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Abstract

We examine the deflection/penetration behavior of dynamic mode-I cracks propagating at
various speeds towards inclined weak planes/interfaces of various strengths in otherwise homo-
geneous isotropic plates. A dynamic wedge-loading mechanism is used to control the incoming
crack speeds, and high-speed photography and dynamic photoelasticity are used to observe, in
real-time, the failure mode transition mechanism at the interfaces. Simple dynamic fracture me-
chanics concepts used in conjunction with a postulated energy criterion are applied to examine
the crack deflection/penetration behavior and, for the case of interfacial deflection, to predict the
crack tip speed of the deflected crack. It is found that if the interfacial angle and strength are
such as to trap an incident dynamic mode-I crack within the interface, a failure mode transition
occurs. This transition is characterized by a distinct, observable and predicted speed jump as
well as a dramatic crack speed increase as the crack transitions from a purely mode-I crack to
an unstable mixed-mode interfacial crack.
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1. Introduction

When cracks propagate in homogeneous, brittle solids, they can only do so under
locally mode-I conditions and at sub-Rayleigh wave speeds typically below the crack
branching speed (Freund,1990; Broberg, 1999). Indeed, even if the applied far-field
loading is asymmetric, the dynamically growing crack will curve and follow the path
that will result to locally opening (mode-I) conditions at its tip making mix-mode
and pure mode-II crack growth in homogeneous materials a physical impossibility.
In addition, as the crack accelerates, under increasing far-field loading, it reaches a
critical speed beyond which it becomes energetically more favorable to propagate with
multiple, branched crack tips rather than as a single entity. This is called the branching
speed which for a material like Homalite-100 is approximately equal to 0.35cs.

The situation is entirely different if a crack is constrained to propagate along a
weak preferable path in an otherwise homogeneous solid. In this case and depend-
ing on the bond strength, the weak crack path or bond often traps the crack, sup-
presses any tendency of branching or kinking out of the weak plane and permits very
fast crack growth much beyond the speeds observable in monolithic solids (Rosakis
et al., 1999). Indeed, when mode-I cracks propagate in both isotropic and orthotropic
solids containing weak crack paths (Washabaugh and Knauss, 1994; Coker and Rosakis,
2002), they can reach speeds as high as the Rayleigh wave speed of the solid. On the
other hand, when mode-II cracks are made to propagate along such weak cracks, they
tend to go even faster with speeds that are clearly within the intersonic regime of the
solid (Rosakis et al., 1999; Gao et al., 1999; Geubelle and Kubair, 2001; Coker and
Rosakis, 2002).

Although the extreme mode-I and mode-II cases have recently been studied experi-
mentally and theoretically, very little is known about the dynamic mixed-mode crack
growth along weak paths, a situation that has only recently been analyzed by Geubelle
and Kubair (2001), and about the transition of an incident dynamic mode-I crack into a
mixed-mode crack as it encounters a weak plane or interface. In the present work, we
examine the incidence of dynamically growing cracks at inclined interfaces of various
strengths. Our first goal is to observe this phenomenon experimentally and to establish
and validate a dynamic deflection/penetration criterion. We then concentrate on the
deflection behavior and examine mixed-mode crack growth along an interface.

It should be noted that static deflection/penetration behavior at an interface has been
the subject of numerous research efforts in the past years and that many significant
results for various kinds of materials have been obtained (Cook and Gordon, 1964;
He and Hutchinson, 1989; Gupta et al., 1992; Evans and Zok, 1994; Martinez and
Gupta, 1994; Ahn et al., 1998; Leguillon et al., 2000; He et al., 2000; Qin and Zhang,
2000). For quasi-statically growing cracks, the fracture toughness ratio of the interface
and the matrix material has been identified as the most important parameter governing
the crack deflection/penetration phenomenon and has formed the basis of a highly suc-
cessful crack deflection/penetration criterion (Hutchinson and Suo, 1992). To authors’
knowledge and with very few notable exceptions (Siegmund et al., 1997), the equiv-
alent dynamic problem has remained unexplored. In this paper we deal only with an
important subset of this problem. In particular, we consider weakly bonded systems
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Fig. 1. Experimental evidence of the dynamic equivalent of the “Cook—Gordon mechanism”. A fan of mode-I
cracks is incident on a horizontal interface inducing intersonic debonding before these mode-I cracks reach
the interface (Xu and Rosakis, 2002a).

