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Following our innovative experimental spontaneous fracture models for frictional fractures (compression
and shear) and mixed-mode fractures (tension and shear) in identical materials, we designed a laboratory
model to investigate the effects of material contrast on mixed-mode spontaneous fracture along a bimate-
rial interface. A series of interesting phenomena are observed, including asymmetry of crack propagation,
with different speeds and levels of fracture parameters. Crack tips fracture parameters are observed to
depend on crack speeds, on far-field loading, and on far-field mode-mixity. A strong dependence is
also identified between mode-mixity and crack length. Most importantly, the fracture parameters are
found to exhibit a strong dependence upon crack length and only a weak dependence on crack speed as
is commonly thought. These observations are discussed in details in relation to material contrast. It is
expected that these observations will have a profound influence on engineering practice involving the
application of materials and structures with bimaterial interfaces.

Introduction

Interfacial fracture has long been identified as one of the primary causes of failure in layered materials
and adhesive joints, and has therefore received much scrutiny [Hutchinson and Suo 1992]. Interfacial
fracture spans length scales from submicrons in multiphase nanomaterials to thousands of kilometers in
geological faults. Among various scenarios, two situations can be commonly recognized under dominant
tensile loading conditions [Kitey and Tippur 2005]. First, when an interface is stronger than the weaker
constituent material, cracks tend to kink into the weak material and grow nearly parallel to the interface
[Hutchinson et al. 1987]. Thus, failure is controlled by the properties of the weak material constituent.
The second scenario appears when the interface is the weakest component in the bimaterial system, and
crack initiation and propagation occurs along the interface. In the latter case, which will be elaborated
upon in this paper, the weakness pertinent to such multimaterial systems arises from the inherent disad-
vantage present at interfaces that can be no stronger than the weaker of the two adjacent materials. The
physical nature of such composites is further complicated by a discrepancy in elastic properties that gives
rise to inbuilt mode-mixity in stress states.

Although the resulting cracks can initiate and propagate in either the quasistatic or the dynamic regime,
the latter is more catastrophic and is also more difficult to evaluate experimentally and theoretically.
Consequently, direct measurements of dynamic stress states for bimaterial cracks were initiated only a
decade ago, utilizing optical methods combined with high speed photography. Pioneering experimental
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investigation in dynamic bimaterial fracture includes the works of Tippur and Rosakis [1991], Lambros
and Rosakis [1995], and Singh and Shukla [1995].

Modeling of dynamic interfacial fracture, however, started earlier, dating back to the 1967 work by
Goldshte [1967]. This work predicted the possibility of attaining wave speeds in excess of the lower
of the two Rayleigh wave speeds of the material constituents. This was subsequently confirmed by
Lambros and Rosakis [1995], by means of optical measurements. Several new experiments have since
been conducted to further reinforce these findings.

Analytical developments have also emerged to assist in the interpretation of these experimental de-
velopments. Yang et al. [1991] have formulated expressions that describe the crack tip field for steadily
growing interfacial cracks between two different isotropic materials. Through their work, the velocity
dependence of the universal bimaterial oscillatory index was for the first time ascertained. Further,
Deng [1993] performed a steady-state asymptotic analysis for interfacial cracks that resulted in the
establishment of higher-order terms associated with the bimaterial crack tip stress field. Similar re-
sults for nonsteady-state crack growth soon followed. Indeed, Liu et al. [1993] uncovered the requisite
analytical expressions along with the associated higher-order terms. The work was also accompanied by
experimental investigation.

Although the historical context of this problem has focused on material decohesion, the associated
concepts are applicable also to the modeling of earthquakes [Andrews and Ben-Zion 1997; Cochard
and Rice 2000] and to the spontaneous rupture of unbonded but otherwise joined materials in relatively
firm contact. The latter case, also called laboratory earthquakes, is intended to understand earthquakes
resulting from disturbances to natural faults and was explored by Xia et al. [2005b]. Recently, the idea
of spontaneous fracture experiments was extended to the study of coherent interfacial fractures between
identical and dissimilar materials under far-field mixed-mode loading [Rosakis et al. 2006]. As will
be discussed later, there are several advantages to using spontaneous experimental fracture setups over
traditional interfacial experimental designs inherited from standard static fracture experiments such as
three-point bent, compact tension, and wedge driving cracks. Another reason to investigate spontaneous
fractures is that spontaneous fracture is the main dynamic crack failure mode in engineering materials
and engineering structures. The present work expands upon the interfacial fracture under mixed-mode
far-field loading [Rosakis et al. 2006] to establish a comprehensive and more complete understanding of
dynamic interfacial failure in bimaterial systems.

