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Interfacial failure problem of composite laminates was experimentally studied to
know the dependence of interlaminar fracture resistance on various conditions as
well as conditions of migration of the delamination into lamina to understand three-
dimensional complex damage growths. A test method was proposed to realize a sta-
ble damage growth without influence of free edge under varying shear fracture mode
in laminated composites. We could numerically evaluate critical energy release rate
(ERR) for the delamination growth using a finite element method based on the mea-
sured shapes of the delamination and the applied load. Not only total ERR but also
the ERR components in two directions parallel and normal to the fiber were calcu-
lated. The two components of the energy release were more appropriate to discuss
the damage growth problem than the mode II and III components. When the normal
component to the fiber was relatively small, the total ERR controlled the instability
of the delamination. The delamination migrated into the lamina (that is, jumped to
the other interface) where the ERR components normal to the fiber reached some
level. The migration caused an anchoring effect on the delamination growth.

Keywords: interlaminar fracture resistance; mixed-mode shear; fiber orientation;
delamination; crack migration

1. Introduction

Laminated composites are used particularly for aerospace structures due to their high
specific strength and stiffness. However, owing to its insufficient interlaminar toughness
the laminated composite structures are vulnerable to interlaminar damage under various
load conditions such as static, impact, and/or cyclic loads. The damage may cause sig-
nificant reduction of load-carrying capability even when no fiber damage occurs. So,
the interlaminar fracture toughness is regarded as an important measure of the failure
tolerance of the laminates. Considering that not only interlaminar normal (mode I)
stress fields but also in-plane shear (mode II) and out-of-plane shear (mode III) stress
fields cause delamination growth, values of all three individual and/or mixed interlami-
nar fracture toughnesses or fracture resistances must be evaluated to characterize the
interlaminar fracture property of the composite laminates with using appropriate test
methods. Migration behavior of delamination into the lamina and/or the deflection of
matrix crack to delamination make the interface failure of composite laminates more
complex and difficult to be predicted.

*Corresponding author. Email: suemasu@sophia.ac.jp

© 2014 Japan Society for Composite Materials, Korean Society for Composite Materials and Taylor & Francis


mailto:suemasu@sophia.ac.jp
http://dx.doi.org/10.1080/09243046.2014.914998

Downloaded by [University Town Library of Shenzhen] at 12:49 28 December 2015

452 H. Suemasu and Y. Tanikado

There are numerous studies concerning the interlaminar toughness as well as test
methods to measure it. The mode I fracture toughness of the laminated composites is
well measured by DCB (Double Cantilever Beam) test method.[1-3] The mode II frac-
ture toughness of the laminated composite is also obtained through comparatively sim-
ple ENF (End Notched Flexure) test method.[4—-6] Mixed normal and in-plane shear
(mode I and II) fracture test can be also conducted through MMB (Mixed Mode Bend-
ing) and CLS (Cracked Lap Shear) test methods.[7,8] There are experimental tech-
niques for measuring mode III proposed by several workers [9—13] such as rail shear
test and ECT (Edge Cracked Torsion) test method, which are not so handy as those
proposed for measuring mode I and II fracture toughnesses. Szekrényes [14] and de
Morais et al. [15] have proposed elaborate test methods to measure mixed mode II and
III fracture toughness, respectively. Suemasu et al. [16] has proposed a modified SCB
(Split Cantilever Beam) test method easy to conduct and possible to evaluate wide
range of mixed mode II and III fracture toughnesses by a single test using finite ele-
ment method. It enables to measure interlaminar resistance under stable crack growth.
The test revealed that the interlaminar fracture behavior under shear mode was extre-
mely complex in the real laminated plate. The damage grew three dimensionally and
free edge made the evaluation of the three-dimensional growth condition difficult. It is
worth to carry out tests of the interlaminar fracture resistance possible to consider the
various effects on interfacial failure behavior such as mixed mode ratio, delamination
propagation orientation, coupling with the other damages, migration behavior into the
lamina, and its large statistical variation.[17-21]

The authors propose an indentation test method to evaluate interlaminar fracture
resistance under the shear-mode fracture conditions without free-edge effect. Since the
present test method realizes varying fracture conditions along the crack front under sta-
ble delamination propagation condition, the various effects on the interfacial fracture
are evaluated and the interface problem under shear fracture condition is discussed
through the experimental results.

