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ABSTRACT

Directionality of interfacial cracking resistance in bicrystals has been predicted by a
modified Rice-Thomson model and supported by experimental results on ¥9 [110)/(221) Cu
bicrystals in Wang and Anderson's recent work. With the intention of extending this work to the
behavior of interfacial cracks in dissimilar materials, Rice, Suo and Wang predicted that this
directionality also occurs in bimaterials. Reported here are experimental results on Cu/sapphire
specimens, which again support the prediction of the theory. A crack along the interface in a
Cu/sapphire bimaterial is brittle and decohesion of the interface occurs when the crack propagates
in the [114]¢, direction, whereas it is ductile and dislocation blunting operates if the crack is
intended to propagate in the [114]¢, direction. This finding is significant theoretically and is of
helpful in understanding interfacial cracking in composites and film spalling in packaging
materials.

INTRODUCTION

It has been well known that the cracking behavior of an interface between crystals depends
strongly on its structure. It has been shown only recently, however, that for the same interface
the cracking behavior depends also on the direction of the crack propagation. An interfacial crack
that propagates in a ductile manner in one direction may undergo cleavage leading to a brittle
decohesion in the opposite direction. Thus, the response of a stressed interfacial crack is not
only interface structure dependent, but also growth direction dependent.

Intuitively, the cracking directionality is easy to understand. Any process which involves
dislocation slip of Schmid type is dependent on the orientation of the active slip planes. For most
interfaces, the configuration of the active slip systems at a crack tip is different when the direction
of the crack propagation is reversed, leading to a directional dependence of the cracking
behavior.

The directionality of cracking in bicrystals has been predicted by the Rice-Thomson model
[1] and supported by experimental results on Y9 [110]/(221) Cu bicrystals in Wang and
Anderson's recent work [2]. With the intention of extending this work to the behavior of
interfacial cracks in dissimilar materials, Rice, Suo and Wang predicted that cracking
directionality occurs also in bimaterials [3].

In the spirit of testing the idea that the competition between dislocation emission and
cleavage decohesion controls the ductile versus brittle behavior of a metal/ceramic interface and
that the cracking response is direction dependent, fracture behaviors of interfaces in bimaterials
were investigated. Reported here are experimental results on Cu/sapphire specimens.

EXPERIMENTAL PROCEDURE AND RESULTS

Single crystals of copper used in the experiments were grown by a vertical Bridgman
technique in an atmosphere of flowing argon gas. Rectangular pieces of 47.6x4.8x2.5 mm were
cut via spark-cutting. After mechanically and chemically polishing and cleaning the (221) surface
of the Cu single crystal was bonded to the basal plane of a commercially-obtained sapphire slide
(1 mm thick) by diffusion bonding. The diffusion bonding was carried out in an atmosphere of
flowing forming gas (a gas mixture of 20% hydrogen + 80% argon) at 1313 K for 72 hours
under a rigid graphite support clamp to maintain acompressive force during bonding. After
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Fig. 1. The diffusionally bonded interface of a Cu/sapphire specimen viewed through the
sapphire layer. Pores are seen, indicating small unbonded spots.
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Fig.2. The geometry of the specimen and a schematic presentation of the slip plane
configurations at the crack tips of the opposite directions.

bonding the specimen was cyclically annealed to reduce the interfacial stress and remove small
grains which sometimes appeared near the interface during bonding. Observations through the
optically transparent sapphire layer showed that the quality of the bonding was adequate; the
interface was free of any potential reaction products and only a few pores were observed,
indicating small unbonded spots (Fig. 1).

A pre-notch was created at the midpoint of the sapphire layer and then the specimen was
subjected to a bend load so that an initial crack was produced and run to the Cu/sapphire
interface, along which it branched a small amount in both directions, i. e. the [114]¢, and
[1 14](-;u directions. The geometry of the specimen and the slip plane configurations at the crack
fronts of the opposite directions are shown schematically in Fig. 2. The pre-cracked specimen
was loaded under four-point bending with a screw-driven Instron mechanical testing machine
until a nonlinear load versus deflection relation was noted, and then it was unloaded and reloaded
several times to enable stable crack propagation. Debonding of the interface at the crack tip,
whenever it occurred in either direction, was observed by an optical microscope through the
sapphire layer. The energy release rate for debonding, G, was obtained from the load-deflection
curve [3]. Slip traces, which indicate dislocation slip on active slip systems in the Cu single
crystal, were observed on the polished (110) side surface of the crystal with SEM or optical
microscopy.

