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Abstract-This paper deals with the problem of a crack in a multi-layered material with a homo
geneous or a compositionally graded interface. The effects of plasticity mismatch between the layers
(which have no elastic mismatch) on the shielding or amplification of the crack tip driving force arc
examined by recourse to finite element analyses for the case of a crack perpendicularly approaching
the interface between the layers. When the near-tip plastic zone spreads across the interlayer. the
crack-tip J integral is smaller than the remotely imposed J integral, if the crack is situated in the
plastically weaker material. For this situation. introducing an interlayer between two dissimilar
solids provides greater crack-tip shielding than joining the two solids without an interlayer (i.e.,
with a sharp interface). An interlayer with a homogeneous yield behavior (i.e., where the yield
strength of the interlayer is the average of that of the two constituent layers) provides a greater
shielding effect than a graded interface within which the yield strength varies linearly from one end
of the interlayer to the other. When the crack approaches the interlayer from the plastically stronger
material, the crack tip driving force is amplified as the plastic zone spreads across the interlayer.
This amplification is the maximum for the interlayer with homogeneous properties. and essentially
the same for the situations with a graded interlayer or no interlayer. The dependence of the shielding
and amplification effects on the thickness of the interlayer, on the distance from the crack-tip to the
interlayer, and on the remote loading are systematically examined. 1997 Elsevier Science Ltd.

1. INTRODUCTION

A wide variety of technologically significant and fracture-critical composite structures
employ metallic materials in conjunction with other metals or ceramics, with the bonding
between the dissimilar solids involving interfaces of fixed or spatially varying compositions.
Examples include applications in thermal barrier coatings for turbine engines, wear-resistant
and contact-fatigue-resistant coatings for a broad range of consumer products, solder joints
in microelectronic devices, and weldments and explosion-clad metallic bonds in pressure
vessels. In many of these situations, cracks initiate at free surfaces and advance per
pendicularly to the interfaces. An understanding of the mechanics and mechanisms of
fracture normal to and across the interfaces. as a function of the thickness. mechanical
properties, and compositional variations of the interface layer. is essential for failure lifetime
analysis and component design.

Fracture mechanics analyses for monotonically loaded cracks intersecting interfaces
between two elastic solids perpendicularly have been reported by a number of researchers;
see, for example, Zak and Williams (1963), Erdogan and Biricikoglu (1973), Lu and
Erdogan (1983), He and Hutchinson (1989), Hutchinson and Suo (1992), Beuth (1992)
and Romeo and Ballarini (1996). Small-scale yielding solutions and near-tip fields in which
one (or both) of the consitutent materials can deform plastically have been obtained by
Stahle and Shih (1992) and He et al. (1996) for stationary crack problems. Plasticity
analyses with particular attention to near tip shielding and amplification have been reported
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by Sugimura et at. (1995a). They showed that cracks which perpendicularly approach
interfaces between two metals with the same elastic properties but different plastic properties
can experience a reduced or increased effective driving force for fracture as a result of
the interaction of the crack-tip plastic zone with the bimaterial interface. Whether the
perpendicularly-oriented crack penetrates the interface to continue to advance depends on
whether it approaches the interface from the plastically weaker or stronger metal.

Numerical studies in (Sugimura et at., 1995a) reveal that the effective J-integral at the
tip of the monotonically loaded stationary crack becomes smaller than the remotely applied
J as the plastic zone begins to spread across the interface into the stronger material (when
the crack approaches the interface from the weaker material). This "shielding" effect arising
from plasticity mismatch between two metals has been demonstrated experimentally by
Suresh et at. (1992, 1993) who studied fatigue crack growth perpendicular to the interface
between a ferritic steel (i.e., plastically weaker solid) and an austenitic steel (the plastically
stronger solid) which were joined by explosion cladding. For crack advance under constant
applied 11K, the interaction of the crack-tip plastic zone with the interface resulted in
complete crack arrest when the crack approached the interface normally from the ferritic
steel. However, the fatigue crack was found to penetrate the interface unimpeded (even
showing a slightly accelerated crack growth rate) when the interface was approached by
the crack from the austenitic steel. This latter trend of unimpeded advance through the
interface is consistent with the predictions of Sugimura el at. (1995a) who found that the
effective J integral is greater than the remote J (i.e., an amplification in the effective driving
force) when the crack approaches the interface from the plastically stronger steel. These
experimental and computational studies have clearly established that the plasticity mis
match between interfaces can have a decisive effect on the conditions governing the growth
or arrest of cracks. In addition, it is experimentally seen that the trends associated with the
growth and arrest of cracks as they approach the interfaces between plastically dissimilar
(but elastically similar) materials also carryover to situations when the angle between the
crack plane and the plane of the interface is between 0 and 90°, Sugimura el at. (1995b).