Experimental design of spontaneous interfacial fracture

The bimaterial system consists of two adjoined birefringent materials, Homalite-100 and polycarbonate
(9.5 mm in thickness), that exhibit different elastic and constitutive properties as shown in Table 1. The
wave speeds listed in the table are measured using a 10 MHz ultrasonic sensor, while the remaining
properties are obtained from the literature [Dally and Riley 1991]. The two equally sized plates are
joined to form a complete square specimen with each side measuring 150 mm. Before bonding the two
halves of the specimen, a small groove, 0.15 mm in depth, is machined on the interface of one of the two
half plates through its thickness. A thin metal wire of diameter 0.1 mm is then placed in the groove and
the plates are bonded using an adhesive with elastic properties similar to those of Homalite-100. However,
the adhesive possesses a much lower fracture toughness than either of the base materials, which constrains



EXPERIMENTAL INVESTIGATIONS OF SPONTANEOUS BIMATERIAL 175

Material Property Homalite-100 Polycarbonate
Young’s Modulus E (MPa) 3860 2480
Poisson’s Ratio v 0.35 0.38
Stress fringe value f, (kN/m) 23.6 7.0

P Wave Speed Cp (km/s) 2.104 1.724

S Wave Speed Cg (km/s) 1.200 0.960
Density p (kg/m?) 1230 1192

Table 1. Summary of optical and dynamic mechanical properties of photoelastic materials.

any possible propagating rupture to the interfacial corridor. An average interface thickness of 0.1 mm is
achieved. The static mode-I fracture toughness of the bonding is 0.46 MPa-m!/? [Rosakis et al. 2006].

Figure 1 describes the configuration used in this study. The explosion box, which constitutes the most
critical aspect of this experiment, provides the electric energy to transform the metal wire into a high
pressure, high temperature plasma within 10 ps. The expansion of the plasma results in a controlled
isotropic line loading pulse across the sample thickness [Xia et al. 2005a]. Upon ignition, the exploding
wire creates a small incipient crack that propagates along the interface only because the toughness of the
adhesive is lower than that of either of the constituents of the bimaterial system. If the far-field loading
is large enough, this initial small crack is unstable and propagates dynamically.

The interface is inclined at an angle « to the horizontal direction. Therefore, the nature of the far-field
loading provided through the uniaxial tension in the vertical direction is mixed-mode with respect to
the fracture path (bonding line). Upon sending the ultra high electric voltage (several kilovolts) to the
exploding wire, the explosion box simultaneously provides a low voltage level triggering signal to the
high speed camera. The camera system (Cordin 220) is able to capture the images at a framing rate of 100
million frames per second with exposure times as low as 10 nanoseconds. In this specific study, the high
speed camera is operated at a much slower speed, around 0.2—0.4 million frames per second. A uniquely
designed tensile fixture is used to maintain a static far-field load in the vertical direction, which applies
the load to the sample through two compressed springs by a hydraulic press. The sample is attached on
two sides, top and bottom, to two steel plates, which are fixed to the loading fixture to apply different
levels of tensile loading.

The spontaneous fracture setup has several advantages over traditional dynamic fracture experimental
techniques. First, the flawless sample is loaded statically before the dynamic initiation and propagation of
the fracture. This results in increased accuracy of the foreknowledge of the stress field. This is especially
important for exacting stress intensity factors with the full-field optical diagnostics (photoelasticity in
this study). Second, the load is time independent throughout the duration of the crack propagation. Thus,
theoretically, the dynamic stress intensity factor is related to the equivalent static stress intensity factor
through a universal function of crack speed [Yang et al. 1991; Freund 1990]. Third, the sudden initiation
of the small incipient crack in the center of the specimen enables treatment of the problem, dynamically,
as that of a finite crack extending in an infinite domain before the waves get reflected from the boundaries
of the sample. This technique circumvents edge effects that are generally unavoidable in other designs
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Figure 1. Specimen geometry of spontaneous fracture along bimaterial interface with
the triggering mechanism.

of dynamic fracture experiments. Thus, existing exact analytical solutions may be used with confidence.
Finally, the methodology used for initiating the crack provides an easy and reliable way to synchronize
the diagnostic system (optical method combined with high speed photography) with the fracture process
[Xia et al. 2004].

