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Effect of temperature on crack kinking and jumping
in a cross-ply laminated beam
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TO UNDERSTAND THE MECHANISMS of crack kinking and jumping that occur within
the 90° layer of a cross-ply fiber reinforced plastic laminated plate, double cantilever
beam tests were performed at several temperatures for laminated plates with two
types of stacking sequences. The crack kink angles were calculated using a bi-layer
shear-deformable beam model. Furthermore, the interlaminar shear stresses were cal-
culated using finite-element models to clarify the mechanism of the repeated jumps.
The following results were obtained from these experiment and analysis; (i) a crack at
the center tended to propagate in a self-similar manner more stably at higher temper-
atures, (ii) the applied load at which value the crack at the center started propagation
decreased as the 90° layer became thicker, and (iii) the crack along a 0°/90° interface
jumped to the other interface because the shear force along the 0°/90° interface due
to the thermal stress decreased as the crack propagated along the interface.
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1. Introduction

CARBON FIBER REINFORCED PLASTIC (CFRP) has become one of the primary
materials used in the aerospace industry in recent years because of its high spe-
cific strength and stiffness. However, its low interlaminar strength may lead to
delamination, the propagation of which can cause structural failure. Therefore,
it is important for structural designers to be able to characterize delamination
resistance. One way to do this is with the double cantilever beam (DCB) test
that was established for unidirectional laminates. However, multidirectional lam-
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inates such as quasi-isotropic ones composed of 0°, 45°, —45° and 90° plies
are used in most applications of CFRP structures. Accordingly, several studies
have been conducted concerning the effects of ply orientation on the propagation
mode [1-7]. However, it has been shown that measuring the interlaminar fracture
toughness of multidirectional laminates is difficult because the delamination does
not propagate in a self-similar manner between layers. Rather, cracks tend to
kink and jump to interfaces [1]|. For example, consider the DCB test of a cross-ply
CFRP laminate with a stacking sequence of [90°,,/0°,/90°,,//90°,/0%,/90°,],
where “//” represents the initial position of a crack. An initial crack can kink
toward one of the 0°/90° interfaces and reach it. After the crack has propagated
a short distance along this interface, it will occasionally jump to the other 0°/90°
interface. In this paper, crack kinking means that an initial crack has deviated
from the line of its initial direction or that a crack that was propagating along an
interface has deviated from it. Crack jumping means that after kinking, a crack
has propagated and reached an interface.

Various techniques have been proposed to avoid crack kinking and jumping.
HUNSTON and BAscoM [1] suggested using some 0° plies in the planes adjacent
to the delamination one. ROBINSON and SONG |[2| proposed a DCB specimen
with pre-delaminated edges to avoid intralaminar damage. However, it is now
known that monitoring crack positions is difficult and that intralaminar dam-
age is not always avoided [4-5]. SEBAEY et al. [6] investigated the probability
of a crack jump occurring during a DCB test and showed that it is inversely
related to the arm-bending stiffness. The interlaminar and intralaminar energy
release rates were calculated by de MORAIS et al. |7] using finite-element models
combined with the virtual crack closure technique (VCCT) in which the crack
propagation paths were assumed. Their results showed that the intralaminar
energy release rate is significantly smaller than the interlaminar one. This sug-
gested that the intralaminar crack propagation, that is the crack jumping, is
unavoidable in tough multidirectional laminates.

Some researchers have considered the effects of the residual thermal stress
that results from the difference between the cure and test temperatures. DE MO-
RAIS et al. [7] concluded that thermally induced stresses can be neglected when
considering fracture toughness. NAIRN [8] showed that the mode I fracture tough-
ness is highly dependent upon the thermal stresses. SEBAEY et al. [6] demon-
strated that the induced thermal stresses affect the probability of crack jumping;
they have no effect on the load—displacement curves.

RATCLIFFE et al. developed a new test method of investigating crack kinking
and jumping. This method is based on a clamped-beam configuration that has
0°/90° and 90°/0° interfaces |[9-11] or 0°/6 and 6/0° ones in which # = 60° or
75° [12]. They assumed that the sign of the interlaminar shear stress affects the
direction of a kink. Numerical simulations using the VCCT and the floating-node
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method (FNM) corroborated this assumption [9] and reproduced the overall fail-
ure morphology that was observed experimentally [11]. In their tests, single jump
events occurred, but the repeated jumps that are observed in DCB tests did not.