composed of identical constituent solids so that the resulting material remains consti-
tutively homogeneous. However, the existence of a weak bond (bond of lower fracture
toughness) makes this material inhomogeneous regarding its fracture resistance behav-
ior. By doing so we avoid the complication of the material property and wave speed
mismatch across the interface, while retaining the essential properties of a weak path
or bond whose strength can be experimentally varied and analytically modeled.
Motivation for studying this basic problem comes from our recent experimental ob-
servations of dynamic failure mechanisms in bonded Homalite layers subjected to pro-
jectile impact (Xu and Rosakis, 2002a). A visual example of the interaction of a fan
of dynamically moving mode-I branches incident on a weak interface is shown in
Fig. 1 (dynamic equivalent of the Cook—Gordon mechanism). The horizontal line in
this picture represents an interface between two weakly bonded Homalite layers. As
the subsonic mode-I cracks approach the interface, one central shear-dominated inter-
facial crack is nucleated and propagates along the bond at intersonic speeds providing
an illustrative example of failure mode transition. This nucleation and growth of a
symmetrically growing intersonic shear crack along a straight-line path is extensively
discussed in the book by Broberg (1999). Fig. 1 is the direct evidence that such cracks
exist and may be nucleated through remote interaction of incoming mode-I cracks with
weak interfaces. Another example of the interaction between mode-I crack growth and
an interface is given in the post-mortem picture of Fig. 2(a). Here two mode-I branches
are incident onto the same vertical interface at approximately the same speed. The two
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Fig. 2. Examples of the dynamic crack deflection/penetration at an interface. Case (a): In a layered Homalite
material, the incident cracks traveled at 300 m/s. If the angle between the crack path and the interface
is small, the dynamic crack cannot penetrate the interface and only causes interface debonding (Xu and
Rosakis, 2002a). Case (b): Dynamic crack propagation towards a grain boundary.

cracks meet the interface at two different incident angles (angle between the crack path
and the interface). As evident form the picture, the crack that meets the interface at
78° penetrates the interface while the other one is trapped by it (incident angle is 50°).
Another motivation comes from the question of dynamic crack propagation in brittle
heterogeneous solids (composed of large grains bonded together by weak grain bound-
aries). Examples of such solids include marble (Rosakis, 2000) or certain classes of
high explosives (Dienes, 1996). Fig. 2(b) shows a dynamic crack propagating towards
a grain boundary, which it may penetrate or follow depending on the incident crack
speed, incident crack angle as well as the relative toughnesses between the grain and
the grain boundary.

2. Experimental procedures

2.1. Materials and specimens

Similar to previous dynamic experiments (Rosakis et al., 1998), Homalite-100 was
selected as our model photoelastic material. Within the range of possible photoelastic
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Table 1
Material properties of Homalite-100

Property Homalite-100

Static Dynamic

(strain rate ~ 1073/s) (strain rate ~ 103/s)
Density p(kg/m?) 1230 1230
Young’s modulus (GPa) 3.45
Dilatational wave speed 1890 2119
¢; (m/s) (plane stress)
Shear wave speed cs (m/s) 1080 1208
Rayleigh wave speed cg (m/s) 1010 1110
Poisson’s ratio v 0.35 0.35
Material fringe constant f4 23.7
(kN/m)

254 mm |

Notch _\

Bonded
interface
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Projectile

thickness 9.5 mm

Fig. 3. The wedge-loaded pre-notched specimen geometry.

materials, Homalite-100 was chosen because its dynamic fracture behavior has been
documented widely in literature. Indeed the variation of dynamic fracture toughness
of monolithic Homalite with crack speed has been studied in the ecarly years of the
dynamic fracture discipline (Dally, 1979; Fourney et al., 1983; Kalthoff, 1983). These
results are used in relation to the analytical model described in Section 4. Some of the
physical properties of Homalite-100 are listed in Table 1. The quasi-static values were
obtained from the literature while the dynamic values were measured by the authors
(Xu and Rosakis, 2002a).

A novel wedge-loaded plate specimen was designed to produce a single, straight
dynamic crack propagating towards the weakly bonded, inclined interface as shown in
Fig. 3. The wedge is inserted into a pre-notch and when it is impacted by a projectile,
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Table 2
Interfacial strengths and mode-I fracture toughnesses of different bonds

Interface Tensile strength Shear strength Fracture toughness

g.(MPa) 1c(MPa)

Kic (MPa m'?) I'c (J/m?)

Homalite//Weldon-10// 7.74 > 21.65 0.83 199.7
Homalite (strong)
Homalite//polyester// > 23.26 0.56 90.9
Homalite
Homalite//384//Homalite 6.75 7.47 0.38 41.9
(weak)

the wedge opens the notch faces producing a single mode-I crack which is driven
towards the inclined interface. The initial crack tip speed is related to the impact speed
of the projectile. The advantage of this type of dynamic loading is the generation of a
negative T-stress which enhances crack path stability and retards branching as the crack
tip speed reaches certain levels (Cotterell and Rice, 1980). Wedge-loaded specimens
of various types have been used extensively in previous static and dynamic fracture
experiments (Hahn et al., 1980; Thouless, 1992; Guduru et al., 2001).