Extraction of stress intensity factor

A. Crack tip stress field at a bimaterial interface. Consider a crack propagating spontaneously and
nonuniformly along a line defining the interface of two homogeneous, isotropic, and linearly elastic solids,
at speeds bounded by the lowest Rayleigh wave speed pertaining to either material. The state of stress
describing the ambient conditions surroundings such a two dimensional crack has been established by Liu
et al. [1993], via asymptotic higher-order analysis. Relations necessary to the immediate and complete
understanding of this experimental effort are reproduced below. Thus, individual stress components are
given by:

o\ = uR{(1 4+ 202 — a})F,y (213 1) + 205G, (23 1)),
oy = —pu{(1+ o)) F,, (23 ) +20,G,, (265 1)}, 1)

o\ = — (20, F,y (21 1) + (1 + a2 G (245 D).
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Figure 2. Schematic of dynamic growth of a crack along a bimaterial interface.

Each prime symbol denotes a derivative of the corresponding complex arguments, and ® and $ are
the real and imaginary parts of the complex argument. The variable u is the shear modulus of material
1 (see Figure 2).

Designating the longitudinal and shear wave speeds of the material by ¢; and c;, respectively, and the
instantaneous crack speed by v, one can define the angle of inclination, «, as follows:

2
o n=1-"1 @)
Cl ,8

Further, a modified coordinate system is introduced such that z; ; = 1y + iy 12, Where n; = (&;/¢’) and
i €{l1, 2}, with ¢ is a small arbitrary positive number. The complex functions F(z;; ¢) and G(z; t) are
defined as follows:

[(1+a?) —2nas]e™ 304 [(1+a?) +2na5]e ™ 3/ jo—

Fni 1) == uD(v) cosh(em) “ Al 1) + uD(v) cosh(em) “ Az 1)
(2 Y (2 s o
and
Gt = B AT iy PO D i
e (i (2 ol

In the above equations, several new variables are introduced. However, they are all universal to the
field of linear elastic fracture mechanics and their complete definition can be found in [Liu et al. 1993]
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and in [Freund 1990]. A,,(z, t) and B,,(z, t) are entire function to be expanded into Taylor series, such
that:

o.¢]
An(z. ) =) AP ®)",

nOZOO (5)
Bu(z.1)=Y_ BW ()"
n=0

In the present work, only the terms for which m = 0 are used in the expansions. In this case, the
dynamic stress intensity factor is readily derived from the complex expression:

AV (1) = ——, K0 (©)
0 227 3/2+ie)(1/2+ie)
Evaluation of the energy release rate follows directly from the stress intensity factor:
- Ki+K; |[a(l—ad) N a(l —a?) o
[4 cosh(emr)]? uDw) |, uDw) |,

where K| and K, are the real and imaginary arguments, respectively, of the complex bimaterial stress
intensity factor. Finally, the mode-mixity inherent to all bimaterial systems is derived from the arctangent
of the ratio of the imaginary to the real arguments of the stress intensity factor, or:

¥ =tan~! (%) (8)

1

B. Extraction of fracture parameters. The fundamental relation pertaining to photoelasticity is repre-
sented by the stress-optic law:

Nfs
oh = Tmax> (9)

where N is the observed fringe order number, f, is the fringe constant of the photoelastic material, and &

is the material thickness. The relation between these various parameters results in a visual representation
of the contours of constant maximum shear stress in the material. Substitution of the dynamic bimaterial
stress field equations into the above expression relates the isochromatic fringe patterns surrounding the
advancing crack tip to dynamic stress intensity factor, crack tip speed, and other nonsingular higher-order
terms, through:

N 2 // ”
( 220) = MZ{[(I +aDIRF, (21 1) + 200G (23 )]

+ 23 Fy (15 1) + (1 4+ 023Gy (245 t)]z}. (10)

In the present work inference of the dynamic stress intensity factor is conducted through an over
deterministic method in which up to six higher-order terms are used. The unknown coefficients A,, and
B,, appear as nonlinear terms in Equation (10). The solution is obtained by first designating the real and
imaginary expressions of the above equation as D and T respectively. Subsequently, for each digitized
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fringe data point, the following relation is established:

N 2
gk=D,3+T,3—( ;{") —0. (11)

The set of k nonlinear equations is solved simultaneously using a least-squares analysis based on initial
estimates of A,, and B,,. Correction factors are subsequently introduced, and the process is iterated until
Equation (11) is satisfied to within an error upper bound of 0.0001. Further comprehensive details of the
solution scheme can be found in the original work of Sanford and Dally [1979].