However, there have been only a few studies on crack propagation and kink
angle in cross-ply DCB specimens. Being able to predict complex fracture be-
haviors in which interlaminar and intralaminar fractures occur would help to
improve the precision of CFRP structural design.

Some analysis of crack kinking in DCB tests of foam core sandwich beams has
been performed. CARLSSON et al. [13] used a finite-element method to predict
the kink angle in such tests. YOKOZEKI [14] used an analytical formulation of
the rate of energy release from the foam core to predict the kink angle and to
examine the effect of the residual thermal stress due to the difference between
the cure and test temperatures. He concluded that this method is capable of
predicting the locations of steady-state cracks in sandwich beams. The applied
load must be specified if residual thermal stress is included in the kink-angle
calculation; it is not required otherwise. In this study, a 1 N load was used to
examine the effect of residual thermal stress.

The complex fracture behaviors of multidirectional laminates, which include
interlaminar and intralaminar fractures, were analyzed in this investigation for
cross-ply DCB specimens in particular. Although DCB tests were carried out, the
primary aim was not to measure the critical energy release rate in mode I Gj¢
of the specimens. Firstly, DCB tests of cross-ply laminates were conducted at
various temperatures to determine the crack propagation behaviors of cross-ply
DCB specimens and its temperature dependence. Then, by applying Yokozeki’s
analytical formulation [14] to the cross-ply DCB specimens and specifying an
adequate applied load, crack propagation was predicted analytically. This was
done to understand the mechanisms of crack kinking and jumping and for com-
parison with the experimental results for cross-ply CFRP laminates. The effect
of the test temperature on the crack propagation path was also examined.

The motivation for using cross-ply laminates in this study was that although
composite structures are rarely built using cross-ply laminates alone, these struc-
tures often contain regions in which such materials dominate. Moreover, cross-
ply laminates are relatively simple and yet encapsulate the essential mechanical
behaviors of multi-directional ones.

2. Experiment
2.1. Specimens

We considered cross-ply CFRP laminates with a stacking sequence of
[90°,,,/0°,, /90, // 90°,,/0°,/90°,,|, where again “//” represents the initial po-
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sition of a crack. The laminated plates used in this study were made of unidi-
rectional pre-impregnated (prepreg) sheets (TR380G-250SM, Mitsubishi Rayon
Inc.). Those with (m,n) = (2,4) are referred to as Type A and those with
(m,n) = (1,6) as Type B. The initial cracks were made by inserting 12.5 pum
polytetrafluoroethylene (PTFE) films between the 90° plies. The cure cycle is
shown in Fig. 1; the specimens were cured at 130°C for 90 min. A schematic
diagram of the DCB test and the dimensions of the DCB specimen is shown
in Fig. 2. P, §, and a denote the applied load, displacement, and crack length,
respectively; the initial crack length was 54 mm.
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Fia. 2. Schematic of DCB test specimen.

2.2. Test procedures

The test procedures followed a standard method (Japanese Industrial Stan-
dard, JIS K 7086 [15]). All of the tests were carried out under displacement
control by a biaxial servo-hydraulic machine (Type 8850, Instron) at an actua-
tor speed of 0.5 mm/min. The DCB tests were performed at six temperatures
(—25,0, 25,50, 75, and 100°C), and three different specimens were tested at each
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temperature. In these tests, no pre-cracks were made before the tests because
such cracks tend to kink toward one of the 0°/90° interfaces. Load—displacement
curves were recorded during loading, and a microscope (VHX-600, Keyence) was
used to inspect both sides of each specimen after the tests.

2.3. Results

Typical load—displacement curves are shown in Fig. 3 for each temperature.
It can be seen that shapes of these curves depend on the test temperature. The
initial slope of Type B is larger than that of Type A because the former includes
more 0° layers and is stiffer than the latter. The compliance increases in both
types after the large load drop.