Five identical specimens were tested in the same procedurc The average value of G was
measured to be 5.5+0.5 J/m2. Observations showed that in all specimens tested the interfacial
crack propagatcd__stably in the [T 14]c, direction causing significant interfacial debonding;
whereas in the [114]¢, direction plastic deformation occurred, causing crack tip blunting. An
example which demonstrates this kind of asymmetrical crackmg behavior is shown in Fig. 3. In
one particular case the directional effect was profound: in the [114]c, direction the crack
propagated unstably all the way to the end of the specimen causing half of the sapphire layer to
detach entirely from the specimen; whereas in the [114]c, direction the crack propagated only a
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0.5 mm

Fig. 3. The side view of a Cu/sapphire specimen after mechanical testing which shows that
the crack propagated only in the [114]¢, direction and crack tip blunting occurred in
the [114]¢, direction.
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Fig. 4. The dark field optical photograph shows the dense slip lines in the vicinity of the
crack which propagated in the [114]c,, direction.

small amount. Dense slip lines on the polished (110)c, side surface at the vicinity of the crack
appeared (Fig. 4), indicating a large amount of ‘plastic deformation. It was identified from the
angle of the slip lines that in this case only the (111) slip planes, which make an angle of 125.3°
with the crack plane, were active. In the opposite direction the slip lines were much less dense,
and again, only the (111) system was active which, in this direction, makes an angle of 54.7°
with the crack plane.

As we will see in the next section of the paper, calculations by the modified Rice-Thomson
model show that in the [114]¢, direction, dislocations are easier to nucleate on (111) planes; in
contrast, in the [114]¢,, direction only (111) planes with the inclination angle of 164.2° may be
activated and dislocation nucleation on (111) planes is very difficult. The slip lines observed in
this direction is thus not produced by the crack tip emitted dislocations. Rather, they are induced
by internal dislocations. The controlling process for the crack propagation in the [114]c,
direction is indeed interfacial debonding, while in the [114] ¢, direction the controlling process is
dislocation slip: a strong directionality of interfacial cracking in the Copper/sapphire interface as
that predicted by the modified Rice-Thomson model. Now, let us turn to the model.

DISCUSSION

The directionality of interfacial cracking might be partly understood in terms of the
competition between dislocation emission from the crack tip and cleavage, a concept quantified
. initially by Rice and Thomson [4] to deal with ductile versus brittle response in crystals. An
extended Rice-Thomson model was proposed by Rice, Suo and Wang [3] to treat the situation
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involving a straight edge dislocation emanating from the tip of a crack lying on a metal/ceramic
interface. In the model the energy release rate for dislocation emission from the crack tip, G,
and the energy release rate for debonding of the interface, G g4y, Were compared. If Gyig <
Gileay» dislocation emission was assumed to occur before interfacial decohesion, blunting the tip
of the crack; the interface was predicted to be ductile. On the other hand, if Gisi > Gileay» then
decohesion was assumed to occur before dislocation emission and the interface was said to be
intrinsically brittle. While G, is relatively insensitive to the structure of the interface [2],
G 4igi» being mainly determined by the resolved shear stress on the slip plane, may change
dramatically with the change of the inclination angle of the slip plane with respect to the crack
plane. This occurs when changing the direction of crack growth in asymmetrical orientation like
in Fig. 2, causing the directionality of interfacial cracking.

There are two levels of approaches in deriving the energy release rate for dislocation
emission from a crack tip: an older approach following [1], which treats the dislocation as an
elastic line singularity in a continuum solid; and a new approach [5], where the dislocation is
treated in the Peierls-Nabarro sense. At present, both approaches can only treat the situation
where the crack front lies in a slip plane. One advantage of the Peierls-type approach is that it
avoids the use of a core cutoff parameter, a necessity in the singular dislocation line approach and
the vaguest parameter in elastic dislocation theory.

