic medium. But the real COD is
different from this assumption, depending on the fiber orientation of adjacent plies
and interleaved plies which have different stiffness from@ies. This implies that
some modifications of the present analysis are necessary.

5. CONCLUSION

Tensile tests were conducted for seven different kinds of laminates to clarify the
effect of stacking sequence on the transverse crack behavior. In the group of
laminates with 90plies at the center, the distance éffies from the neutral plane

are closely related to the transverse crack onset strain. Transverse crack density
of this group at the final fracture is clearly smaller than that of [90/45/4%5),
laminates.

Damage mechanics analysis was conducted to predict the transverse crack behav-
ior. The predictions were found to be in good agreement except for some laminate
configurations. For more precise prediction, an accurate analysis of COD in inter-
leaved laminates is necessary.
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