Typical crack propagation paths for Type A and Type B specimens are shown
in Figs. 4 and 5, respectively, at each temperature. In Type A specimens at
<50°C, the initial cracks kinked almost vertically upward or downward. After
they reached 0°/90° interfaces, the cracks propagated along the interfaces. How-
ever, at 75°C, the crack jumped to the other interface after propagating a short
distance along the 0°/90° interface. At 100°C, the crack propagated in an al-
most self-similar manner a short distance from the center of the specimen and
kinked toward the interface. After the crack reached the interface and propa-
gated a short distance along the interface, it kinked and proceeded to the center
of the specimen.

The magnitudes of the initial crack kink angle defined in Fig. 6 are listed in
Table 1, where it can be seen that this angle decreased as the test temperature
was raised. Clearly, crack propagation path is heavily dependent on the test
temperature.

Table 1. Magnitudes of initial crack kink angle.

Temp. [°C] —25 | 0 25 50 75
crack kink angle [°] | Type B|744+4|67+2(57+4[48+4] -

In each Type B specimen at —25°C, the crack kinked toward one of the
0°/90° interfaces and propagated along the interface upon reaching it. At 0,
25, and 50°C, the cracks jumped to the other interfaces after propagating short
distances along the 0°/90° interfaces. The cracks jumped repeatedly in these
cases. The intervals between the crack jumps are listed in Table 2, where Aaq
and Aas are defined as the distances from the initial crack tip to the first and
second crack kinking points, respectively, as shown in Fig. 6. It can be seen
from Table 2 that the intervals between the crack jumps became shorter as the
test temperature was increased. The crack kink angles decreased as the test
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Fia. 3. Typical load—displacement curves.

temperature was raised, as shown in Table 1. At 75°C and 100°C, the cracks
propagated in an almost self-similar manner near the centers of the specimens.

In both types of specimens, secondary cracks were observed sometimes at
the initial crack tips, which kinked almost symmetrically to the primary cracks



EFFECT OF TEMPERATURE ON CRACK KINKING AND JUMPING. .. 355

a) —25°C b) 0°C

e) 75°C £) 100°C

Fic. 4. Crack propagation path for Type A specimens with a stacking sequence of
[90°2/0°4/90°2//90°2/0 ° 4/90°3].

a) —25°C b) 0°C

c) 25°C d) 50°C

e) 75°C f) 100°C

Fia. 5. Crack propagation paths for Type B specimens with a stacking sequence of
[90°/0°6/90° / /90° /0°6 /90°].

as shown in Fig. 7. We think that these secondary cracks occurred because of
a longitudinal tensile stress due to flexure in the same manner as primary cracks
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< _]Z/ initial crack kink-angle

Fic. 6. Definitions of initial crack kink angle and distance from initial crack tip to crack
kinking points.

Fic. 7. Secondary crack at initial crack tip in Type-A specimen.

Table 2. Distances of crack kinking points from initial crack tips.

Type | Temp. [°C] | Aa1 [mm] | Aaz [mm]
A 75 34+08|7.0X£06
0 19+£03]|52+12

B 25 1.5£05|3.0x£05
50 14+04)|28+04

occur. This is because the same bending stress occurs at both the upper and
lower legs in the DCB tests. Therefore, we consider that the initial crack kinking
occurred because of the flexure fracture.

In the cases in which the crack jumped repeatedly, it can be seen in Figs. 3-5
that the load increased beyond the value before it dropped as the displacement
increased. However, in most of the cases in which the crack propagated along an
interface only after reaching it by means of kinking toward it, the load did not
increase beyond the value before it dropped.

3. Analysis of crack kinking

YOKOZEKI [16] derived the energy release rates of delaminated multilayered
materials based on a bi-layer shear-deformable beam model that included resid-
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ual thermal stress. He applied this formulation to foam core sandwich beams and
concluded that this method is capable of predicting both crack kink angles and
steady-state crack locations [14]. This analytical formulation was applied here
to cross-ply laminates to predict their crack kinking behaviors and to compare
the predicted results with the experimental ones.

