
THE ROLE OF CRACK MORHOLGY ON THE FAILURE BEHAVIOR OF LAMINATED 
COMPOSITES 

S.B. BNER 
Ames Laboratory, Iowa State University 
Ames, IA 50010 

ABSTRACT: 
In this study, the failure of the ductile layers from collinear and delaminating cracks that occur 

in laminated composite systems was studied using a constitutive relationship that accounts for 
strength degradation resulting from the nucleation and growth of voids. The results indicate that 
in laminated composites, void nucleation and growth ahead of the cracks occur at a much faster 
rate due to evolution of much higher stress values at the interface region. For delaminating crack 
cases, the fracture behavior is strongly influenced by the delamination length. The resistance of 
the ductile layers to crack extension can be significantly reduced by short delamination lengths. 

NTRODUCTION: 
Laminated composites containing ductile layers are currently under development not only to 

improve the fracture toughness of inherently brittle intermetallics and ceramics [ 1-91, but also to 
increase the relatively low fracture toughness of metal matrix composite systems[ 10,113. The 
recent reviews treating the contribution of the ductile phase to the composite toughening have 
indicated that this contribution depends on the strength, volume fraction and failure characteristics 
of the ductile reinforcing phase. It is also apparent that the failure of the ductile layers is strongly 
affected by the degree of the constraint that is largely controlled by the interfacial behavior of the 
layers[12-171. 

As schematically illustrated in Fig. 1, several failure modes of the brittle layers such as only 
formation of collinear cracks, with multiple cracking and with delamination in various lengths are 
usually seen in most of the experimental studies[ 1-1  I]. In this study, the growth of such cracks 
into the ductile layers are studied by using a constitutive relation that accounts for strength 
degradation resulting from the nucleation and growth of micro-voids in the ductile layers. The 
results obtained for the laminated composite cases are compared with the growth behavior of the 
cracks in the same ductile material as a homogenous isotropic case. 

NUMERICAL ANALYSIS: 
The basis for the constitutive model for the ductile layers is a flow potential introduced by 

Gurson[18,19], in which voids are represented in terms of a single internal variable, J the void 
volume fraction. 





where 0, is the flow strength of the ductile layer, 0, is the equivalent stress and oh is the 
hydrostatic stress. The parameters q, and q2 were introduced in order to provide a better 
relationship between unit-cell analysis and eq. 1 [20,21]. Later, he function was proposed to 
account for the effect of rapid void coalescence at failure[22]. Initiallyfc=j; but at some critical 
void fraction, f,, the dependence offc on f is changed. This function is expressed by 
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The constantf,* is the value offc at zero stress in eq.1 (i.e.fY*=f/q,) andf/is the void volume 
fraction at fracture. As f+f/-,fC+fu* and the material loses all stress carrying capacity. 

The increase in void volume fraction f arises from the growth of existing voids and from the 
nucleation of new voids. The growth rate of existing voids is related to the macroscopic dilation 
rate by 

where q: is the plastic part of the deformation. 

strain controlled nucleation and follow a normal distribution as suggested by Chu et a1.[23]. 
The increase in the volume fraction due to the nucleation process is assumed to occur with 

where f N  is the volume fraction of void nucleating particles, cN is the mean strain for nucleation, c“ 
is the current value of effective plastic strain and sN is the corresponding standard deviation. 