The specimen’s sizes were large enough such that the major stress waves reflecting
from free boundaries entered the field of view, 20 pus after the incident crack reached
the interface. After numerous preliminary tests, the in-plane specimen size was fixed
to be 457 mm long, 254 mm wide and the plate thickness was 9.5 mm. Inclined in-
terfaces were cut and covered several characteristic interfacial angles. These angles
were 10°,30°,45°,60° and 90°. To provide different interfacial strengths and fracture
toughnesses, two kinds of adhesives, Weldon-10 and Loctite 384, were used to bond
the interfaces and to create weak interfaces of toughness less than that of monolithic
Homalite. The interfacial bond strengths and the fracture toughnesses were measured
by the authors and are listed in Table 2 (Xu et al., 2002). The Weldon-10 adhesive
is considered to be a “strong” adhesive. The Loctite 384 formed a “weak” bond. The
average thickness of all adhesive layers was less than 20 pm.

2.2. Experimental setup

A schematic of the dynamic photoelasticity setup used in this study is given in
Fig. 4. Two sheets of circular polarizer were placed on either side of the specimen.
The coherent, monochromatic, plane polarized laser output is collimated to a beam of
100 mm in diameter. The laser beam is transmitted through the specimen. The resulting
fringe pattern is recorded by the high-speed camera. A Cordin model 330A rotating
mirror type high-speed film camera is used to record the images. During the impact
test, a projectile was fired by the gas gun and impacted the loading wedge to trigger
the recording system and to dynamically initiate the mode-I incident crack. Details of
experiments were reported by Xu and Rosakis (2002a). Under the dynamic deformation,
the generation of isochromatic fringe patterns is governed by the stress optic law.
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Fig. 4. Schematic of the dynamic photoelasticity setup.

For the case of monochromatic light, the isochromatic fringe patterns observed are
proportional to contours of constant maximum in-plane shear stress, 7, = (61 — 62)/2.

3. Experimental observations

In order to systematically study the effects of interfacial angles, bond strengths and
impact speeds on the dynamic crack penetration/deflection behavior at interfaces, a
baseline impact speed of 19-20 m/s was chosen in order to produce a single mode-I
crack without inducing crack branching at the pre-notch. Then, for the same interfacial
bonding strength, different interfacial angles were tested.

3.1. Crack deflection/penetration at a weak interface

Fig. 5 shows a series of dynamic photoelasticity images of the crack deflection
process at a weak interface whose interfacial angle is 10°. The impact speed was
27 m/s. The vertical line appearing in every image is the camera streak line, which is
used for positioning and reference purposes. Another almost horizontal thin line reveals
the position of the interface. The dark circular spot, at the center and just above the
interface, is a scaling mark of 6.35 mm in diameter. In Fig. 5(b), a mode-I crack is
seen propagating towards the inclined interface at a high speed. The incident mode-I
crack reached the interface at around 110 ps after the impact. Then it transits into a
mixed-mode interfacial crack as shown in Figs. 5(c) and (d). The small asymmetry in
the fringe patterns of the interfacial crack reveals the existence of a small mode mixity.
The crack length vs. time record is shown in Fig. 5(e). The noticeable change of slopes
at around 120 ps indicates a significant increase of the cracks tip speed after the crack
deflection. The average speed of the incoming crack is approximately 407 m/s. After
crack deflection at the interface, the average interfacial crack speed is around 988 m/s.
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Fig. 5. Crack deflection process at a weak interface (interfacial angle 10°) and crack length history before
and after crack deflection at a weak interface (interfacial angle 10°).

In the experiment described above, an impact speed of 27 m/s was employed and
strong fringe patterns during the crack deflection process were observed. In the next
experiment, a relatively lower impact of 19-20 m/s was intentionally chosen to reduce
the spurious stress waves caused by projectile impact. Fig. 6 shows the crack deflection
process at a weak interface whose interfacial angle is 30°. In Fig. 6(b), a dynamically
propagating mode-I crack (surrounded by symmetric fringe patterns) is seen to prop-
agate towards the interface. Around 164 ps after impact, we notice that the crack tip
fringe pattern has already started to lose some of its symmetry. Around 170 ps (Fig.
6(d)), this mode-I incident crack has already transited into a mixed-mode crack at the
interface whose fringe pattern at the crack tip was clearly asymmetric with respect to
its propagation direction. In fact, a close look at this pattern reveals that its line of
symmetry is still parallel to the horizontal line although the crack propagates along
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Fig. 6. Crack deflection process at a weak interface (interfacial angle 30°).

the inclined weak interface. Also, the caustic (or shadow spot surrounding the crack
tip) size at the crack tip was significantly reduced in comparison to the caustic sizes
in Figs. 6(b) and (c). As the interfacial crack quickly moved out of the field of view,
the horizontal crack faces of the original mode-I crack are seen to experience clear
frictional contact as evident from the Fig. 6(f).