3.1. Energy release rate and crack kink angle

This section summarizes Yokozeki’s energy release rate formulation [14, 16]
based on a simple bi-layer shear-deformable beam model and its application to
crack kinking analysis.

Fic. 8. Schematic of DCB cross-ply specimen.

A schematic of a cross-ply laminate with a crack of length a is shown in
Fig. 8. The system is assumed to be a bi-layer shear-deformable beam with
concentrated shear and normal forces at the crack tip, as presented in Fig. 9. It
is assumed that the cracked arms are separated and that any contact between
the crack surfaces can be neglected. The shear force Q. and the normal tensile
force N, at the crack tip can be expressed by considering the force balance
as

_ 2(Mg— Nn)
&y @ Therm

(3.2) N,=—-Q—\ (M + %N) ,
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sublaminate 2

Fic. 9. Analytical bi-layer shear-deformable beam model for cracked cross-ply DCB
specimen with crack tip forces.

where
M:—P(I—Mlp, NZ_NIPa Q:_P7
h h
§:—b1—52+?1d1—?2d2,
h h ho (h h
(3'3> n:a1+a2—71b1+ <71+h2> bg—i-wdg,
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The parameters hg, hgg, and h, are, respectively, the thicknesses of the 90° and
0° layers and the distance between the upper 0°/90° interface and the initial
crack position defined in Fig. 8. B and AT denote the width of the beam and
the temperature difference between the cure and test temperatures, respectively.
The local coordinates x; and z; and the global coordinate = are defined in Fig. 9.
The subscript ¢ denotes each sublaminate, and F, G, and « denote Young’s
modulus, the shear modulus, and the linear expansion coefficient, respectively.
k is the shear factor, which was assumed to be 5/6 for the rectangular cross
section in this study.

The energy release rates Gy and Gyj can be calculated in terms of the crack
tip forces as

1 1 1
3.5 G=— — +— | N?
( ) d 2B (nCl + K/CQ) €
and
1 hi o h3 >
(3.6) Grir = 55 (@ + az — h1b1 + haba + Zdl + Zd2 Qz-

In this study, the 90° ply was assumed to be an isotropic homogeneous mate-
rial. Therefore, the stress intensity factors could be determined from the energy
release rates by using the following formulae:

_ RV ETG[ (NC > 0),
(3.7 = {—\/ETGI (N, < 0),

and

VETGr (Qc > 0),
3.8 K=
( ) I {—\/ETG]] (QC < 0).
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Here, Ep denotes the Young’s modulus of the 90° ply. The signs of the stress
intensity factors are determined by considering the signs of the crack tip forces.

The kink angle 2 can be predicted by considering the mode mixity. It is
known that a crack in a homogeneous isotropic material tends to propagate in
the plane that is free from shear stress [17]. This leads to the following expression
for the crack kink angle [18|:

/ K 2
(3.9) 2 =2tan"! L S(K—III) -

4(%) ’

where the definition of the crack kink angle §2 is shown in Fig. 10. The direction
of this angle is defined in relation to the sign of the crack tip shear force defined in
Fig. 9. A positive shear force causes the crack to kink downward, and a negative
one causes it to kink upward.

t

l

F1a. 10. Definition of crack kink angle.

When the thermal stresses are considered, the crack kink angle becomes
a function of the load P, in which case another condition is necessary to deter-
mine the load. Hence, it is assumed that the crack propagates when the stress in-
tensity factor K4 max, which is induced by the tensile stress occurring on the plane
in the direction of the kink angle, reaches the critical value of K7, namely Kj¢.
At that time,

1 (9] 0
(3.10) Ko max = 3 {KI (1 + cosf2) cos o + 3K rsin {2 cos 5}

= Kic =V ErGic
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is assumed to be satisfied. Practically, the kink angle can be found as follows.
First K7, K5, and §2 are calculated by substituting a value into P. Then whether
K ; max is larger than K¢ is evaluated. This procedure is repeated until K, max
just becomes larger than K¢ by increasing the value of P gradually from a small
value. The last {2 is assumed to be the kink angle.