2. Experiment

The material system tested was CFRP cross-ply laminates ([90°/0]45) (T700/2592SC,
Toray), which had moderate interlaminar toughness. The thickness of the laminates was
about 4.0 mm. The material properties measured are listed in Table 1. The laminates were
cured according to the instruction of the suppliers. G;. was obtained by DCB test and the
two Gy values were obtained by ENF tests. The fracture resistance of 0/0 interface was
measured as usually done using specimens ([90°/0]45) with initial embedded delamination.
The fracture resistance of 0/90° interface was measured by setting the specimen ([0/90°]g)
so that the 0 and 90° layers were above and below the delaminating interface, respec-
tively. Owing to the present setting, we could make the delamination propagate along the
0/90° interface. The fracture resistance of 0/90° interface was slightly higher than that of

Table 1. Material properties of the unidirectional CFRP.

G (kJ/mz)
EL (GPa) ET (GPa) GLT (GPa) GTT (GPa) vir vrr G]C (kJ/mz) 0/0 0/90°

136.0 10.0 5.96 2.7 0.376 0.49 034kJ/m> 1.0£04 12+03




Downloaded by [University Town Library of Shenzhen] at 12:49 28 December 2015

Advanced Composite Materials 453

0/0 interface. An initial elliptical-embedded delamination was introduced by placing two
thin Teflon sheets with thickness of 20 um at the center interface of the laminates. The
dimensions of the initial delamination and laminate thickness are listed in Table 2. Ultra-
sonic C-scan image of the initial delaminations are shown in Figure 1, where an angle 6 is
defined to indicate the position of the delamination front.

The specimen was loosely set in a fixture shown in Figure 2 in order to allow in-
plane movements in the fixture during the test. The diameter of the hole of the fixture
was 100 mm. The specimens were pushed by a spherical steel head indenter with a
diameter of 40 mm at the center of the specimen, that is, at the center of the embedded
delaminated area by a cross-head speed of 0.1 mm/min. The test was suspended several
times to carry out the non-destructive inspection using ultrasonic C scan to obtain the
damage configuration. The specimen was reset in the fixture after the inspection so that
the location of the indented point did not change.

Figure 3 shows a relation between the applied load and cross-head displacement.
The loading was suspended and repeated eight times. At each trial, the final load was
increased by some amount to make the delamination grow. Hardening non-linearity
was found due to Herzian contact at early stage of loading and due to finite deflection
of the plate at high load region. Slight stiffness reduction caused by the damage growth
was observed at the large load area, but no sudden drop of the load occurred during
the testing, that is, no unstable damage growth occurred. The stiffness must reduce
some amount at each trial since the delaminated area increased at each trial. At each
step, C-scan images were taken from both sides. The shapes of the damage was care-
fully measured so as to get accurate energy release rate (ERR), since the ERR was cal-
culated based on the measured shape of the delamination using a finite element
analysis as explained in the next section.

3. Finite element analysis

Finite element analysis was conducted using commercial software (Abaqus 6.7). Mate-
rial properties are listed in Table 1. Eight-node isoparametric brick element was used.
Geometrical non-linearity was considered, because the displacement of the specimens
was not small compared to the plate thickness. A finite element model and boundary
conditions are illustrated in Figure 4. The vertical displacement of the upper surface of
the elements outside the fixture edge was constrained to express the loose fix of the
stiff fixture. An equivalent uniform distributed load was applied at the center small por-
tion of the top surface of the plate as shown in Figure 4 instead of considering the con-
tact problem of spherical head. The plates were discretized according to the carefully
measured shapes of the C-scan images of the delamination. The crack tip area was dis-
cretized using more than four same-width small elements in the normal direction to the
crack tip line, since it was essential to get similar displacement field at the crack tip

Table 2. Dimensions of initial elliptic delaminations and plate thickness (unit: mm).

Specimen Major diameter Minor diameter Thickness
El 60 30 3.95
E2 60 30 3.98

E3 45 28 3.95
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Initial Delamination

Figure 1. Ultrasonic C-scan image of initial delamination in a cross-ply specimen.

Spherical head indenter

Applied displacement _
(0.1mm/min) é (d=40mm)

specimen _—mme——mp 1)

(130mmx130mm) . ]u |- '

Figure 2. Test fixture and specimen.

before and after the crack growth of one element. The delamination was modeled by
duplicated nodes. Each pair of the duplicated nodes except those next to the crack tip
was connected by a tensionless spring to constrain only the negative relative displace-
ment in thickness direction, that is, to prevent both the delaminated surfaces from over-
lapping. The spring elements had high stiffness in compressive direction and no
resistance in tensile direction. Three-mode components of the ERR G,, Gy, and G, were
calculated according to Virtual Crack Closure Technique (VCCT).[22] The finite ele-
ment analysis was conducted twice. Firstly, the three components of the closing nodal
force f,, f,, and f. of each duplicated nodes at the delamination edge were obtained by
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Figure 3. Relationship between load and center displacement. The loading and unloading was
repeated several times with increasing the maximum load.
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Figure 4. A finite element discretization of a damaged specimen and the boundary conditions of
the laminate.

