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Dynamic response of bimaterial and graded interface cracks
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Abstract. The interfacial fracture in bimaterial and functionally graded material (FGM) under impact loading
conditions is investigated using experimental and numerical techniques that are valid for both type of interfaces.
Experiments are conducted on epoxy based specimens in three point bend configuration and the complex SIF
is measured using an electrical strain gage mounted close to the crack-tip. A complementary two-dimensional
finite element simulation is performed using tup force and support reactions as input tractions, and the SIF-time
history is determined using a displacement extrapolation technique. The experimentally determined SIF-histories
match closely with numerical simulation up to the time of fracture initiation. The test results show that the mode-
mixity remains nearly constant through out the test in both the materials, and the mixity values correspond to
their respective static counterparts. The general dynamic response of the bimaterial and FGM specimens in terms
of impact load, support reaction and the magnitude of complex SIF are comparable, and the mode-mixity is the
parameter that distinguishes the graded interface from the bimaterial case.

Key words: Interface crack, complex stress intensity factor, bimaterial, functionally graded material (FGM),
impact loading, strain gages, dynamic fracture.

1. Introduction

The fracture strength of the interface between dissimilar media plays an important role in
the area of microelectronics, thin/thick film coatings, claddings, etc. The cladded and coated
components that are subjected to high thermal gradients, the components become susceptible
to cracking and spalling due to locked-in residual and thermal stresses owing to the thermal
mismatch across the sharp interface. In the recent years, a new concept in joining dissim-
ilar media has emerged to replace the sharp interface by an interlayer. The composition of
the interlayer varies from one material to the other in a continuous manner. This new class
of materials known as functionally graded material (FGM), have been introduced in higher
temperature and wear applications: see (Yamanouchi et al., 1990; Erdogan, 1995) for review,
applications and other related references on FGM.

Many investigators have conducted static fracture experiments on bimaterial systems and
have measured fracture toughness for different material combinations and mode-mixities
(Charalambides et al., 1989; Cao and Evans, 1989). Dynamic fracture experiments on bi-
materials are limited due to the complexity of testing and analysis of the results. Transient
testing of bimaterial cracks has been reported by Tippur and Rosakis (1991); Liu et al. (1993)
and Singh and Shukla (1997).

The experimental work on fracture of FGM is rather limited at the moment. The depen-
dence of fracture toughness on the spatial position of the crack within the graded region
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coupled with complex microstructure of FGM poses a challenge in the experimental inves-
tigation of FGM. Fukui et al. (1997) have conducted three-point bend testing of Al-Al3Ni
based FGM, and studied the variation of fracture strength with the volume fraction of Al3Ni
phase at the crack initiation plane. Sarkar et al. (1997) used micro-indentation to track the frac-
ture toughness variation across the composition profiles of Al2O3 based FGM. The dynamic
fracture experiments on FGM are scarce, and only reference cited in the literature surveyed is
by Parameswaran and Shukla (1998), who have studied the dynamic fracture of layered FGM
using photoelastic technique.

By considering the material gradient near the tip of an interface crack in the analytical
modeling, the physically inadmissible oscillations in stresses and displacements predicted by
linear elastic theory are removed. This model could be applied to bimaterial systems also, as
bonding processes in general would lead to very steep, nevertheless continuous variation of
material properties across the interface due to diffusion and interpenetration. Hence the study
of crack in a graded interface would enhance the understanding of the fracture in a generic
material, as the fracture behavior of FGM would be analogous to that of bimaterial or homoge-
nous medium depending on the material gradient across the crack. In a recent paper (Marur
and Tippur, 1999b), the authors have presented numerical analyses of the singular field around
a crack in FGM under static loading, and compared the fracture parameters with that of the
homogeneous and bimaterial cracks. Their analysis has shown that the fracture parameters of
FGM approach that of the bimaterial as the material gradient is increased. And for a given
material gradient near the crack-tip, the magnitude of SIF of FGM is comparable to that of the
bimaterial crack, while significant differences are seen in the mode-mixity. The mode-mixity
(ratio of sliding and opening fracture modes) plays an important role in the characterization
of bimaterial system, and strongly influences the fracture toughness of the interface. Hence,
it would be of importance to investigate the fracture behavior of FGM and bimaterial under
dynamic loading conditions and study the variation of mode-mixity in both material types.

