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Abstract

The fracture resistance of composite laminates under mixed-mode II and III stable damage propagation
conditions and its dependence on the fracture morphology were experimentally studied. Cross-ply car-
bon/epoxy composite specimens were tested by the double notched split cantilever beam (DNSCB) test
method. Complex damage consisting of delaminations and shear-induced matrix cracks grew in the middle
of the specimen. The delaminations propagated outside the complex damage region. The energy release rate
was decomposed to transverse and parallel components to the fiber, Gst and Gg1.. The component Gt was
almost zero at the simple delamination edges and very high in the region of complex damage. The fracture
resistances in the regions of complex damage and simple delaminations were numerically evaluated. The
fracture resistance was 1.5-2 times higher in the complex damage region than in the simple delamination
region.

© Koninklijke Brill NV, Leiden, 2011
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1. Introduction

Because of the inherent weakness of the interface of laminated composites, char-
acterization of interlaminar fracture is crucial in the analysis of the failure of these
materials. As the interlaminar fracture of laminated composites generally occurs
under mixed-mode I, II and III conditions, the fracture behavior under all three
individual and/or mixed modes should be characterized.

* To whom correspondence should be addressed. E-mail: akondo@sophia.ac.jp

© Koninklijke Brill NV, Leiden, 2011 DOI:10.1163/092430411X568197



Downloaded by [Siauliu University Library] at 06:48 17 February 2013

406 A. Kondo et al. / Advanced Composite Materials 20 (2011) 405-418

The propagation conditions of interlaminar fracture are usually discussed in
terms of interlaminar fracture toughness based on linear fracture mechanics. There
have been numerous studies on the evaluation of interlaminar fracture toughness.
Mode I and mode II fracture toughnesses were widely evaluated for various mate-
rial systems [1-6]. Mode II fracture toughness was generally reported to be greater
than mode I fracture toughness. Studies on mixed-mode I and II fracture toughness
also reported that fracture toughness increased with the increase of the ratio of the
mode II component [7-9]. Several researchers studied fracture morphology under
mixed-mode I and II failure [10-12]. Shear cusps, also called shear hackles, were
formed by microcracking at the interply resin region ahead of the crack tip when
the mode II component was present. This occurrence explained the difference be-
tween mode I and mode II fracture toughness. A number of studies reported that
mode III fracture toughness was significantly greater than the fracture toughness
of the mode II component [13—-17]. It was also pointed out that many inclined ma-
trix cracks appeared along the fibers in the layers adjacent to the delaminated plane
under mode III failure, and these cracks possibly affected the fracture toughness
[18, 19]. If this change in fracture morphology is the reason for the difference be-
tween mode II and mode III fracture toughnesses, its effect should also appear under
mixed-mode II and III failure. Recently, evaluation of mixed-mode II and III frac-
ture toughness was made possible by the development of two test methods [20, 21].
These evaluations, however, reported little dependence of the fracture toughness on
the mixed-mode ratio and did not mention the fracture morphology. The evaluated
fracture toughness might not include the specific effect of shear-induced matrix
cracks because the test methods were intended to measure the initiation toughness.
As the shear-induced matrix cracks are primarily produced during delamination
propagation [19], a test method to realize stable crack growth is necessary to eval-
uate the fracture resistance and the effect of shear-induced matrix cracks.

The authors proposed the double notched split cantilever beam (DNSCB) test
method [22], which enabled stable delamination propagation under the mixed-
mode II and III condition. They evaluated the mixed-mode II and III fracture
resistance of CFRP laminates under stable delamination propagation by using the
DNSCB test method [23]. They found a clear dependence of the fracture resistance
not on the mixed-mode ratio but on the fracture morphology.

In this paper, the condition of the fracture morphology change is studied and the
dependence of the fracture resistance on the fracture morphology is evaluated.

2. Experimental
2.1. Test Method

The DNSCB test method was used to study the fracture behavior of composite lam-
inates during stable propagation of delaminations under the mixed-mode II and III
condition. The beam-like specimen shown in Fig. 1 is used for this test. Two sym-
metrically located starter cracks are introduced to avoid twisting deformation. By
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Figure 1. Concept of DNSCB test method.

i l i Initial Crack (PTFE Sheet)

Figure 2. Specimen used in the test.

bending the outer and inner portions of the specimen in opposite directions, the
combination of bending normal stress and shear stress in the beam causes general
mixed-mode shear fracture at the crack front. This test method has two notable fea-
tures: stable crack propagation and a varying mixed-mode ratio along the curved
crack front. During stable crack propagation, the energy release rates along the
crack front are recognized as the fracture resistance because the critical condition is
satisfied along the crack front. Distributions of the energy release rate components
were numerically calculated with the virtual crack closure technique (VCCT).