The abruptness of the transition behavior between a mode-I incident crack and a
mixed-mode interfacial crack can be graphically witnessed by the impressive jump in
crack speed across the interface. Fig. 7(a) shows the total crack length history as the
incident mode-I crack develops and transitions into a mixed-mode interfacial crack. The
interfacial crack length used in Fig. 7(a) is defined as the total instantaneous arc length
measured along the non-uniform crack path. Differentiation of the crack length record
furnishes the tangential crack tip speed before and after crack deflection. Since the
differentiation process is based on a three-point fitting of the crack length history, the
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Fig. 7. Crack length history (a) and crack speed history (b) before and after crack deflection at a weak
interface (interfacial angle 30°).

exact crack speed at the interface could not be obtained. Before deflection, the crack tip
speed is approximately 400 m/s, which is a speed very close to the branching speed of
Homalite-100. After crack deflection, the speed jumped by as much as 800—1000 m/s
and then decreased as it propagated further along the interface.

The next two experiments were conducted for different interfacial angles of 45° and
60°, respectively. The incident crack reached the interface around 153 ps after impact
as seen in Fig. 8(a). It is observed that the symmetric fringe pattern of the incident
mode-I crack disappeared as soon as the crack deflected into the interface. The shape
of the fringe pattern of Fig. 8(b) suggests that this interfacial crack is shear dominated
at the latter propagation stage. In Fig. 8(c), it is interesting to observe that after this
shear-dominated crack propagated some distance along the interface, some secondary
cracks were formed at one side of the interface. These secondary cracks are locally
mode-I and form on the tension side of the sheared interface. They form after the
dominant crack has propagated along the interface and thus after the interface has
already failed in shear. These types of secondary cracks that are a by-product of shear
crack growth along interfaces have already been observed experimentally (Rosakis and
Ravichandran, 2000; Xu and Rosakis, 2002a) and are always associated with dynamic
shear-dominated crack growth along weak interfaces. As the interfacial angle is changed
to 60°, the dynamic crack deflection behavior is slightly altered. As shown in Fig. 8(d),
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Fig. 8. Comparison of crack deflection process at a weak interface: (a)—(c) interfacial angle 45° and
(d)—(f) interfacial angle 60°.

the incident mode-I crack approached the interface at about 151 ps after impact and
transitioned into a mixed-mode interfacial crack. At around 177 ps, this mixed-mode
interfacial crack kinked into the right side of the interface. A significant caustic (or
shadow spot) as shown in Fig. 8(e) shows the mode-I nature of the kinked crack. The
speed of the kinked crack, which moved into the homogeneous Homalite part, was high
enough to induce multiple branches which are visible in Fig. 8(f). The whole process
is reflected in the crack speed and length records, which are shown in Fig. 9. First, we
notice the crack speed jump across the interface at about 150 ps. Obviously, the initial
interfacial crack speed of 700 m/s is much higher than the incident crack speed, which
is about 400 m/s for the interfacial angle 60° case. However, the interfacial crack
speed reduced to 350 m/s soon after the interfacial crack kinked into the right side of
monolithic Homalite. The experiment also suggests that just before the crack kinking,
there was a brief crack speed reduction characteristically seen in several failure mode
transition experiments (Xu and Rosakis, 2002b). In Fig. 9, the comparison of the crack
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Fig. 9. Crack length history (a) and crack speed history (b) before and after crack deflection at a weak
interface.

length and speed history is made for two different interfacial angle cases. It is noticed
that the interfacial crack speed for the interfacial angle 45° case is always higher than
that for the interfacial angle 60° case. This experimental phenomenon will be analyzed
by the proposed dynamic fracture mechanics model.

The above results clearly elucidate the role of interface inclination in the nature of
failure mode transition. In the following section, we will concentrate on the role of
the interfacial strength in the same phenomenon. We also expect that interfacial bond
strengths are essential to the determination of the dynamic crack deflection/penetration
behavior (Needleman and Rosakis, 1999; Xu and Rosakis, 2002c¢).

3.2. Crack deflectionlpenetration at a strong interface

In the set of experiments described in this section, we examine interfaces inclined at
exactly the same angles as in Section 3.1 and incident mode-I cracks propagating with
speeds that are nominally the same as before. The only difference is in the interfacial
bond strength, which is higher than in the previous case. Fig. 10 shows a series of
photoelasticity snap shots following impact of two specimens featuring the strong in-
terfacial bond and interfacial angles of 10° and 30°, respectively. Around 133 ps after
impact, the mode-I incident crack has just reached the interface as shown in Fig. 10(a).
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Fig. 10. Comparison of crack deflection processes at strong interfaces: (a)—(c) interfacial angle 10°.
(d)—(f) interfacial angles 30°.