ERDOGAN and SiH [17] showed that a mixed-mode crack propagates at
a larger external load than the maximum circumferential-stress criterion shown
in (3.10). However, the experimental data are scattered over ~30% of Kjc.
KAGEYAMA and OKAMURA [19] applied their proposed distributed dislocation
method to determine the elastic field around an infinitesimal kink of a crack and
used it to obtain a fracture criterion with respect to the energy release rate. This
criterion was compared with the maximum circumferential-stress criterion and
the minimum strain-energy-density criterion in the curves of fracture angle ver-
sus crack angle and of Kjj versus K. The results showed that the former types
of curves for the three criteria were in good agreement with each other. The
latter type of curve for the maximum energy-release-rate criterion was in good
agreement with the one for the maximum circumferential-stress criterion, but it
differed slightly from the one for the minimum strain-energy-density criterion.
However, the differences are within the experimental errors of [17]. Accordingly,
the maximum circumferential-stress criterion is often used in practice because it
is relatively simple, easy to understand, and easy to apply. Consequently, (3.9)
was used also in this study.

3.2. Analytical results and discussion

The material properties used in the calculations are listed in Table 3. The
thickness of one ply was assumed to be 0.26 mm. The cure temperature was
assumed to be 130 °C.

Table 3. Material properties.

Symbol Value
EL |GPal 118
Er [GPa] 7.73
VLT 0.35
vrT 0.49
Grr |GPal 3.75
Grr |GPal 2.70
Gre [J/m?] 213
ar [1/K] 0.156 x 107
ar [1/K] 59.6 x 107°
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Two schematic crack-growth scenarios are shown in Fig. 11. It was assumed
that an initial crack was located somewhere in the inner 90° layer. The normal-
ized crack position refers to the ratio of h., to the thickness of the inner 90°
layer. Hence, the normalized crack positions of the upper interface, center, and
lower interface are 0, 0.5, and 1, respectively. Positive and negative kink angles
denote that the crack kinked downward and upward, respectively. Accordingly, if
the crack is located in the upper region and the crack kink angle is negative, the
crack kinks upward, possibly reaches the 0°/90° interface, and tends to propa-
gate along the interface because the crack is assumed not to be able to penetrate
into the 0° layer, as shown by the red lines in Fig. 11a. However, if the crack is
located in the upper region and the crack kink angle is positive, the crack kinks
downward, possibly reaches the center of the specimen, and tends to propagate
along the center or reach the 0°/90° interface beyond it, as shown by the blue
lines in Fig. 11a. The paths assumed when the crack is located in the lower region
are shown in Fig. 11b. The kink angle here is that of an infinitesimal kink from
the tip of an initial horizontal crack. The subsequent kink angle cannot be pre-
dicted in this analysis. Accordingly, this angle cannot be compared directly with
the measured ones listed in Table 1. The predicted kink angle at a normalized
crack position of 0.5, i.e., at the center of the 90° layer, is indeed zero. Strictly
speaking, this model is a form of static stability analysis and cannot be used to
analyze the cracking behaviors after kinking. However, the tendency of the crack
kinking can be estimated from the predicted results.

g g
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@ I ‘2 |
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Z _é_ ______________ > I
g | . 0>0 g |
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Fi1a. 11. Schematic crack-growth scenarios.

The crack kink angles calculated as a function of the crack position are shown
in Fig. 12. For the Type A specimen at 100 °C, the predicted kink angle is positive
(negative) in the region between the upper (lower) 0°/90° interface and the cen-
ter of the specimen. Accordingly, the crack tends to grow in a self-similar manner
along the center of the specimen. This estimation agrees with the experimental
observation that the propagating crack returned to the center even though it
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Fia. 12. Predicted kink angle versus normalized crack position for 54 mm initial crack.

kinked briefly toward the interface. Such zigzag propagation will be discussed
later. The predicted kink angles at <75°C are negative in the upper region and
positive in the lower one. Accordingly, the cracks tend to propagate along one of
the 0°/90° interfaces. This estimation also agrees with the experimental results.
However, the crack jumped to the other interface after propagating a short dis-
tance along the interface at 75°C in the experiment. This behavior may have
been caused by errors in the model and the material properties.