2.2. Test Specimens and Apparatus

The specimens, shown in Fig. 2, were made of prepreg TR380G-250SM (Mit-
subishi Rayon Inc.). The stacking sequence of each specimen was [[0/90]//
[0/90]55]s. Two starter cracks were made at the interfaces of the two 0° layers by
inserting PTFE films of 20 um thickness. Four combinations of dimensions were
adopted to check whether the evaluated fracture resistances depend on the speci-
men dimensions. The specimen length L and the thickness of the cracked portion ¢
were 150 and 1.8 mm, respectively, for all of the specimens. The height A of the
specimens was 10 and 20 mm, and the length ¢ of the starter cracks was 40 and
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Table 1.
Material properties of unidirectional material

EL ET VLT VTT GLr GTT G Gire
(GPa) (GPa) (GPa) (GPa) (J/m?) (J/m?)
122 8.16 0.34 0.5 4.13 2.70 378 767

Ball bearing

Pushing bar
Specimen

Support pin

Figure 3. Test apparatus.

80 mm. The specimen types were named according to these dimensions. For ex-
ample, the name of the specimen with # = 20 mm and ¢ = 80 mm was h20c80.
Three tests were conducted for each type of specimen. The mechanical properties
of the unidirectional specimens are shown in Table 1. The elastic constants were
determined based on tensile tests. The mode I and mode II fracture toughnesses of
the interface of the two 0° layers were evaluated with the double-cantilever beam
(DCB) and end-notched flexure (ENF) tests, respectively.

Figure 3 shows the apparatus used in the test. A specimen was placed between
two blocks so that portions of the specimen did not tilt in the out-of-plane direction,
and the bottom surfaces of the outer portions of the specimen were supported by
round pins. The positions of the round pins were adjusted to the thickness of the
outer portions of the specimen. The top surface of the center portion of the specimen
was loaded by a vertical bar with a round tip. The vertical bar was supported by
ball bearings so that the bar remained upright. The apparatus was set under the
crosshead of a static testing machine (Auto-Graph AG-10TB, Shimadzu Inc.) and
the crosshead speed was set at 0.25 mm/min. The crack front shapes were observed
with an ultrasonic C-Scan system (Mi-scope hyper, Hitachi Inc.).

2.3. Test Results and Discussion

Figure 4 shows the relations between the applied load and the displacement of the
crosshead obtained from the test of the h20c80 specimen. The load increased lin-
early with the increase of the applied displacement. The increase of the compliance
was smooth, as in the DCB tests, and suggested that the delaminations propagated
stably during the test. After several millimeters of the delamination propagation,
the test was suspended and the shapes of the crack fronts were observed with the
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Figure 5. Ultrasonic C-Scan images of crack fronts.

ultrasonic C-Scan. This procedure was repeated several times. At each step the
load—displacement relation was measured, and the change of the crack front shape
was captured. The shapes of the two crack fronts are shown in Fig. 5. The num-
bers in Fig. 5 correspond to those in Fig. 4. The white and black areas indicate the
delaminated and intact areas, respectively.

In the first test, the delamination started to propagate from the edge of the crack
front. In the second test, the delamination spread toward the centerline of the spec-
imen. The delamination near the edge propagated more than that in the middle of
the crack front. Finally, smooth curved crack fronts were created. The shapes of
the crack fronts were almost symmetric. The delamination grew stably while keep-
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(b)

Figure 6. Micrographs of cross-sections of damage regions. (a) Region of complex damage. (b) Re-
gion of simple delamination.

ing similar crack front shapes. The propagation lengths of the two cracks were not
exactly the same due to the probabilistic nature of the fracture behavior.

Scattered signals existed near the centerline of the specimen in front of the cracks
in the C-Scan images taken after phases 2 and 3. The specimen was cut at posi-
tion A, shown in Fig. 5, and its cross-section was observed with an optical micro-
scope. Micrographs of regions (a) and (b) in Fig. 5 are shown in Fig. 6. Distributed
matrix cracks were observed in the 0° layers adjacent to the delamination plane in
region (a). This region corresponds to the area of the scattered signals in the C-Scan
image. In region (b), no matrix cracks were observed. We call regions (a) and (b)
the complex damage region and the simple delamination region, respectively.