We notice that, at this moment, the crack tip fringes still had a symmetric pattern. At
150 ps, this mode-I crack transitioned into a mixed-mode crack at the interface in a
manner very similar to the case described in the previous section (see Fig. 6(d)). Figs.
10(d)—(f) show the dynamic crack deflection at a strong interface whose interfacial
angle is 30°. Around 150 ps after impact, the incident crack approached the interface.
Later on, it induced a deflected interfacial crack which propagated along the interface
only. The crack speed record is shown in Fig. 11 and it is qualitatively similar to the
previous cases, i.e., a significant crack speed jump after crack deflection.

The last case considered in this section (see Fig. 12) is the one involving an interfa-
cial angle of 60°. In this case, the interfacial crack kinked only slightly off its original
path and then accelerated again into the right side of the interface reaching branching
conditions at 235 ps after impact (see Fig. 12(f)). The experiment suggests that for this
“strong” interface, the interfacial angle of 60° is very close to the critical angle above
which a crack penetration of this interface is possible. Fig. 12 should be compared
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to Fig. 8(d)—(f) where a weaker interface (also at 60°) was tested under nominally
the same conditions. The differences between the deflection/penetration behavior of
Fig. 8(f) and 12(f) are evident.

4. A model for dynamic crack deflection/penetration

Fig. 13 shows a schematic diagram describing the geometry relevant to the dy-
namic crack deflection/kinking problem. Two identical homogeneous and isotropic elas-
tic solids are bonded along an interface indicated here by the dashed line. The Young’s
and shear moduli, Poisson’s ratio and mass density are denoted by E, u,v and p, re-
spectively. Before reaching the interface, a dynamic mode-I crack propagates within
the homogeneous solid towards the inclined interface (Fig. 13(a)). The angle between
the crack plane and the interface is denoted by f. The critical question to be addressed
is whether this mode-I crack will continue to propagate on the original crack plane
(x, = 0) after encountering the interface (Fig. 13(a)), or it will kink out to propa-
gate along the interface and become a mixed-mode interfacial crack (Fig. 13(b)). It
is anticipated that the former (continuous crack propagation along the original crack
plane) and the latter (crack deflection) modes occur for strong and weak interfaces,
respectively.

X2 7
4
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7,
, Interface

X1
7
Incident crack 4
, 7

@ ,

/
/
X2 4
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/
y
X v
Deflected|crack
G(B, )
B
» X1
/
/
/
V4
(b) %

Fig. 13. Schematic diagram showing a mode-I crack arriving (a) and subsequently deflecting at a weak
interface between two identical homogeneous solids (b).
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4.1. Static crack kinkingldeflection analysis

He and Hutchinson (1989) studied the competition between the two fracture modes
of continuous crack propagation on the crack plane and crack kinking along a bimaterial
interface subjected to remote static loading. An extensive discussion of this phenomenon
was described by Hutchinson and Suo (1992). Once the two constituents have identical
elastic properties (as in the present constitutively homogeneous material system), the
analysis becomes very simple, as described in the following.

For a mode-I crack subjected to a remote static stress intensity factor, K, continuous
crack propagation within the crack plane occurs when the mode-I static crack energy
release rate, G, reaches the fracture toughness I'"* of the matrix material, i.e.,

s 11— v’ 12 MA
Gy = E (Kp) =TI - (1)
On the other hand, the crack will deflect/kink at the interface when the static energy
release rate of the kinked/deflected crack tip, G, reaches or exceeds the fracture
toughness of the interface, I''T, i.e.,

[}
L-0v sk 2 IT
7 &)+ K )yl=Tc, (2)
where K{¥, K< are static mode-1 and mode-II stress intensity factors for the deflected
(kinked) mixed-mode crack, and they are related to the remote mode-I stress intensity
factors before crack deflection at the interfaces as a function of the kinking angle f§
(interfacial angle) (Hutchinson and Suo, 1992; Anderson, 1995):

(3 1 3
K=K} <4cos'§+4cosf>,

Gsk —

I . I .3
Kk =K} (4 smg + 7 5in 2‘B> . 3)

From the ratio of Eqgs. (2) and (1), the critical conditions governing these two fracture
modes are as follows:

Gsk FiT
— < (4a)
Gi VA

for the continuous crack propagation (crack penetration) along the original crack plane
and

G
Gj rMa
for the crack deflection/kinking at the interface. It is observed from Egs. (1)—(3) that

the ratio of two energy release rates depends only on the kinking (interfacial) angle
and not on the value of the stress intensity factor or material properties:

G* 1 B 38N (. B 3BY
G =16 l<3cosz+cos2> +<s1n2+sm2) ) (5)

(4b)

It is pointed out that the above expression for the energy release rate ratio holds for
both plane strain and plane stress analyses.
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4.2. Dynamic crack propagation in the crack plane

Let v; denote the crack tip speed prior to reaching the interface. The dynamic energy
release rate around the mode-I, plane strain crack tip is given by (e.g., Freund, 1990;
Broberg, 1999)