For Type B specimens at >25°C, the predicted angles are positive in the
upper region and negative in the lower one. Accordingly, the cracks tend to grow
in a self-similar manner along the centers of the specimens. This estimation
agrees with the experimental observations at 75°C and 100°C. Experimentally
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at 25°C and 50°C, each of the cracks kinked and propagated to one of the 0°/90°
interfaces, jumping to the other one after propagating a short distance along
the first interface. We think that the reason for this phenomenon is that after
a flexure fracture occurs and the crack reaches an interface, it then jumps to the
other one because it tends to kink toward the center of the specimen. At —25°C
and 0°C, the predicted angles are negative in the upper region and positive in
the lower one. Accordingly, the cracks tend to propagate along 0°/90° interfaces,
and this estimation also agrees with the experimental observations. However, as
with the Type A propagation at 75°C, the crack jumped to the other interface
in the experiment at 0°C.

From Fig. 12, it can be seen that the crack kink angles in the upper region
increase with temperature. Hence, the cracks tend to kink in general toward the
centers of the specimens with increasing temperature; this trend agrees with the
experimental results.

The dependencies of the number m of plies in a 90° layer on the rate of
change of the kink angle with crack position and the applied load when the
crack propagates along the center are shown in Fig. 13. In this study, the kink
angle at he, = 0.99hgo multiplied by 200 times was assumed to be the slope of
the kink angle, and the applied load at h., = 0.99hgy was assumed to be the
load at the center since { = 0 and M;p cannot be evaluated when h., = hgo.
m was assumed to vary continuously in order to determine the tendency more
easily, although in practice m = 1,2, 3, or 4. When the slope is negative, a crack
at the center tends to remain there as it propagates. It is assumed that the
magnitude of the slope is related to the magnitude of the stability. The results
indicate that a crack at the center propagates along the center more stably if the
temperature is higher. Comparing Type A (m = 2) and Type B (m = 1), the
latter is more stable. As m increases, the applied load decreases; this tendency is
independent of temperature. It can be seen from the equations for M;p and Nip
in (3.4) that the applied load is independent of temperature since aye = ani
and apre = apn = 0 at the center. The applied loads were 26 N for Type A
(m = 2) and 41 N for Type B (m = 1). These tendencies agree well with the
experimental results.

The predicted crack kink angles at the upper 0°/90° interface are listed in
Table 4 for different crack lengths. It can be seen that the crack kink angles
remain approximately constant even during interface crack propagation. How-
ever, the cracks sometimes jump to the other interfaces after propagating short
distances along the 0°/90° interfaces in the experiments. Accordingly, this phe-
nomenon cannot be explained by this analysis, because the analysis of the case in
which the initial crack is on the upper interface is the same regardless of whether
the crack was located there initially or came from the other location, although it
is thought that the shear force at the crack tip induced by the difference between
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position curve; b) applied load when crack propagates along center.

the cure and the test temperature is different in the two cases. Hereafter, the
shear force is referred to as the interlaminar shear stress.

To show the difference between the interlaminar shear stresses in the two
cases, the stresses were calculated using commercial finite-element analysis
(FEA) software (ANSYS ver. 16.1) for the two cases as shown in Fig. 14. In this
analysis, the interlaminar shear stress at a distance of 0.1 mm from the crack tip
was compared because the crack tip itself is a singular point. Although FEA is
often used to predict crack propagation with sophisticated methods such as the
VCCT and FNM [12], it was used here to predict only the stress distribution
before the cracks started to propagate for the two different crack configurations.
The jump phenomena occurring in the 90° layer will be discussed in relation to
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Table 4. Predicted crack kink angles at upper interface for various crack lengths.