The aforementioned effects of plasticity on the propensity for fracture across interfaces
have been investigated for idealized situations in which the interfaces between the plastically
dissimilar solids have been modelled as sharp (i.e., of zero thickness). In reality, however,
joining of two metals by such methods as welding, explosion-cladding, or diffusion bonding
produces an interface of finite thickness. (In this paper, we refer to such interfaces as
interlayers, whose thicknesses are typically smaller than those of the primary constituent
layers.) In many applications, such as with thermal/environmental barrier coatings for
aircraft engine components or wear-resistant coatings for contact fatigue protection in a
number of consumer products, interlayers comprising metal alloys (commonly referred to
as "bond coats") are introduced between the metallic substrate and the ceramic protective
layer. In the former application the bond coat typically involves a thermally-sprayed
NiCrAIY layer, whereas in the latter case a soft layer of Ni-5 wt% Al is deposited on the
substrate.

In many layered components, microstructural and compositional gradations invariably
occur, either during synthesis and/or in service due to thermal transients, deformation at
the interface during joining, or diffusion. For example, heat-affected zones produced in
weldments are examples of interface regions wherein the composition and microstructure
exhibit large spatial variations. In addition to such "naturally occurring" compositional
gradations, it may sometimes be advantageous to create interlayers wherein the composition
and properties are intentionally graded in order to achieve a specific function, such as
improving interfacial adhesion, lowering thermal residual stresses, minimizing or even fully
eliminating stress concentrations at locations where interfaces intersect free surfaces, or
enhancing resistance to cracking. Such "functionally graded" interlayers can be produced
by means of a number of currently available processing methods which include thermal
spray, physical vapor deposition, chemical vapor deposition, powder metallurgy and self
propagating high-temperature combustion synthesis (see, for example, Mortensen and
Suresh, 1995). Fracture across such graded interlayers is a topic of considerable interest for
a number of potential applications employing functionally graded metallic materials.
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The overall motivation of the present work was to develop a comprehensive under
standing of the micromechanics of fracture across interfaces of finite thicknesses (inter
layers) with fixed or graded compositions/properties between plastically dissimilar solids.
This paper seeks to address the following specific issues pertaining to fracture at interlayers.

• To determine the effective i-integral for monotonically loaded, stationary cracks (under
small-scale yielding conditions) which perpendicularly approach interlayers between
elastically identical but plastically dissimilar solids as a function of
• the distance of the crack-tip from the interlayer,
• the direction from which the interlayer is approached (i.e., from the plastically weaker

or stronger solid),
• the thickness of the interlayer,
• the plastic properties of the interlayer vis-a-vis the plastic properties of the consti tuen t

layers,
• the gradients in plastic properties across the interlayer,
• the stress state (i.e., plane stress versus plane strain),

• To identify the conditions that determine the continued growth or arrest of cracks as
they perpendicularly approach interlayers of fixed or graded compositions,

• To compare the effective driving force for fracture perpendicularly through interlayers
with that estimated for a sharp interface (of zero thickness) between the same two
constituent layers and

• To develop general guidelines for the effects of plasticity on fracture across interlayers
in terms of the role of the geometry and properties ofthe layers, and the micromechanics
of the evolution of crack-tip fields.