As shown in Fig. 7, shear stress 7y, was dominant in the complex damage region
and shear stress 7, was dominant in the simple delamination region. Since shear
stress Ty, caused tensile stress in the plane normal to the fiber, the distributed matrix
cracks occurred in the complex damage region. Shear stress t,; caused no tensile
stress at all in the plane normal to the fiber and, therefore, the delamination grew in
the original interface without the accompanying matrix cracks.

3. Evaluation of Fracture Resistance
3.1. Energy Release Rate Distribution

The energy released during propagation of a unit area of damage was numerically
calculated to evaluate the fracture resistances in both the complex damage and the
simple delamination regions. Finite element analyses were conducted using the
commercially available code Abaqus 6.7. In the simple delamination region, the
fracture resistance can be considered as a material constant, i.e., the interlaminar
fracture toughness, but in the complex damage region, the fracture resistance is not
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Figure 7. Fracture morphology depending on stress state and fiber orientation.
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Figure 8. Finite element model and boundary conditions for energy release rate calculation.

a material constant because the occurrence of shear-induced matrix cracks depends
on various factors, including the stress states and the stacking sequence.

Figure 8 shows the finite element model and the boundary conditions. VCCT was
used for calculation of the energy release rate components. The material properties
for the analyses are shown in Table 1. The delaminations were introduced by using
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Gy st Crack front
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Figure 9. Mode decomposition of energy release rate.

duplicate nodes at the interfaces. Since the shapes of the two cracks were not the
same, the whole specimen was modeled. Two half models were meshed indepen-
dently based on the shapes of the crack fronts, expressed as spline curves, and the
displacement continuity conditions were defined at the middle plane of the spec-
imen by using the multi-point constraint (MPC) function. The supported lines on
the bottom surfaces of the outer portions were fixed vertically and the prescribed
displacement was applied at the loading line on the top surface of the center portion.

It was shown that the matrix cracks in the region in front of the delamination
crack occurred primarily by the shear stress normal to the fiber, 7. Thus, instead of
G11 and Gy, the energy release rate was decomposed to components Gst and Gs,
which were derived from the nodal forces and the relative displacements normal and
parallel to the fiber, respectively. Figure 9 shows the decomposition of the shear
components of the energy release rate.

The energy release rate distributions along the two crack fronts are plotted
against the normalized vertical position in Fig. 10. Positions 0 and 1 represent the
bottom and top of the specimen, respectively. The distributions at the three phases
in Fig. 5 are plotted. At phase 1, the delamination propagated only near the edge
of the crack front. The energy release rate was not sufficiently large to grow the
delamination at the center portion. Because the length of crack 1 is smaller than
that of crack 2, the overall energy release rate along crack 1 is higher. At phase 2,
Ggr 1s very high in the middle of the crack front where the complex damage oc-
curred and it is almost zero outside the complex damage area. The occurrence of
the shear-induced matrix cracks is thought to be controlled by Ggsr. It should be
noted that Gtora1 = G11 + Gr1 in the simple delamination region remained virtually
unchanged from phases 1-3.

3.2. Effect of Complex Damage on the Energy Release Rate Distribution

The finite element analyses described in the preceding section were performed with-
out consideration of the existence of the shear-induced matrix cracks in the complex
damage region. It was confirmed that the interlaminar fracture resistance in the sim-
ple delamination region was appropriately evaluated by the finite element analyses
in Section 3.1 by performing additional finite element analyses with consideration
of the existence of the matrix cracks.
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Figure 10. Energy release rate distributions.

The load transfer capability of the matrix in the complex damage region was
degraded due to the existence of the matrix cracks. The effect of the degradation
on the energy release rate distribution was examined. This kind of degradation
is often expressed as the reduction of elastic constants in a finite element dam-
age propagation analysis [24-26]. Therefore, elastic constants ET and Gt in the
complex damage region were reduced to 1/2, 1/4 and 1/8 of the original val-
ues.
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Figure 12. Variation of energy release rate distribution with respect to reduction of elastic constants
of elements in complex damage region.