placing very stiff spring elements in x, y, and z directions between each corresponding
pair of the duplicated nodes as shown in Figure 5(a). Then, the three components of
the relative displacement J,, J,, and J. were obtained by replacing the stiff spring ele-
ments with very compliant spring elements between the same corresponding pair as
shown in Figure 5(b). Using spring elements, the spring forces and the spring displace-
ments are outputs independently from the other huge data and the following calculation
of ERR can be conducted, relatively, easily. From the z, x, and y components of the
nodal forces and the corresponding relative displacements, each ERR component was
calculated according to the following equations.
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Delamination
™ ‘ /
< g

Double nodes are connected
by tensionless spring elements
in z direction to constrain only
the compressive displacement.

(a) Before propagation

Double nodes are
connected by very stiff
spring elements inx, y and
z directions to constrain
the relative displacements.

Normal node
(Crack tip)

-— Delamination

Double nodes are connected by very
compliant spring elements inx, y and
z directions to constrain the relative
displacements as little as possible.

Figure 5. Finite element modeling of the delaminated portion and illustration of the VCCT.

1 1 1
GI = 2_146/[2527 Gx = /1)}5): Gy = Ef)‘/(sy (1)

24,

where A, is half of the summed area of the two elements including the nodes which
are released in the second analysis. If necessary, G;; and G;; components could be also
calculated by multiplying the force components and the relative-displacement compo-
nents after the coordinate transformation by the angle between x axis and the normal of
the crack tip curve. The total ERR Gz equals the sum of the three components, that is,

Gr =G+ G+ G, = G + Gy + Gy 2

The load—displacement relationship of the present finite element analysis agreed
well with the experiment as shown in Figure 6 when the effect of Herzian contact
(initial nonlinearity) was eliminated from the experimental result.

4. Results and discussions
4.1. Damage propagation

Ultrasonic images of specimens E1 and E3 at several load levels are shown in Figures
7 and 8. The gray-colored portions are the delaminated areas. The delaminations grew
with the load increase. The measured shapes of delamination fronts of the specimens
El and E2 are indicated in Figure 9. The damage growth history is illustrated in
Figure 10. The delamination edge initially spread from the center portions of the ellipse
and propagated only in the horizontal direction at the interface (0/0) as shown in
Figure 10(a). The propagated shapes might not be symmetric owing to the probabilistic
nature of the interlaminar fracture resistance. As the delamination simply propagated, a
critical ERR can be specified at this stage.
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Figure 6. Comparison between the test and the numerical results.

Figure 7. A delamination growth history of an initially elliptical delamination (specimen E1).

The growth along the periphery of ellipse stopped at point A as shown in Figure 10(b)
for a while where the angle a( between the radial direction and horizontal fiber direction
was sufficiently large (ao ~ 60°). The stress state due to the transverse shear at this point is
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Figure 8. Damage shapes of specimens E3 at loads 7000 N, 7120 N, and 7400 N. The arrows
indicate the matrix cracks.

y 50 50
Specimen E1 Specimen E2

P=7500 N
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Figure 9. Measured damage growth profiles of specimens E1 and E2. The horizontal gray bro-
ken lines 1-4 indicate the position where the matrix cracks started.

initial embedded delamination

'uﬂi‘

{

matrix crack
(a)stage 1 (b) stage 2 (c) stage 3 (d) stage 4

Figure 10. TIllustration of three-dimensional damage growth history. Delamination migration and
matrix crack growth occurred during the load increase.
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shown in Figure 11. Though both the shear components z., and ., cause tensile stress at
45° inclined planes ahead of the crack in the layer below the delamination, only 7., can
make the crack migrate into the layer. So, significance of migration can be expressed by
the ERR component G,. The migrated crack will stop at the 0/90° interface as shown in
Figure 12 and it needs higher ERR to restart the propagation at the new interface inclined
from the migrated matrix crack than the interlaminar fracture resistance. This may be a
reason that the migrated cracks were arrested for a while.

The damage started growing in the lower interface (0/90) at the four shoulder por-
tions of the embedded delamination (indicated by horizontal arrows). Transverse matrix
cracks connected the delamination in the 0/0 interface and newly grown delaminations
in the 0/90 interface at the portions as shown in Figure 13. The delaminations in the
0/90 interface seemed to grow along the edge portions of the embedded elliptical
delamination and grew vertically in the fiber direction of the lamina just below.