2. PLASTICITY-INDUCED CRACK-TIP SHIELDING AND AMPLIFICATION

2.1. Plasticity-induced load transfer in the trilayer system
Consider a crack approaching an interlayer joining two substrates possessing identical

elastic properties but different plastic properties. We restrict attention to situations involving
plastic zones which could be much larger than the distance between the crack tip and the
interlayer, but still small compared to the crack length and characteristic dimensions of the
crack geometry of interest. Such a problem can be analyzed within a small scale yielding
formulation, whereby the actual crack problem is replaced by a semi-infinite crack in an
infinite body. Figure 1 shows a semi-infinite crack (perpendicularly) approaching an inter
layer joining two semi-infinite substrates. Both Cartesian coordinates X" X 2, and polar
coordinates rand 8 are introduced with their common origin at the tip of the crack. The
interlayer has thickness t and its left edge is given by Xl = I. Within a modified boundary
layer formulation, the remote field is fully specified by the elastic stress intensity factor K
and the T-stress. That is, at large r, the in-plane stress components are of the form

(1)

where uij(8) are known dimensionless angular functions and <'>u is the Kronecker delta.
The elastic properties of substrates 1 and 2 and the interlayer are characterized by

Young's Modulus E and Poisson's ratio v. The plastic properties of the lower strength
substrate are characterized by tensile yield strength ay! and strain hardening exponent N 1 ;

a Y2 and N2 characterize the plastic properties of the higher strength material. The plastic
properties of the interlayer are spatially nonuniform: the yield strength a y varies linearly
from aYl to an. Whereas the strain hardening exponent N can also be chosen to vary
gradually, in some prescribed form, from N, to N 2, we confine attention to the case where
N l = N 2 • This trilayer material system is shown in Fig. 1.

Figure 2 displays the trilayer system in connection with the two crack geometries of
interest. In the first, the crack resides in the lower strength material; in the second, it is
embedded in the higher strength material. For the moment, the T-stress is taken to vanish;
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Fig. 2. Crack approaching interlayer of thickness 1 (plastic zone is shaded). (a) Crack embedded in
weak material. i tiP < i"pp; crack-tip shielding. (b) Crack embedded in strong material. .11'1' > i"pp:

crack-tip amplification.
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its role will be discussed in Section 5. For the purpose of explaining how crack-tip shielding
and amplification are induced by plastic flow, it is convenient to consider this limiting case,
a Y2 » a Yl ; here we specifically examine model systems for which a Y2 = 2a Y1' Now direct
attention to Fig. 2a. It can be easily shown that the stronger material ahead of the plastic
zone carries stresses higher than those found at a similar distance ahead of a corresponding
crack in a homogeneous material characterized by E, v, a YI and N I . Transfer of load to the
stronger material brings about a stress reduction in the immediate vicinity of the crack,
XI < I. That is, crack tip shielding can arise from plasticity-induced load transfer.
Conversely, the shedding of load in the yielded region of the lower material as shown in
Fig. 2b elevates the stress in the crack tip region, XI < I. Therefore, an amplification of the
crack tip stress field can be expected for the crack shown in Fig. 2b.

Sugimura et al. (1995a) observed that crack-tip shielding and amplification can be
quantified by the ratio of two contour evaluations of the J-integral designated by J ,ip and
J app . They noted that the J-integral of Rice (1968) is path-independent in two domains: in
the crack tip region r < I, and in the remote region. J ,ip is evaluated by integrating field
quantities, obtained from an elastic-plastic finite element analysis, along any contour lying
within the crack tip region. This contour is so labelled in Fig. 2 for both crack problems.
The applied J can be obtained by integrating field quantities along a remote contour as
indicated in Fig. 3. Of course, the applied J is also given by the Rice-Irwin relation,

(2)

where E' = E for plane stress, and E' = E/(1 - v2
) for plane strain. Here K is the stress

intensity factor, already introduced in (I), which scales with the applied load and a charac
teristic dimension of the crack geometry. The ratio J,ip/Japp is the shielding/amplification
factor with J'lp/Japp < I corresponding to shielding.