The complex damage region was located between the original crack front and
the measured crack front, as shown in Fig. 11. Figure 12 shows the variation of the
energy release rate with respect to the reduction of elastic constants. As the elastic
constants were reduced, the Gst component of the energy release rate in the com-
plex damage region greatly decreased. However, the Gs, component in the simple
delamination region varied little with the reduction of the elastic constants, and the
difference between the values with and without the reduction of the elastic constants
was less than 5% of the original value. Therefore, the degradation of the load trans-
fer capability of the matrix in the complex damage region did not have a significant
effect on the energy release rate distribution in the simple delamination regions.
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Figure 14. Change of energy release rate distribution with shift of approximated crack front curves.

The matrix cracks spread in front of and behind the delamination front. The
complex damage region can be considered as a region of a wide process zone. Since
the equivalent crack front should be located somewhere in the process zone, we
examined the change of the energy release rate distribution by shifting the measured
crack front forward and backward in the process zone. An ultrasonic C-Scan image
of the specimen and the shifted crack front curves are shown in Fig. 13.

Curve (b) in the middle of the process zone was defined at the position of the vi-
sually identified crack front in the C-Scan image. The other two curves, (a) and (c),
were defined at the same distance of 0.5 mm from the middle curve in the crack
propagation direction. Most matrix cracks were found within the length of 0.5 mm
from the visually identified crack front when the transverse cross-sections of the
specimen were observed with the microscope. Figure 14 shows the change of the
energy release rate distribution with the shift of the measured crack front curve. The
effect of the shift was large on the GgT components and small on the Gsp, compo-
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nents. The Gst components of curves (a) and (c) were approximately 25% different
from those of curve (b) at the center of the specimen. The distribution of the Gsp,
components of the three curves was almost unchanged. It should be noted that the
average of the total energy release rate along the whole crack front changed less
than 1% with the shifts.

The stiffness degradation and the shift of the equivalent crack front with con-
sideration of the shear-induced matrix cracks in the complex damage region only
slightly affected the distribution of the Gs1. components of the energy release rate
in the simple delamination region. In contrast, the stiffness degradation and the
shift of the equivalent crack front greatly affected the distribution of the Gst com-
ponents in the complex damage region. Thus, the interlaminar fracture resistance in
the simple delamination region can be evaluated from the Gg1, components calcu-
lated with the finite element analysis described in Section 3.1.

3.3. Average Fracture Resistances in the Simple Delamination and Complex
Damage Regions

The average fracture resistances in the simple delamination region and in the com-
plex damage region were evaluated, respectively. The average fracture resistance in
the simple delamination region, Ry, was calculated using the following equation:

Rs= L GsL(y)dy, (1)
Ws JTs

where ['s is the crack front of the simple delamination region and wy is the total

width of the simple delamination region in the transverse direction of the specimen.

The average fracture resistance in the complex damage region, R, was evaluated by
I_eczi(fe-zh—z_es-ws), (2)

We

where w. = 2h — wy is the total width of the complex damage region in the trans-

verse direction of the specimen. R is the average fracture resistance of the specimen,

which was obtained from the test results by the area method, and % is the height

of the specimen. The results of the three specimens were averaged for each type of

specimen.

The calculated fracture resistances in the regions of simple delamination and
complex damage are shown in Fig. 15. The fracture resistance in the simple delam-
ination region varies little with the specimen dimensions. The fracture resistances
obtained in this study were slightly higher than that obtained by the ENF tests. This
difference occurred because the initiation toughness of the unstable crack propa-
gation was measured with the ENF tests but the toughness during the stable crack
growth was measured with the DNSCB tests. The fracture resistance in the complex
damage region was approximately 1.5-2 times higher than that in the simple delam-
ination region. Therefore, the fracture morphology was found to strongly affect the
fracture resistance of composite laminates.
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4. Conclusion

The fracture resistance of the interface of two 0° layers of composite laminates un-
der the mixed-mode II and III crack propagation condition was studied using the
DNSCB test method. The change in the fracture morphology and its effect on the
fracture resistance were discussed through components Gsr, and Gst of the en-
ergy release rate. The components are based on the directions of the fiber at the
interface. Complex damage consisting of delaminations and shear-induced matrix
cracks distributed in the neighboring plies of the interface formed where Gst was
considerably high. However, the delaminations grew without the shear-induced ma-
trix cracks where Ggt was almost zero. The fracture morphology strongly affected
the fracture resistance. The fracture resistance in the region of complex damage was
approximately 1.5-2 times higher than that in the region of simple delamination.
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