The delamination growth was arrested again near the horizontal matrix cracks as
illustrated in Figure 10(c). Vertically growing matrix cracks were observed at the area
as shown in Figure 14, where angles agp- were large (50°-60°). The mechanism is
same as explained earlier in Figure 11. The damage system consisting of delaminations
not only in the interface of embedded delamination but also in the interfaces below the
original interface accompanying the horizontally and vertically outward-growing matrix
cracks grew in the area in 45° inclined directions as shown in Figure 10(d). The pro-
jected shape of the whole damage tended to take nearly a square with rounded corners
turned by 45°. The critical ERR, that is, the fracture resistance was high in the 45°
inclined direction due to the three-dimensional nature of damage.

4.2. Fracture resistance of delamination growth in 0/0 interface in fiber direction

The fracture resistance obtained in the stage 1 and 2 is discussed first, when no clear
matrix crack was observed and delamination propagated transversely only in the 0/0
interface. Distributions of Gy and G, are plotted against the angle & measured from right-
ward horizontal axis in Figure 15 for specimens El, E2, and E3. As G; was negligibly
small, G, ~ G7—G,. The x- and y-directions were the fiber direction of the 0° and 90°
layers, respectively. Specimen E3 had a smaller embedded delamination. The plots of P
=4500N for E1 and E2, and P=4000N for E3 are the ERR distributions before
damage growth. The ERR values at these instants were lower than the interfacial frac-
ture resistance of the specimens. The ERR values of the propagating delamination front
must be the fracture resistance of the interface. The ERR values at the propagating
delamination were relatively stable and ranged from 0.9 to 1.1 kJ/m* for specimen El,

(a) a cross-section parallel to fiber (b) a cross-section normal to fiber

Figure 11. Fiber orientation and stress state under shear fracture condition.
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Figure 12. Deflection of migrated crack.

Delamination in 7" Interface (0/90°)

o

Initial delamination

(b) A-A cross section

Delémination in 8"
Interface (0/0)

Position of matrix cracks

Figure 13. An ultrasonic C-scan image of E2 specimen and the photograph of a cross-section.

from the 1.05 to 1.35kJ/m? for specimen E2, and from the 0.95 to 1.2 kJ/m? for speci-
men E3. Then, we determined the fracture resistance of each specimen roughly 1.0, 1.2,
and 1.1 kJ/m?, respectively. The present values are consistent with the results of ENF
test (Grze 0/0 interface ~ 1.0 kJ/m?). The ERR obtained here can be the shear mode tough-
ness of 0/0 interface. The total ERR remained stable at all propagating delamination
front where the ERR component G, was not high. The component increased with the
load where the radial direction inclined well from the horizontal axis.

4.3. Fracture resistance of delamination when matrix cracks occurred

The total ERR Grand two ERR components G, and G,, of the specimen E1 at P=6400 N
are plotted against the angle 6 in Figure 16. Matrix cracks originated at four positions of
initial elliptic delamination as explained in Section 4.1. The four originating locations of
the matrix cracks are indicated by triangular symbols and gray vertical lines. The ERR,
that is, the fracture resistance became very high at these portions. It was thought to be
caused by migrations of the delamination into lamina. So, it may be called the anchoring
effect of the migrated crack. The ERR value of the propagating delamination between the
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Matrix cracks in 90° layer

Matrix cracks in 0° layer

Figure 14. Vertically propagating matrix crack (Ultrasonic C-scan image of the E3 specimen
taken from the back side, same specimen of Figure §(c)).

matrix cracks was unchanged and showed a similar value as the former stage. Since the
ERR was still low at the top and bottom portions of the initial delamination
(—120° <8< —60° and 60° <0 < 120°), the delamination could not grow yet.