The intent of this paper is to study the influence of material gradient on the impact re-
sponse of the crack in bimaterial and FGM. Low-velocity impact experiments conducted on
bimaterial and FGM specimens fabricated from epoxy and glass-filled epoxy materials. The
specimens are tested in three-point bend configuration in a specially designed drop-tower
system. The test results are complimented by two-dimensional finite element simulations per-
formed using the measured interaction forces as traction boundary conditions. The numerical
and experimental results are obtained using techniques that are unified for both type of inter-
faces, permitting a direct comparison of the test results. A nodal displacement extrapolation
technique is used to compute complex SIF in the numerical simulations, and electrical strain
gages are used for experimental determination of the fracture parameters. The details of the
impact tests and the numerical simulations are presented in the following sections.

2. Interface fracture mechanics

2.1. BIMATERIAL CRACK

Consider a crack on an interface between two homogeneous isotropic materials as shown in
Figure 1(a). The asymptotic near-tip field can be expressed in terms of the complex stress
intensity factorK = K1+ iK2 as

σij ∼ 1√
r
[K16

I
ij (θ, ln r; ε) +K26

II
ij (θ, ln r; ε)], i, j = x, y, (1)
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Figure 1. Interface crack in bimaterial and FGM.

where,ε is the bimaterial constant and6I
ij and6II

ij are the angular functions associated with
theK-dominant terms. By setting the material mismatch to zero, the complex SIF reduces to
KI + iKII , whereKI andKII are the SIFs associated with pure mode-I and mode-II loading
and6I

ij and6II
ij degenerate to the standard angular functions for the homogeneous medium.

The ratio of the individual SIF components is denoted as mode-mixity and it can be given
using the arbitrary length parameterL introduced by Rice (1988) as

ψb = tan−1

[=(KLiε)
<(KLiε)

]
. (2)

Following Sun and Jih (1987), the value ofL is set to 2a, wherea is the crack length.

2.2. CRACK IN FGM

Consider a crack lying in the interlayer between the two dissimilar media as shown in Fig-
ure 1(b). Jin and Noda (1993) have shown that the stress field around the crack tip in FGM
is identical to that in homogeneous medium if the material properties are continuous and
piecewise continuously differentiable. Therefore the singular stresses near the crack tip can
be given as

σij = 1√
2πr
[KIf

I
ij (θ)+KIIf

II
ij (θ)], i, j = x, y, (3)

wheref I
ij (θ) andf II

ij (θ) are standard angular functions for a crack in a homogeneous elastic
medium.

In FGM, when the crack is not parallel to the material gradient, both normal and shear
tractions occur ahead of the crack tip, regardless of the remote loading conditions due to the
nonsymmetry in the material properties. Hence, the complex SIF introduced in the context of a
bimaterial crack can be used to measure the field in FGM and it can be given asK = KI+ ıKII

or alternatively asK = |K|eıψ , where

ψ = tan−1 KII

KI
. (4)
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Due to the regular singularity at the crack tip in FGM, the phase angle definition does not
require an arbitrary length parameter.

3. Computational model

The magnitude of SIF and the mode-mixity are computed by extrapolating the nodal dis-
placements extracted from the finite element analysis. The asymptotic displacement equations
derived for bimaterial crack are used in the extrapolation technique and the formulation can be
applied to homogeneous and FGM cases by lettingε = 0 in the computation. Only the outline
of the procedure is described and the details can be found in (Marur and Tippur, 1999a).

The magnitude of complex stress intensity factor is related to complex crack opening
displacementδ(= 1v + ı1u) through

|δ| = γ |K |√2πr, (5)

whereγ reflects the material properties of the bulk materials. From regression analysis of the
above equation, the absolute value ofK can be obtained.

The mode-mixity can be computed from the ratio of SIFs as

K2

K1
= [F2(φ)/F1(φ)](1u/1v)− 1

(1u/1v)+ [F2(φ)/F1(φ)] , (6)

where

F1(φ) = sin(φ)− 2ε cos(φ),

F2(φ) = cos(φ)+ 2ε sin(φ),

φ = ε log(r/2a).