2
g 1—v

Gf = [A1(v))(K{ (01))*], (6)

where K is the dynamic stress intensity factor of the incident mode-I crack. 4; is a
universal function of crack tip speed v;, given by

2oy

HO=

(7)

where
D =4oag0y — (1 + acg)z

a5 =1+/1—(v/cs)%  aa=+/1—(v/eq)

_fu [kt
s = ;, €4 = K_lcs (8)

3 — 4p (plane strain)

3
17—1—3 (plane stress)

and cs and ¢4 are the shear wave and dilatational wave speeds of the matrix material.
Under certain circumstances, the dynamic crack stress intensity factor K¢ can be related
to its static counterpart Ki through a “universal function of crack tip speed”, ki(v)
(Freund, 1990):

K = ka(v1)K?, )
where the universal function of crack tip speed depends on the material properties
through the elastic wave speeds, but it is independent of the loading on the body:

1 —v/cg

Si(1/v)y/1 = v/eq

where cr is the Rayleigh wave speed of the material. For most practical purposes,
Si(1/v) =~ 1. The crack will continue to propagate in the crack plane if the dynamic
energy release rate of the mode-I incident crack reaches the corresponding dynamic
fracture toughness I'M*(vy) of the matrix materials, i.e.,

ki(v) = (10)

)
Gt = Lo DK = ), (n

where Egs. (6) and (9) have been used.
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4.3. Dynamic crack deflection/kinking along the interface

As shown in Fig. 13(b), let v, denote the speed of the deflected crack tip at the
instant right after deflection, and let K and K be the dynamic mode-I and mode-II
stress intensity factors for the deflected (kinked) mixed-mode crack. We will assume
that the universal relation Eq. (9) between the dynamic and static stress intensity factors
also holds for the deflected crack tip, i.e.,

K = ky(0))KSE,
K3 = kyy (02K, (12)

where the static stress intensity factors around the deflected crack tip are given in Eq.
(3). In the above equation, 4 is the same universal function in Eq. (10) for mode-I
dynamic crack propagation (though it is a function of the speed of the deflected crack),
kyp 1s the universal function for mode-II dynamic crack propagation and is the same as
ki in Eq. (10) except that the dilatational wave speed ¢4 is replaced by the shear wave
speed cg (Freund, 1990), i.e.,

1 —v/cr

\/1 —U/Cs.

The dynamic energy release rate around the deflected crack tip is then related to the
corresponding dynamic crack tip stress intensity factors by

_1—02

kﬂ(l)) = (13)

G (1)K + An(o) KT, (14)
where Ay is given by (e.g., Freund, 1990)

V2o

A= TN a2pey

(15)
The crack will deflect at the interface if the dynamic energy release rate around the
deflected crack tip reaches or exceeds the corresponding fracture toughness of the
interface, i.e.,

1_2

Gl = EU [A1(v2)[ki(v2)KE T + An(v)[kn(02)K3K 1] = T (0). (16)

4.4. Critical condition for dynamic crack deflection at the interface

Similar to the static case, we may use the ratio of dynamic crack energy release rates
in Egs. (11) and (16) to determine the critical condition for dynamic crack deflection
at the interface. The advantage of using the ratio of Eqs. (11)—(16) is that the remote
stress intensity does not come into play and as a result the resulting criterion for
dynamic crack deflection depends only on the interfacial angle f3, the crack tip speeds
v; and v, and the shear and longitudinal wave speeds c¢s and ¢q. Using Egs. (7) and
(1) for Ay and Ay, respectively, and the relation (3) between the static stress intensity
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Fig. 14. The energy release rate (driving force) for a deflected crack of speed v, normalized with the energy
release rate of the incident mode-I crack (speed v; = 0.4¢g) as a function of v, and interfacial angle.

factors, we have determined the ratio of two energy release rates for the deflected
(kinked) interfacial crack and the incident mode-I crack:

G(B.v2) _ Ar(v2)k(v2)(3 cos § + cos ) + Au(va)kfi(v2)(sin § + sin¥F )’
Gi(o1) 1641(01 )k (v1)

~(02Y D1 ki (v2)(3cos § + cos F ) + ook (v2)(sin § + sin F )2
a U1 Dz 160(d1k12(l]|) ’

(17)

It should be pointed out that, similar to its counterpart (5) for the static case, the above

ratio holds for both plane strain and plane stress analyses. From Eqgs. (16) and (11),

the crack deflection criterion can be stated as follows:
GUBrz) _ TP (w2)
Gi(or) ~ Igh(or)

It should be noted at this point that, for fixed f and v;, the ratio in the left side

of Eq. (18) vanishes for v; = cg and is maximized for v, = 0. This is evident from
Fig. 14 where this ratio is plotted as a function of v, for various interfacial angles f.