In the present investigation a rate-sensitive version of Gurson’s model was employed. In the 
ductile layers, the effective plastic strain rate 9‘ is represented by the power law relation. 
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where rn is the strain rate sensitivity exponent, E,, is a reference strain rate and Ep is the current 
value of the effective plastic strain representing the actual microscopic strain state. The function 
g($) represents the effective tensile flow stress in a tensile test carried out at strain rate that is 
equal to reference strain rate, E,. For a power hardening matrix material the function g($) is taken 
to be 

with strain hardening exponent n, Young’s modulus E and reference stress 0,. The material 
parameters for the ductile layer appearing eqs.5 and 6 were chosen as E=500a,, v=0.3, n=0.1, 

m=0.01 and the reference strain rate E, = 2x10.’. The parameters appearing in eq.6 for void 
nucleation were taken a ~ f ~ 4 . 0 4 ,  ~ ~ 4 . 1  and ~,=0.3. For accelerated void growth, the parameters 
appearing in eq.2 were chosen as, f70.25,h=0.10 andf,*=1/1.25. Also, q,=1.25 and q2=q: were 
selected for eq. 1. In the analysis, the behavior of the crack containing brittle layers is assumed to 
be elastic. The thickness ratio of the ductile layers to the brittle layers(W/a) was 0.2 (Fig.1). The 



Young’s modulus of the brittle layers was 1.5 times the modulus of the ductile layers, and both 
layers had the same Poisson’s ratio. 

Because of symmetry, only one quarter of the geometry seen in Fig.la is analyzed in plane- 
strain condition with the FEM mesh shown in Fig. lb. The crack tip is located at the interface, and 
it is modeled with a hole having a radius of lo4 of the crack length as shown in Fig.lc. The 
smallest element size around the crack tip region was 1 . 8 ~ 1 0 ~  of the crack length; to 
accommodate this large difference in element size and preserve the aspect ratio of the elements in 
the finite element discretization the elements were scaled exponentially to the crack tip. There 
were 1004 nodes and 932 four-node isoparametric elements in the model. The axial displacement 

rate was 5 ~ , ,  and resulting load values were calculated from the reaction forces. The crack 
extension is implemented by element vanish technique when f values became greater than the& 
value at all integration points. 

RESULTS AND DISCUSSION: 
First, the fracture behavior of the ductile layer material as homogeneous isotropic case was 

elucidated. To simulate highly constrained crack growth in the laminated composites, the fracture 
behavior of the ductile matrix material is studied in a deeply cracked double edge notch geometry 
(DEN) by using the same mesh shown in Fig.lb. The resulting load and load-line displacement 
curve for this case is shown in Fig.2. As can be seen from the Fig.2 the analysis was carried out 
well beyond the maximum load. Since the sue of the elements increases away from the original 
crack tip(Fig. 1 b and c), the observed step like behavior in the load-load line displacement curve is 
associated with the failure of the large elements away from the near crack tip region which 
required some strain accumulation to meet the failure condition at all integration points. The 
evolution of the maximum void volume fraction at the third ring elements (Fig.lc) with increasing 
axial displacement is summarized in Fig.3. As can be seen from Figs.2 and 3, the failure of the 
elements in the third row and the crack extension took place in the linear region of the load and 
load-line displacement curve. 

In the next simulation the extension of the collinear cracks into the ductile layers in the 
laminated composites were analyzed. The resulting load and load-line displacement curve for this 
case is also given in Fig.2. Although for both cases the uncracked ligament were the same, in the 
case of the composite, larger load levels were required to achieve the same amount of axial 
displacement. For this case, the first crack extensions also occurred in the linear region, however, 
the fracture behavior was very unstable after the peak load and very fast reductions occurred in 
the load carrying capacity of the uncracked ligament. The evolution of the maximum void 
volume fractions at the third ring elements for this case is also shown in Fig.3. Due to the 
development of a larger scale triaxial stress state, as can be seen, for the collinear cracks the 
damage accumulation in the ductile layer occurred at a much faster rate. 