Considering only the displacements of nodes that are outside the oscillatory region, an ex-
trapolation technique can be used to fit a linear equation to theK2/K1 values to compute
mode-mixity in the limitr → 0. The extrapolation technique has been calibrated for different
material combinations under static loading conditions (Marur and Tippur, 1999a).

To demonstrate the accuracy of this extrapolation scheme in the dynamic loading condi-
tions, a bench mark problem which has an analytical solution (Thau and Liu, 1971) is solved.
The problem considered is a slanted crack in a constrained homogeneous plate subjected to
step load at the boundary as shown in Figure 2. The finite element mesh is created with 8-
noded quadrilateral elements, and an uniformly distributed load is applied at the boundary.
Explicit time-integration scheme is used in the solution and at each time step the SIF com-
ponents are computed. The time variation of dynamicKI andKII are shown in Figure 3. The
present results are in good agreement with the analytical solution until the reflected stress
waves arrive at the crack tip at 10µs.

4. Strain gage technique

The strain gage method described here can be used for homogeneous and FGM cases by
setting the bimaterial constantε to zero. Only a brief description of the technique is presented
here, and the details can be found in (Marur and Tippur, 1999a).
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Figure 2. Specimen geometry and load-time history. All dimensions are in mm.

Figure 3. The finite element discretization and the SIF-time histories. –: Thau and Liu, 1971;◦: present FEA.
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Figure 4. Schematic of the drop-tower loading system.

The radial and hoop strain around the crack tip under plane stress conditions can be given
using big-O notation as

Eεrr = r−1/2[K1(6
I
rr − ν6I

θθ )+K2(6
II
rr − ν6II

θθ )] +O(r), (7)

Eεθθ = r−1/2[K1(6
I
θθ − ν6I

rr )+K2(6
II
θθ − ν6II

rr )] +O(r). (8)

In the above equations, only the compliant half-plane of the bimaterial system is considered
and hence the Young’s modulus and Poisson’s ratio are given in a generic fashion without sub-
scripts. The influence of higher order terms is taken as correction factor which is computed as
the difference between theK-dominant solution and the higher-order solution. The correction
factor is applied to the measured strain to obtain the corrected strainε̃ij from which SIF can
be computed as
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Figure 5. Variation of dynamic Young’s modulus in FGM.

Figure 6. Specimen geometry. All dimensions in mm.

{
K1

K2

}
= E√r

[
(6I

rr − ν6I
θθ ) (6II

rr − ν6II
θθ )

(6I
θθ − ν6I

rr ) (6II
θθ − ν6II

rr )

]−1{
ε̃rr

ε̃θθ

}
. (9)

The radial and hoop strains are measured by mounting a biaxial strain rosette near the
crack tip. The strain gage must be located in the region prescribed byr > 0.5B, whereB
is the thickness of the specimen and 30◦ > θ 6 150◦ for plane stress conditions to prevail
(Sinha et al., 1997). Within this zone,r andθ must be chosen such that the coefficient matrix
in the above equation is well conditioned and the sensitivity of measurement is maximized.
For most common values ofε andν, the angles from 85◦ to 100◦ provide best conditioning of
the matrix and peak strains occur in the neighborhood ofθ = 90◦. Hence, the strain rosette is
mounted atr = 0.6B andθ = 90◦ on the compliant side of the specimen.
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Figure 7. Measured data for impact testing of bimaterial specimens.

5. Experimental procedure

5.1. DROP-TOWER SYSTEM

The bimaterial and FGM specimens are tested in a drop-tower system in three point bending
configuration. The schematic of the test setup is shown in Figure 4. The guide rails are made of
hardened and polished stainless steel, and the tup glides down the rails on four angled roller-
bearings ensuring tup alignment and reducing frictional losses. The mass of the impactor is
concentrated at the center, eliminating the vibration of the impactor. The anvils are adjustable,
thus accommodating specimens of different spans. The tup and the anvils are instrumented
with electrical strain gages.

The signals from the gages are amplified by high-frequency amplifiers having a frequency
response of 200 kHz-3dB at 1000X amplification. The amplified signals are then acquired by
a 8-channel, 1-MHz data acquisition card. The tup activates an optical switch at the time of
impact to trigger data acquisition.
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Figure 8. Impact test data for a FGM specimen.