Experimental results and discussions

Experiments featuring spontaneous interfacial fractures between polycarbonate and Homalite-100, which
were bonded along their common interface, were conducted. Each specimen possessed a different angle
of inclination, o, and was loaded at a different level of uniaxial tension. The results of these experiments
revealed that each specimen responded identically to the loading environment. First, the bilaterally
propagating spontaneous fracture occurs at two different speeds. Second, shortly following fracture
initiation, a constant speed level is established in both directions, with negligible variation. Finally,
larger far-field load levels induce faster crack propagation.

A. Asymmetry of crack speeds and the variations of energy release rate. Figure 3 shows three typical
isochromatic fringe patterns displayed with accompanying plots that identify crack-tip location and en-
ergy release rate histories featuring the different levels of uniaxial tension (7.5 MPa in (a) and (b), and
5.6 MPa in (c)). In Figures 3a and 3c, the inclination angle is 27.5°, while in Figure 3b, the inclination
angle is 17.5°. Within each frame, the appearance of each set of fringes associated with each of the
moving faults is clearly asymmetric. For instance the fringes coupled with the left moving cracks in the
first two figures are larger than those pertaining to the right moving ones. This indicated greater stress
levels, and therefore higher values of crack parameters. Also striking is the higher level of distortion
pertaining to the right moving cracks in those same frames, a fact generally attributed to crack speeds
approaching limiting values of the materials. The inverse is true for the third figure in the sequence.
Other observations can be drawn from these figures. First, the two crack tips propagate essentially
at constant speeds with one end faster than the other. If the particle motion is resolved to coincide
with the direction of the interface, propagation of the faster side is in the direction of the resolved shear
particle motion of the more compliant constituent of the bimaterial system (polycarbonate). For the cases
corresponding to Figures 3a and 3b, the lower material is more compliant, resulting in faster propagation
to the right. In Figure 3c, the upper material is more compliant, causing the velocity trend to reverse. This
asymmetry in speed is attributed to the existence of material contrast across the interface and the coupling
between shear and tension resulting from this contrast [Cochard and Rice 2000; Weertman 1980]. For
the case of shear fractures in frictionally held interfaces with combined shear and compressive loading, a
configuration very different from the one tested here, similar phenomena have been predicted theoretically
[Qian and Sun 1998] and have been observed experimentally [Xia et al. 2005b]. The shear induced
compression may result in frictional contact of crack surfaces in both static and dynamic interfacial
cracks in bimaterials [Sun and Qian 1997; Rosakis et al. 1998]. In the cases discussed here, however, the
presence of the tensile load prevents any frictional contact behind the crack tip from interfering with crack
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Figure 3. Isochromatic fringe patterns with plots of energy release rate and crack tip
time history (The black dot on the top plate of each isochromatic picture is a 6.25 mm di-
ameter length scale.). (a) Inclination angle is 27.5°, top is Homalite-100. (b) Inclination
angle is 17.5°, top is Homalite-100. (c) Inclination angle is 27.5°, top is polycarbonate.