In the extension of the theory to the metal/ceramic interface, both approaches regard the
ceramic side of the interface as an elastic solid, in which no dislocation activity takes place; only
in the metal side is dislocation activity assumed to be possible. With this assumption, a treatment
similar to that for dislocation emission from a crack tip in single crystals may be adopted and the
only modification needed is to introduce a new parameter: the atomic scale local phase angle, v/,
a measure of the ratio of local mode II to mode I conditions on a distance of atomic len gth scale
from the crack tip, and is defined by

W =w— ¢ In(hib). (1)

Here yis the loading phase angle, depending on the loading conditions and also on the
clastic combination of the bimaterial, € is the oscillatory index characterizing the oscillatory
stress field near the tip of an interfacial crack, & represents a characteristic length scale of the
specimen and b, as usual, is the magnitude of the Burgers vector. Limited by the length of the
paper, we are not going to the details of the model; only the major conclusions are given below.
Readers who are interested in are referred to Rice, Suo and Wang [2] for the singular dislocation
line approach and Rice [5] and Beltz and Rice [6] for the Peierls approach.

Considering joined isotropic solids under in-plane loadings, so that X /=0 and the near tip
field is fully characterized by a complex stress intensity factor K, Rice, Suo and Wang [2]
derived the energy release rate needed for a straight edge dislocation emanating from the crack tip
in a metal/ceramic interface as

(2)

G u1b? { cosg + (1-vy)sing tang } 2

Cev-are Uy e (S O)cosy+5(B)siny)

Here r; is the dislocation core cutoff in the metal, u 1 is the shear modulus and v; the
Poisson ratio of the metal, & is the Dundurs parameter which characterizes the elastic
combination of the bimaterial, 8 is the inclination angle of the slip plane with respect to the
crack plane, ¢ is the angle between the Burgers vector and the normal to the crack front,

2,19(8) and z,’é(e) are the angular functions given in [3], which correspond to traction across the
interface at 6=0 of tensile and in-plane shear, respectively. Equation (2) reveals that G is a
strong function of the inclination angle 6 and the local phase angle V.

Unlike the typical situation when the local phase angle is defined based on a "laboratory"
length scale, the distinction between yand v/ in this context becomes important because the
oscillatory stress field can give rise to a significant shift in the ratio of mode II to mode I type
conditions when considering atomic-scale distances from the crack tip. For the Cu/sapphire
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specimen shown in Fig. 2 under four-point bending conditions the loading phase angle v is
about -52°, while the local phase angle y' is about -79°, indicating a significant mode II
component of loading. Under these conditions, equation (2) gives the Gjg against 6 as
plotted in Fig. 5. The model predicts that G g4 is about 0.86 J/m? for cracking in the [114]¢,
direction and (111) planes with the inclination angle of 125.3° are potentially active; the (111)
planes with the inclination angle of 54.7° are inactive because an extremely high value of G is
needed for dislocation nucleation on these planes. For the cracking direction of [114]cy, Gaisi
is predicted to be 4.9 J/m2 and the potentially active slip planes are (111) which inclined at
164.2°; the (111) planes, in this case the inclination angle is 15.8°, are inactive. The parameter
G cleay» @ measure of the coherence of the interface, is assumed to be independent of the cracking
direction. As a reference, a lower bound of 0.475 J/m2 might be quoted from a measurement of
the adhesion of the Cu/Al,O35 interface [7]. Hence, dislocation emission is favored in the
[114]¢, direction and brittle crack growth should be favored in the [114]¢, direction, a
prediction supported by our experimental results.
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Fig. 5. The energy release rate for dislocation emission, Ggisp» as a function of the
inclination angle, ©, for the Cu/sapphire specimen under four-point bending
conditions.

As a comparison, we quote here the calculations of the Peierls-approach by Beltz and Rice
(5], which give G 4=0.505 J/m? for the ductile direction and G 4=2.76 J/m? for the brittle
direction. There is a factor of 6 difference in G for crack growth in the opposite directions
and indeed, dislocation emission is preferred in the [114], direction and decohesion occurs in
the [114] ¢, direction as our experiments showed.

It is interesting to note that the ductile direction in Wang and Anderson's Cu bicrystals
under tension conditions is the brittle direction in our Cu/sapphire specimens under bending
conditions and vice versa, a result also predicted by Rice et.al [3]. This is attributable entirely to
the phase angle effect and is discussed in more detail in [8].

CONCLUSIONS

The ductile versus brittle response of a stressed interfacial crack is not only interface
structure dependent, but also direction dependent. An interfacial crack, which propagates in a
brittle manner in one direction, might be ductile in the opposite direction. The different fracture
behavior of bimaterial interfaces may be understood, at least qualitatively, by comparing the
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crack tip energy release rate for dislocation emission from the crack tip against that for cleavage
decohesion of the interface. The local phase angle exercises a strong influence upon the ductile
versus brittle response of an interfacial crack.
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