In the next two simulations the role of the interface debonding behavior, as schematically 
shown in Fig.1, in the failure behavior of the ductile layers was investigated. In these analyses, 
the interface separation distance from the original crack tip were 0.1 and 0.2 times the original 
crack length which are designated as interface crack-I and I1 respectively. In these simulations, it 
IS also assumed that no further debondlng at the interface will take place during the fracture 
process. The resulting load load-line displacement curves for these cases are also given in Fig.2. 
As can be seen from the figure, by introduction of the delamination to the interface, the resulting 
peak load values were much lower than the composites having only collinear cracks and this 
reduction became larger with increasing delamination length. For small delamination length 
(interface crack -I), there was almost no stable crack extension after the peak load; on the other 



hand, in the case of larger delamination length (interface crack-11) the fracture was very stable 
and it required even larger axial displacements than that seen during the fracture process of the 
ductile layer as homogenous isotropic case. The variation of the void volume fractions for these 
cases, at the same distance ahead of the crack tip as in previous cases, are also summarized in 
Fig.3. As can be seen from the figure for the composite having small delamination length, the 
axial displacement required for the crack extension from the third ring elements is slightly larger 
than for the composite having only collinear cracks. The axial displacement required for failure to 
occur at the same location ahead of the crack tip increases with increasing delamination length 
and approaches that seen for the crack in the ductile layer as homogenous isotropic case. In 
addition, for the larger delamination case, the rate of increase in the volume fraction was much 
slower than for the other crack cases investigated for the laminated composite. 

The development of plastic zones at the final load levels are given in Fig.4. In the composite 
having collinear crack, a large extension of the plastic zone along the interface region can be 
distinguished (Fig.4b). For collinear crack, except in the interface region, the extent of 
deformation in the ligament is not as widespread as that seen for the homogenous case (Fig.4a). 
The evolution of the deformation zone for the delaminated cracks in the composite significantly 
differs from the ones seen previously and the formation of the very pronounced shear bands and 
the development of large deformation zone at the center of the uncracked ductile ligament, almost 
the one usually seen in the uniform tensile specimen, can be easily distinguished in Fig.4 d and e. 
Although it is not shown here as a separate figure, the distribution of the void volume fraction 
follows the distribution of the plastic strains since both the nucleation of the voids and their 
growth rate were assumed to be controlled by the plastic strains via eqs.3 and 4. It is apparent 
that in the delaminated cracks, large scale damage accumulation also occurs at the center of the 
uncracked ductile ligament away from the current crack tip. For small delamination lengths the 
damage zone ahead of the crack tip and the damage zone occurring at the center of the ductile 
ligament join very quickly, with the formation of the shear bands leading to significant drop both 
in the peak load and in the load-line displacement as seen in Fig.2. With increasing delamination 
length similar failure takes place; however, since the distance between these two damage zone is 
now mcreased and also the amount of material undergoing large scale deformation is much larger 
(Fig.4e), the crack extension becomes more stable and requires much larger load-line 
displacements (Fig.2). 

Although the results presented above are based on the continuum scale, they clearly indicate 
the role of the crack morphology, the extent of the delamination and crack tip location on the 
fracture behavior of ductile layers and their possible contribution to overall composite toughening 
behavior. 

CONCLUSIONS: 
In this study the failure of the ductile layers in a laminated composite system was studied by 

using a constitutive relationship that accounts for strength degradation resulting from the 
nucleation and growth of voids. The results indicate that: 
1. In the laminated composites, the void nucleation and growth ahead of the cracks occur at a 
much faster rate due to evolution of much higher stress values at the interface region. 
2. For delaminating crack cases, the fracture behavior is strongly influenced by the delamination 
length. The resistance of the ductile layers to the crack extension can be reduced significantly by 
short delamination lengths. For large delamination lengths the resistance to crack extension 
becomes greater than that seen for the ductile material. 
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Fig.2 Load and load-line displacement responses of the composites having collinear and 
delaminating cracks. 
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Fig.3 Evolution of the void volume fractions ahead of the collinear and delaminating cracks. 
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Fig.4 Comparison of the plastic zone sizes at the final load levels. a) crack in ductile layer as a homogeneous case, 
b) collinear crack, c) collinear crack with delamination, delamination length 0.1 times the original crack length, 
d) collinear crack with delamination, delamination length 0.2 times the orginal crack length. 