(18)
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Simple inspection of Eq. (17) shows that this behavior is a consequence of the speed
dependence of universal functions kj(v) and Ay (v) which vanish at v=cg. The behavior
of this ratio necessitates that the above deflection criterion is reduced to
{G%&vﬁ}::G%&0)> T (02)

Gi(n1) Gi(v) — i)
If the criterion is indeed satisfied and the crack deflects into the interface, its speed v,
will be such that relation (18) holds as a pure equality. Then,

G'(Bv2) I (v2)

Gi(vr)  Ig*(or)
and the above equation will provide an expression for v;, as a function of the incident
crack tip speed v, and the ratio of interfacial to matrix toughnesses (right-hand side
of Eq. (20)). The toughness ratio will itself, in general, be a function of the crack
tip speeds v and vy. Indeed, I'Nj*(v;) is the dynamic fracture toughness of the matrix
material (Homalite-100 in this experiment), which is a function of crack speeds that
has been measured in experiments by Kobayashi and Mall (1978) and Dally (1979).
In nominally brittle homogeneous materials such as Homalite-100, PMMA and glass,
the functional form I'}*(v,) is typically monotonically increasing from a quasi-static
crack growth value to much larger levels achieved just before the branching speed is
reached (Rosakis and Ravichandran, 2000). Indeed, as a crack increases its speed, it
starts generating local microkinks, or abortive branches, whose number drastically mul-
tiplies just before final branching occurs. By doing so, the total energy spent in crack
growth (toughness) increases drastically (Ravi-Chandar and Knauss, 1984; Sharon and
Fineberg, 1999), accounting for the observed drastic increase of toughness with speeds
close to 0.3-0.4cs. In the presence of weak paths, bonds or interfaces, the situation
is often very different. The weak path suppresses any off-plane microbranches that
might develop as a mode-I crack accelerates along its length (Lee and Knauss, 1989;
Washabaugh and Knauss, 1994). This effect deactivates the mechanism of fracture
toughness increase with speeds, described above for purely homogeneous monolithic
solids, and allows a crack to reach speeds as high as the Rayleigh wave speed of the
surrounding bulk solids without any increase in fracture toughness (Washabaugh and
Knauss, 1994; Coker and Rosakis, 2002). Weak fracture paths and bonds can also trap
mixed-mode or mode-II propagating cracks. Indeed depending on the detailed bond
characteristics, mixed-mode cracks can often become very fast and may (unlike their
mode-I equivalent) become intersonic as shown in a series of recent studies (Lambros
and Rosakis, 1995; Rosakis et al., 1999; Coker and Rosakis, 2002). Consistent with the
above discussion, we will assume in this work that the interfacial fracture toughness
is independent of the crack speed and of the mode mixity. We believe this second
assumption to be a good assumption for most mixity levels especially because the
materials to the right and left of the bonds are identical (Hutchinson and Suo, 1992).
Following these assumptions, Eq. (20) which determines the interfacial crack tip speed
v, as a function of the speed v; of the incident mode-I crack is

G'(Bvn) I
GF(UI) F%IA(U] )

Max

U2

(19)

(20)

(21)
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5. Results and discussions
5.1. Deflection vs. penetration

To determine whether an incident crack will penetrate an interface, the normalized
energy release rate, which is the left-hand side of Eq. (19), is plotted as a function of
angle f, at the particular speed of incidence v;. Examples of such plots are seen in
Figs. 15 and 16. The right-hand side of this equation is then estimated from experimen-
tal measurements of the fracture toughness of the bond and the bulk Homalite at crack
growth speed v;. The data for the variation of dynamic fracture toughness with speeds
were reported by Fourney et al. (1983), Kalthoff (1983), Kobayashi and Mall (1978).

We first start by applying this methodology to the experiments briefly discussed in
Fig. 2 (Xu and Rosakis, 2002a). In this case, the bond involved in a polyester adhesive
and its fracture toughness is 0.56 MPa/m (Xu and Rosakis, 2002a). The incident crack
speed was about 300 m/s. The fracture toughness of Homalite at this crack speed is
about 0.6 MPa/m (Kobayashi and Mall, 1978), making the ratio I'.'/I'M* on the
right-hand side of Eq. (19) equal to 0.93. Fig. 15 displays a graphic representation of
the inequality (19). Indeed, according to the criterion, deflection into the interface will
take place at 0 < f§ < 59° while the interface will be penetrated for 59° < f# < 90°. It
should be noted that both cases displayed in Fig. 2 are consistent with this prediction.