Type | Temp. [°C] Crack length
54 mm | 56 mm | 58 mm | 60 mm
—25 —48.41 | —48.39 | —48.38 | —48.37
0 —37.59 | —37.58 | —37.56 | —37.54
A 25 —26.01|—25.99 | —25.97 | —25.95
50 —14.00| —13.98 | —13.96 | —13.93
Predicted crack 75 —2.08 | —2.06 | —2.03 | —2.01
kink angle [°] 100 922 | 925 | 927 | 9.29
—25 —-7.14 | =711 | —=7.08 | —7.05
0 —294 | —291 | —2.89 | —2.86
B 25 1.20 1.23 1.26 1.28
50 5.26 5.29 5.32 5.34
75 9.22 9.25 9.28 9.31
100 13.07 | 13.10 | 13.13 | 13.15

this stress distribution. The case in which the crack located at the upper inter-
face originated from the center was approximated by a crank-shaped model, as
shown in Fig. 14b). The plane stress element PLANE183 (225,672 nodes, 73,735
elements for the straight crack with [ = 56.0 mm) was used in the calculations.
Here, [ is defined as the length from the specimen edge to the initial crack tip,
as shown in Fig. 14. Note that the numbers of nodes and elements required for
different crack configurations and lengths differ slightly. The material properties
used in this analysis are listed in Table 3; the thickness of one ply was assumed
to be 0.26 mm. This numerical analysis was conducted for the Type B specimen
at 25°C. The stress distribution due to the mechanical loads is considered to be
almost the same for each configuration because of the equilibrium states of the
forces and the moments. Therefore, we examined the stress distribution due to
thermal loads alone. The interlaminar shear stress was calculated by changing
the temperature from 130°C to 25°C.

The interlaminar shear stresses corresponding to different crack lengths [ are
given in Table 5. In the straight-crack case, this stress does not change even when
the crack extends. However, in the case of a crank-shaped crack, the magnitude
of the interlaminar shear stress decreases as the crack extends. Hence, the crack
tends to kink toward one interface as it propagates along the other; this tendency
is in good agreement with the experimental results.

Finally, the variations of the material constants with temperature should
be discussed. The material constants of some types of resins depend strongly
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on temperature. The degree of this effect in the specimens used in this study
was determined by inspecting the initial slopes of the load—displacement curves
shown in Fig. 3. These are related directly to the bending rigidity. As shown
in Fig. 3, Type A specimens seem to be affected more than Type B ones be-
cause the former have twice as many 90° plies, and, hence, their mechanical
properties are affected more by the resin. However, the extent of this effect is as-
sumed not to be significant to obtain a qualitative explanation from this simple
analysis.

Table 5. Predicted interlaminar shear stresses induced by temperature
difference in relation to crack length for Type B specimens at 25°C. These values
presented were obtained at 0.1 mm from the crack tip.

! [mm] 54.5 | 55.0 | 55.5 | 56.0
Predicted interlaminar Straight crack —95 | -95| -95 | —-9.5
shear stresses [MPa] | Crank-shaped crack | —16.8| —13.3] —11.6 | —10.7
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4. Conclusions

To understand the complex fracture behaviors of multidirectional laminates,
especially cross-ply laminated plates, DCB tests of two types of cross-ply lami-
nated plates with 90° layers in their centers were conducted at various temper-
atures. The crack propagation behaviors were then predicted analytically.

The load-displacement curves and crack propagation paths of the cross-ply
laminates in the DCB tests were found to depend on the test temperature. As the
temperature decreased, cracks tended to kink toward one of the 0°/90° interfaces
and then propagate along the interfaces.

The energy release rates were calculated using the bi-layer shear-deformable
beam model including residual thermal stress. The crack kink angles of the cross-
ply laminated plates were predicted using these energy release rates. To solve the
equations of the bi-layer shear-deformable beam model, an applied-load condition
was introduced. The predictions showed that cracks at the centers of specimens
would tend to propagate along their centers more stably at higher temperatures
and in thinner 90° layers. As these layers became thicker, the applied load at
which the cracks at the centers initiated propagation decreased, independent of
temperature. These tendencies were in good agreement with the experimental
results. Accordingly, this analysis is useful for predicting the general tendencies
of crack propagation in cross-ply laminates.

However, the phenomenon of crack propagating a short distance along one
interface and then jumping to the other one could not be explained. To inves-
tigate the reason for this behavior, the interlaminar shear stress after a crack
jumped to the other interface and propagated along it was calculated using FEA.
As a result, it was seen that the magnitude of the interlaminar shear stress de-
creased as the crack propagated, causing the crack to jump to the other interface
after it had propagated a short distance along the first one.
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