propagation. Indeed, from the isochromatic fringe patterns shown in Figure 3, no evidence of contact like
those observed in stress wave induced dynamic shear crack propagation in bimaterial interfaces [Rosakis
et al. 1998] can be identified. The observations here of asymmetric crack propagation further validate
the theory of material contrast induced coupling between shear and normal motions.
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It is noted that fracture energy, and equivalently energy release rate, increases linearly with the crack
length at both crack locations. The fracture parameters are calculated using Equation (7), with stress
intensity factors obtained by using the inversion scheme discussed above. A similar phenomenon, directly
relating larger fracture parameters to increasing crack length, has also been identified for spontaneous
mode I [Xia et al. 2006] and mixed-mode interfacial fracture in identically bonded materials [Rosakis
et al. 2006]. As is the case for these earlier results, this increase of fracture energy with crack length
is consistent with the observation of constant crack speeds and time independent loading, which im-
plies that the dynamic energy release rate is related to the equivalent static energy release rate through
the multiplication of a universal function depending only on the fracture velocity [Yang et al. 1991].
Consequently, for a given speed of spontaneous fracture, the energy release rate is proportional to the
square of the equivalent static stress intensity factor. Since the equivalent static stress intensity factor
is proportional to the square root of the crack length, the energy release rate is then proportional to the
crack length. If, instead, the fracture energy remains constant during the crack propagation, the crack
will accelerate to its limiting speed at which the energy release rate tends to zero and most of the released
strain energy will be converted into kinetic energy [Freund 1990; Broberg 1999]. This observation of a
constant speed crack thus casts doubt on the validity of using the fracture energy concept as a material
parameter to describe crack propagation resistance. Crack propagation resistance, or, more precisely,
the nominal crack propagation resistance that may involve damage of the crack path, might be more
appropriately attributed to loading conditions and geometry [Broberg 2002]. It should also be noted that
at the slower propagating end, the energy release rate is always larger than that of the faster end for the
same length crack. This can be explained by the decreasing nature of the universal function dependence
on the crack speed [Yang et al. 1991; Freund 1990; Broberg 1999].

B. Stress intensity factors and variations of mode-mixity. Figure 4 presents the crack tip history, en-
ergy release rate, stress intensity factors (K; for mode I and K, for mode II), and the mode-mixity
(y =tan"'(K»/K) as in Equation (8)) for an experiment featuring 7.5 MPa far-field loading and 27.5°
inclination angle. This test was performed under identical conditions as the one shown in Figure 3a.
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Figure 4. (a) Energy release rate (G), crack tip time history (7") and (b) the evolution
of stress intensity factors (K, K») and mode-mixity (i) for a typical experiment.
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Figure 5. Figure 5. Energy release rate and crack tip time history. (a) Inclination angle
is 25° and far-field load is 6.8 MPa. (b) Inclination angle is 25° and far-field load is
7.5 MPa.

Note that the crack speeds of the two experiments are very similar (Figure 4a), which demonstrates the
repeatability of the experimental design.

As shown in Figure 4b, the mode-mixities of both ends are smaller than the far-field mode-mixity
of 27.5°. The mode-mixity of the slower end is smaller than that of the faster end for the same length
of propagation. The asymmetry is a result of the mode coupling discussed earlier. The fast crack tip
has more mode II component than the slow crack tip. This result is consistent with that reported in
the numerical simulation study of mixed-mode interfacial fracture propagation in identical materials
[Geubelle and Kubair 2001]. The result is to be expected because the limiting speed of mode II cracks
(longitudinal wave speed) is higher than that of mode I cracks (Rayleigh wave speed) [Freund 1990;
Broberg 1999]. From a material response point of view, the result demonstrates that the debonding
process is facilitated by greater prominence of mode II stress components. In other words, it is easier for
a mixed-mode crack to propagate at fast speeds when it has higher levels of mode II components.

C. Dependence of crack speeds on far-field load. Figure 5 presents the crack tip history and energy
release rate for two experiments featuring the same inclination angle (25°) and different load levels
(7.5 MPa and 6.8 MPa respectively). Again it can be seen clearly that for both tests the energy release
rate increases with the crack length. In the case where the load level is higher (Figure 5b), the speed of
the left crack is faster than that corresponding to the case where the load level is lower (Figure 5a). The
same conclusion holds for the right propagating crack. Detailed analytical study is needed to obtain the
dependence of the crack speeds on far-field load. For self-similar mode I cracks, a theoretical relationship
was proposed by Broberg [2002].

Conclusions

The experiments conducted herein feature bimaterial systems composed of polycarbonate and Homalite-
100, bonded along an interface. Symmetric and central spontaneous initiation of a dual crack through
plasma explosion resulted in asymmetric propagation, with the faster side proceeding in the direction of
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the resolved shear particle motion of the more compliant constituent. This is the first published set of
experiments where two opposing propagating cracks have been set to propagate simultaneously along a
bimaterial interface. It is noted that the magnitude of the fracture parameters are always correlated to
crack length. Surprisingly also, energy release rate is shown to be more weakly dependent on the crack
speed than to the crack length, an observation that will undoubtedly stimulate theoretical discussions
on the subject of crack propagation in general, and more specifically on crack propagation in bimaterial
systems. It is also observed that higher load results in faster crack propagation.
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