For the inclined interface experiments presented here in Section 3, the incident crack
speed varied between 350 and 450 m/s (0.252-0.377¢s) and the corresponding dy-
namic fracture toughness of Homalite-100 varied from 0.75 to 1.4 MPa, respectively.
Recognizing a certain level of uncertainty in the experimental measurement of crack
tip speeds and toughness (both bond and Homalite), average values of these parame-
ters were taken. Fig. 16(a) and (b) describe the predicted crack deflection/penetration
regimes for the two types of bonds described in Table 2 and are used in the experi-
ments presented in Section 3. It should be noted here that for the case of a weak bond
(Loctite-384 adhesive), there is no intersection of the horizontal line (toughness ratio)

- V1:0.252 Cs V2:O

1.2 | Polyester bonding Homalite-100

Normalized energy release
rate
-
1

0.2 Crack deflection zone Penetration zone
4 e » < >

0 T T T T T T T T T
0O 10 20 30 40 50 60 70 80 90

Interfacial angle (degrees)

Fig. 15. Prediction of the dynamic crack deflection/penetration regimes for a crack traveling at 300 m/s
towards an interface bonded by a polyester adhesive.
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Fig. 16. Prediction of the dynamic crack deflection and penetration regimes at interfaces for a weak bond
(a) and for a strong bond (b).

with the left-hand side of Eq. (19) at speeds v; such that 0.252 < v; < 0.377cs. This
means that the crack will always deflect into the interface as is the case in Figs. 5, 6,
and 8. For a higher bond strength case (Weldon-10 adhesive), the crack will deflect
into the interface for all f < 68° and will penetrate the interface for all 68° < f < 90°.
This is consistent with the result of Figs. 10, and 12. Indeed, for interface angles 10°
and 30°, the crack is clearly deflected. On the other hand, for interfacial angle of
60° (see Fig. 12), the crack kinked slightly but very soon penetrated the interface
suffering only a small temporary deflection. This is consistent with the fact that, within
experimental error, 60° is very close to the end of crack deflection zone. It should
be noted at this point that the horizontal levels of toughness ratio are represented in
Fig. 16 as bands to reflect maximum uncertainties in incident crack tip speeds vy.

5.2. Predictions of the interfacial crack speeds

For a certain speed of the incident mode-I crack and if the interfacial angle and
the bond strength are such that the criterion of Eq. (19) predicts crack deflection
at the interface, then the interfacial crack speed can be predicted by Eq. (20). This
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Table 3

Comparison of predicted and measured interfacial crack speeds

Angles(°) Strong interface Weak interface
Predicted Experimental Predicted Experimental
(m/s) (m/s) (m/s) (m/s)

10 576 534

30 559 766 944 1100/920

45 928 800

60 896 700

procedure is graphically illustrated in Fig. 17(a). This figure shows the variation of the
normalized energy release as a function of interfacial angle for a fixed incident crack
speed v; = 0.4cs. This ratio depends on v, parametrically. The figure also displays the
normalized material resistance level for this specific v; as a dotted line. For the specific
interfacial angle under consideration, a vertical line is drawn to intersect the dotted line
at a point 4. The speed v,=kv, is then adjusted in such a way as to have the normalized
energy release curve pass through point 4 thus satisfying the criterion of Eq. (20). For
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Fig. 18. Remotely induced dynamic interfacial decohesion due to an approaching mode-I crack at a weak
interface (interfacial angle 30°).

reference, the curve corresponding to v, = 0 is also shown. Applying this procedure
to the two interface cases discussed in Section 3, we can display the variation of the
ratio v;/v; as a function of interfacial angle (see Fig. 17(b)). As expected, the weak
interface features higher deflection speeds. Also as the interfacial angle increases, the
speed ratio drops in both cases. In particular, for the strong interface case, it drops to
zero at an interfacial angle of ff = 68° beyond which penetration will occur. Table 3
compares these analytical predictions to the observations of interfacial crack tip speeds
observed in the experiments described in Section 3. Given the errors in accurate speed
estimation just before and after deflection (at least +100 m/s), the agreement is fairly
good.

5.3. Alternative mechanisms of failure mode transition at interfaces
In all cases described above, the incident mode-I crack reached the interface, and

within our observation resolution, deflected along it or penetrated through it without
nucleating interfacial decohesion at a distance. In Fig. 18, we show an alternative way
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of producing failure mode transition which does not fit within our previous discussions
but has conceptual similarities. Here a faster incident crack (crack speed is about
450 m/s) races towards a weak interface (Loctite 384 bond) inclined at an angle of
30° to the horizontal. Before the mode-I crack reached the interface (Fig. 18(c)), a
central debonding nucleated at the weak interface and started to propagate downwards
first and then upwards along the interface. The two crack tips of this debonding clearly
had two different speeds as evident from Fig. 18(e) and (f). This phenomenon was
observed mainly for specimens featuring weak interfaces and high incident crack speeds
(or high stress intensity factor of the incident crack tip) in some of our experiments. It
is very reminiscent of the observations displayed in Fig. 1 and discussed in connection
to the dynamic “Cook—Gordon mechanism”. The static equivalent of this phenomenon
was recently analyzed by Arata et al. (2000) and Leguillon et al. (2000) and merits
additional attention in the future.
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