5.2. SPECIMEN FABRICATION

The interface specimens tested in this study are fabricated from a two-part slow curing epoxy,
with and without fillers. Uncoated solid glass spheres with mean diameter of 33µm are used
as fillers. The volume fraction of the glass spheres reaches 53 percent in the glass-filled epoxy
samples. All the test specimens are cast from a single batch of epoxy resin to reduce the
variation in the material properties among the specimens. The physical properties of the bulk
materials are listed in Table 1.

The bimaterial specimens are fabricated by joining pure epoxy and glass-filled epoxy
specimen halves with epoxy resin. The bonding surfaces are roughened with 240-grit emery
paper, and the surfaces are subsequently cleaned with isopropyl alcohol. The specimen halves
are then positioned in an acrylic mould and kept in place under light clamping pressure. The
samples are allowed to cure for at least seven days.

The FGM specimens are fabricated by a three step process. First, the gradient interlayer of
about 15 mm to 21 mm in width, with properties varying from pure-epoxy to glass-rich epoxy,
is obtained using the gravity-assisted casting technique (Marur and Tippur, 1998). Then the
interlayer is placed in an acrylic mould in such a way that the epoxy surface is exposed. Then
unfilled-epoxy is poured into the mould and allowed to cure for two days. The sample is then
removed and kept reversed in the mould to expose the glass-rich side. Then epoxy mixed with
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Table 1. Dynamic material properties

Specimen E, GPa −ν ρ, kg/m3

Epoxy 4.6 0.37 1150

Glass-filled epoxy 13.0 0.32 1720

Figure 9. Comparison of measured strains with finite element simulation.

glass spheres (reaching a volume fraction of 53 percent) is poured, and allowed to cure for a
week.

The variation of dynamic elastic properties in the gradient region is determined using a re-
cently developed measurement technique involving ultrasonic wave velocity and local contact
stiffness measurements (Marur and Tippur, 1998). The Poisson’s ratio variation is linear in
the graded zone, with the upper and lower limits at 0.35 and 0.28 for epoxy and glass-filled
epoxy, respectively. The dynamic Young’s modulus variation in the gradient region is shown
in Figure 5. It can be observed from the figure that the variation of modulus within the gradient
region is quite linear.

The samples are machined to the final dimensions as shown in Figure 6. A notch of 0.3W
length, whereW is the width of the specimen, is machined in a milling machine with a special
0.15 mm-thick slitter. In the case of FGM, the notch is machined at the interface between the
epoxy and the gradient region.

5.3. DYNAMIC FRACTURE TESTS

The specimens are tested in the drop tower with the initial impact velocity of 0.5 m/s. A
biaxial rectangular rosette (CEA-13-032WT-120, Measurements Group Inc.) is mounted at
3.5 mm(= 0.6B) andθ = 90◦. The interaction forces, and the strain signals from the test
specimen are recorded in each test. The measured time histories for the bimaterial sample are
shown in Figure 7. The results obtained for the FGM specimen are shown in Figure 8.
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Figure 10. Comparison measured fracture parameters with numerical simulation for the bimaterial specimen.

Figure 11. Comparison measured fracture parameters with numerical simulation for the FGM specimen.

Figure 12. Comparison of time-variation of tup forces.
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Figure 13. Comparison of time-variation of support reaction of bimaterial and FGM.

Figure 14. Comparison of fracture parameters of bimaterial and FGM.

6. Numerical simulation

The dynamic fracture tests are simulated using a 2-dimensional finite element model. A rec-
tangular mesh with 8-noded isoparameteric elements with 2-degrees of freedom at each node
is used in the analysis. The finite element mesh is created in such a way that the elements
in the gradient region are grouped into narrow parallel strips perpendicular to the direction
of material variation to facilitate material property modification. The material gradient is
achieved by selectively changing the material properties of the elements in the graded region
in accordance with the form of property variation desired using a pre-processor code. In this
work, linear material property variation in the graded zone is used as it closely matches the
property variation in the FGM specimens.

The measured tup force and support reaction time histories are applied as traction boundary
conditions to the finite element model. The full length of the specimen (including the over-
hangs) is modeled without imposing any displacement constraints. Explicit time-integration
scheme is used in the analysis and at each time step, radial and hoop strains from a node
placed at 3.5 mm from the crack-tip (corresponding to the strain gage location) are extracted.