2.2. Evolution ofshielding/amplification
For the bimaterial case considered by Sugimura et al. (l995a), where the interlayer

thickness was zero, it proved convenient to take the distance from the crack tip to the
interface, L, as the normalization factor. For the present trimaterial case, however, we
introduce an additional length scale, i.e., the thickness of the interlayer, t. By considering
an interlayer of finite thickness to be simply a broadening of the original sharp bimaterial
interface, and in order to keep the normalizing lengths consistent with those reported in
Sugimura et al. (I 995a), it proves convenient to introduce a length defined by

(3)

which is the distance between the crack tip and the mid-plane of the interlayer. This enables
the systematic incorporation of a homogeneous or a graded interlayer of various thicknesses
between the two constituent phases while the location of the interface (i.e., the mid-point
of the interlayer) is held fixed. (The results presented in this paper are applicable when tis
larger than the size of the fracture process zone.)

A length associated with the spatial variation of the yield strength of the interlayer is
a Yl /(day/dx). Therefore, the boundary value problems considered here contain these length
scales:

(4)

We have chosen to normalize K by an, the yield strength of the weaker material. This
normalized load, (K/aYl)2, scales with the plastic zone size in the weaker material. As an



3420 A. S. Kim et al.

example, Fig. 2 displays the plastic zones in the weaker material indicated by the shaded
domains.

Results of plasticity-induced crack-tip shielding and amplification can be conveniently
organized about the dimensionless load parameter, K/«(JYI ft) (Sugimura et al., 1995a).
By dimensional analysis,

(5)

where F is a monotonically increasing, or decreasing, function of the non-dimensional
applied load K/«(JYljL). F < 1 implies crack-tip shielding while F> I implies ampli
fication.

In the analysis to follow, only the yield strength is allowed to change, and the same
value of N characterizes the strain hardening behavior of the two substrates and the
interlayer. For the crack geometry displayed in Fig. 2a, F is unity as long as the plastic
zone is confined to substrate 1. Crack-tip shielding takes effect when the plastic zone crosses
over into the interlayer and expands into substrate 2. The latter occurs when K/«(JYl)L)
becomes greater than about 2. Therefore as K/«(JYlJL) increases well above 2, F decreases
from unity. This reduction from unity represents the amount of shielding. For the crack
geometry shown in Fig. 2b, F equals unity in the absence of plastic flow in the interlayer or
substrate 2. Crack-tip stress intensification takes effect when a plastic zone develops in
substrate 2. This occurs when K/«(JyJL) is greater than about 4. The value of F over and
above unity represents the amount of stress intensification.

2.3. Crack tip fields
The plastic near-tip field for the crack embedded in an elastic-plastic material (see Fig.

2a) has the form (Hutchinson, 1968; Rice and Rosengren, 1968):

(6)

Here IN is an integration constant and iJij and Bij are known dimensionless angular functions
which depend on N. The material properties in (6) pertain to substrate 1 when the crack is
embedded in substrate 1; they pertain to substrate 2 when the crack resides in substrate 2.

In the limiting case, (JY2---+:YJ, and for the crack embedded in substrate 2, the near tip
field can be expressed in the form,

(
], )1 /2

(Jij = E'2~~ fie). (7)

Here f;j are well-known dimensionless angular functions obtained from elasticity analysis.
The strains are calculated from the usual elastic stress-strain relations.

3. FINITE ELEMENT FORMULATION AND MATERIAL MODEL

In the small scale yielding formulation, incremental tractions consistent with (I) or,
equivalently, the incremental displacements according to the K-field solution are applied at
the remote boundary as depicted in Fig. 1. In our analyses, the incremental displacements
are applied at a distance greater than 10 times the maximum plastic zone size, thereby
ensuring that small scale yielding conditions are satisfied. The finite element mesh for the
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(a)

(b)

Fig. 3. (a) Finite element mesh for small scale yielding formulation. (b) Refined mesh for near-tip
region for crack embedded in weaker substrate.

small scale yielding problem is shown in Fig. 3a; the refined mesh for the near-tip regions is
shown in Fig. 3b. This mesh is built up using about 2500, four-noded, bilinear isoparametric
elements. Now direct attention to the rectangular region comprising square elements in
Fig. 3b. The interlayer has anywhere from 8 to 16 square elements in the thickness direction
and 24 square elements in the X2 direction. The uniform refined mesh region extends for
approximately 3 times the interlayer thickness into both the substrates. Beyond the region
of uniform mesh, the element sizes are prescribed to increase gradually. Geometries cor
responding to lit = 0.25, 0.5, 1.0, 1.5 and 2 are considered in this study. All numerical
solutions reported in this paper were obtained with the ABAQUS (1990) finite element
program.