The total ERR G7 and two ERR components G, and G, of specimen El at P=
7350N and specimen E3 at P=7000N are plotted in Figures 17 and 18 when the
whole edge of damage was growing in radial direction. The peak ERR values of speci-
men E3 were larger than those of E1, but both results showed similar distributions and
values except the peak values. The delaminations grew at the portions indicated by
striped shadow in the 0/0 interface as well as the portions indicated by crossed shadow
in the 0/90° interface one layer below. Vertical gray lines indicate the locations of the
matrix crack tips at this moment. The fracture resistance was very high at the delamina-
tion edges of the 0/90° interface besides the matrix cracks. Fracture resistance of simple
delamination propagation is discussed first. The value Gr was comparatively consistent
comparing to the data variation of ENF tests. G, was dominant at the delaminations in
0/0 interface, while G, was dominant at those in 0/90° interface. The fracture resis-
tances of delamination growth in 0/0 interface and in the 0/90° were about 0.85 and
1.0 kJ/m? for specimens E1 and E2. (Very small value obtained at the 90° direction in
Figure 18 might be caused by the measured error of the delamination profile, which
had very high EER value beside this point.) ERR of 0/90° interface seemed to be a lit-
tle higher than that of 0/0 interface. But the difference is considerably small compared
to the variation of fracture resistance. This fact is consistent with the ENF test result
shown in Table 1. SEM micrographs of the failed surfaces of 0/0° and 0/90° interfaces
are shown in Figure 19. The failed surface of 0/0 interface was smooth where the prop-
agation was parallel to the fiber (A) and some inclined damage pattern was observed
where the radial direction was inclined from the fiber (B). Most of the failed surface of
0/90° interface had the pattern of 90° layer (C) and (D). It showed that the delamina-
tion propagated in the fiber direction of the 90° layer near the 90° layer. There was also
an inclined damage pattern in the 0/90° interface when radial direction inclined from
the vertical fiber direction.
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Total ERR Grand its vertical component G, for specimens E1, E2, and E3. The verti-
cal lines numbered 1-4 indicate the positions from which the transverse matrix cracks originated.
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Figure 16. Total ERR Gy and its x and y components G, and G, of specimen El when
P=6400N. The gray vertical lines with a number indicate the positions of the matrix cracks in
0° layers.
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Figure 17. Total ERR Gy and its two components G, and G, of specimen El at P=7350 N
(whole delamination edges were propagating). The delamination propagates in 0/0 interface in
stripe shade areas and the delamination grows in 0/90° interface in check shade areas. The marks-
indicate the positions of the matrix crack tips in the 0° layer.

The total ERR Gz and two ERR components G, and G, of specimen E3 at P=
7400 N are plotted in Figure 20. The ERR at the edge of horizontal matrix crack
reduced with the damage growth. The ERR increased at the edge of the newly grown
vertical matrix cracks. At this points, the delamination in the 0/90° interface started to
migrate into the 0° layer below.
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25

Specimen E3
P=7000 N

V Position of matrix cracks

0 L
-180 -135 -90

0 [deg]

Figure 18. Total ERR Gy and its two components G, and G, of specimen E3 at P=7000N
(whole delamination edges were propagating). The delamination propagates in 0/0 interface in
stripe shade areas and the delamination grows in 0/90° interface in check shade areas. The marks
indicate the positions of the matrix crack tips in the 0° layer.

Figure 19. SEM micrographs of the fracture surfaces of specimen E3.
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Figure 20. Total ERR Gy and the two components G, and G, of specimen E3 when whole
delamination edges were propagating. The marks V and V¥ indicate the positions of the propa-
gated matrix cracks in 0° and 90° layers, respectively.

4.4. Fracture resistance components and three-dimensional damage growth

The component G, was large in the directions of the matrix crack-originating point for
all specimens at stage 1 as shown in Figure 15. So, the matrix crack origination is
strongly governed by the ERR component G, normal to the fiber direction. Once the
delamination started migrating into the ply, delamination growth was arrested and Gr
became very large. The condition of matrix crack initiation, that is, the migration is
roughly G, ~ 1.0 kJ/m* from Figures 16 and 17. The initiation condition of new
delamination growth in vertical direction in 0/90° interface from the edge of the matrix
cracks is Gz,> 1.5 kJ/m* from the figures. The farther growth of delamination in 0/90°
interface may be controlled by Gz The component G, normal to the fiber direction
must be small so that another migration would not occur in the 90° layer.

Farther growth of damage made the angle of the horizontal matrix crack and radial
direction reduce. At 0/90° interface beside the matrix crack, the component G, increased
and G, reduced with the growth of the delamination. This ERR component G,, the shear
component normal to the fiber of the 90° layer below, reached about 1kJ/m? This
caused another migration into the 90° layer. The delamination was again arrested at
this area.

5. Conclusion

Stable interfacial failure under mixed shear fracture mode was experimentally observed
using indentation test and the fracture resistance under general shear-mode stable crack
propagation condition was estimated using a finite element method. The fluctuation of
the total fracture resistance was not significant along the crack tip under the present
shear mode test except the delamination migration area. As long as the shear mode
component normal to the fiber was relatively small compared to the component parallel
to the fiber, the total fracture resistance Gy was not directly dependent on the ratio of
mode components. The delamination migration into the lamina tended to start at the
place where the component of the fracture resistance normal to the fiber was large. At
the migration points, the fracture resistance G locally increased owing to the anchoring
effect at the migrating point.
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