The computed strains are compared with the measured data in Figure 9 for both FGM and
bimaterial specimens. The agreement between the measured and computed strains is good
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until the time of fracture. The measured strain-time histories are transformed to complex SIF-
time histories using (9). The magnitude of the complex SIF and the mode-mixity are compared
with the numerical simulation in Figure 10 for the bimaterial specimen. The simulated data
match well with the measured SIF until the time of fracture initiation. The mode-mixity re-
mains between−6.3◦ and−6.7◦ throughout the test, which is quite close to the static value
of −6.6◦, which is computed by running a static loading case with the same mesh. In the
initial stages, the mode-mixity shows instability because it is computed by taking the ratio of
small values. Similar comparison between measured data and computed results for FGM is
shown in Figure 11. The experimental values are in good agreement with the simulation until
the time of fracture initiation. From Figure 11(b), it can be observed that the mode-mixity
remains nearly constant at−3◦, which is comparable to the static value of−2.75◦.

7. Comparison of time-histories

The tup force, anvil reaction and SIF data of bimaterial and FGM are compared in this section.
Since bimaterial and FGM specimens are obtained by joining two homogeneous materials, and
it is likely that their impact behavior would be an intermediatory between the general dynamic
behavior of the homogeneous materials.

Figure 12 shows the comparison of tup forces recorded for bimaterial and FGM. The tup
force histories recorded for homogeneous epoxy and glass-filled epoxy specimens are also
plotted in the figure for reference. The oscillations seen in the tup force are due to the contact
stiffness at the impact point. As the contact stiffness increases, the overall slope of the force-
time curve and the frequency of oscillations increase. The tup forces for bimaterial and FGM
specimens are between that measured for epoxy and glass-rich specimens as expected. The
anvil reactions recorded for FGM and bimaterial are compared in Figure 13. From Figures 12
and 13, it can be observed that the interaction force histories of the bimaterial and FGM are
comparable.

The magnitude and phase of the complex SIF of bimaterial and FGM are compared in
Figure 14. It can be seen from Figure 14(a) that the general variation of the magnitude of
SIF in bimaterial and FGM are quite similar. In Figure 14(b), the mode mixity remains nearly
constant through out the impact duration in both bimaterial and FGM samples, however the
amplitudes are distinctly different. The mode-mixity of bimaterial is more than twice of that
in FGM, and this difference is maintained until the time fracture initiation. It is instructive to
note that the comparison of mode-mixities in Figure 14(b) is not unique owing to the use of
arbitrary length parameter in the definition of mode-mixity for the bimaterial crack. However,
the comparison is attempted in this paper as the length parameter has very weak influence
on the computed SIF values and hence on mode-mixity, which is in line with the analytical
results published by Rice (1988).

Under static loading conditions, it has been shown that the mode-mixity is strongly in-
fluenced by the material gradient in FGM, and for a given material gradient in FGM, the
mode-mixity is the fracture parameter that distinguished the nature of the interface (Marur
and Tippur, 1999b). The results of the present investigation show that the same argument
holds true even with dynamic loading. The differences seen in the impact and support reaction
are within the spread that would normally occur in the dynamic testing of identical specimens
of same material. Hence the dynamic response of the crack in the FGM in tensile dominated
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loading does not differ significantly from the bimaterial system, except for the reduction in
the mode-mixity.

8. Conclusions

The dynamic response of interface cracks under low-velocity impact loading is investigated
using experimental and numerical techniques. Impact experiments are conducted on epoxy
based bimaterial and FGM specimens in three point bend configuration using drop-weight
loading. Electrical strain gages mounted close to the crack-tip are used to determine the com-
plex SIF. The measured impact force and the anvil reactions are applied as input tractions to
a finite element model, and the fracture parameters are computed at each time step by extrap-
olation of crack flank displacements. The experimentally determined strain and SIF-histories
match closely with numerical simulation upto the time-of-fracture initiation in both material
types. The mode-mixity remains nearly constant through out the test in both the materials,
and the mixity values are close to the respective static values. Between FGM and bimaterial,
there are no significant differences in the dynamic response except for the reduction in the
mode-mixity in FGM.
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