The material behavior is taken to be governed by the 12 flow (rate-independent)
theory of plasticity with isotropic hardening. Under uniaxial stressing, the material deforms
according to

(J
e=E' (J<(Jy,

(8)
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The loads are applied incrementally. As an example, up to 100 displacement increments are
taken to reach the maximum K value of interest. The solution to the nonlinear boundary
value problem at each increment is obtained by a fully implicit update using the Newton
Raphson method. About six iterations at each increment are sufficient to obtain a con
vergent solution. Our computational study is performed within a small-displacement
gradient formulation for J2 flow theory of plasticity.

For a two-dimensional crack problem, the J-integral (Rice, 1968) is defined by

(9)

Here, r is a contour beginning at the bottom crack face and ending on the top face and nj

is the outward normal to r. W is the stress work density computed by following the actual
strain history:

(I 0)

The J-integral in ABAQUS is implemented using the domain-integral formulation (Li et
al.,1995).

Finite element solutions were also obtained using a J2 deformation theory of plasticity
based on a Ramberg-Osgood description of the material response

(f (f((f)(I-NlV
(; = - +cx- -

E E (fy
(II)

The deformation plasticity computations employ full Newton-Raphson iterations; con
vergent solutions at selected K levels were obtained within five iterations. The deformation
theory solutions for Jlip and Japp are virtually identical to those obtained under J2 flow
theory; the close agreement strongly suggests that the evolution of the fields near the tip
and remote from the tip follows an effectively proportional path. Moreover, the computed
J-values for the remote domains are within 2% of the value calculated from (2). These
checks attest to the accuracy of the present numerical solutions.

Finite element calculations were performed for both plane stress and plane strain cases.
The trends in crack-tip shielding and amplification with K/((fYl ft) and the geometric
parameters listed in (5) are similar for plane stress and plane strain. In the interest of space,
the discussion will focus on the plane stress results. Plane strain results will be addressed in
Section 4.5.

4. NUMERICAL RESULTS

4.1. Crack approaching the interlayer from the weaker material
Figure 4 displays the evolution of the shielding factor, Jlip/Japp, for the homogeneous

interiayer under increasing applied load, K/((fYlft), with the crack embedded in the
weaker material. The five curves correspond to the five geometries, l/t = 0.25, 0.5, 1.0, 1.5
and 2. The reader is reminded that I is the distance between the crack tip and the left edge
of the interiayer; L is the distance between the crack ti,£ and the mid-plane of the interiayer.
It can be seen that shielding takes effect for K/((fYlv'L) greater than about 2. For a given
load, the greatest shielding occurs for the ratio l/t = 0.25 and the least for lit = 2.0, with
the most dramatic changes occurring when l/t < 1.0, or when the crack tip is less than one
interiayer thickness away from the left edge of the interiayer. It may be noted that the case
for l/t » 1.0 approaches the result for the bimaterial problem (t = 0).

An analogous case, but with a graded interiayer, is shown in Fig. 5. Again, note that
shielding becomes stronger with decreasing l/t and that the most significant increases in
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Fig. 4. Evolution of shieldin%- of near-tip fields approaching a homogeneous interlayer under

increasing K/((Jrlyf L). Plane stress results for lit = 0.25, 0.5, 1.0, 1.5 and 2.0.
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Fig. 5. Evolution of shielding of near-tip fields approaching a graded interlayer under increasing

K/((JrljL). Plane stress results for l/t = 0.25,0.5, 1.0, L5 and 2.0.
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shielding are observed when lit < 1.0. For the corresponding loads and geometries, the
shielding factors for the graded interlayer are generally weaker than those found with the
homogeneous interlayer.

4.2. Crack approaching interface from stronger material
Figure 6 displays the evolution ofthe amplification factor, JtipfJapp, with a homogeneous

interlayer under increasing applied load and the crack embedded in the stronger material.
Again, the five curves correspond to the five geometries, lit = 0.25, 0.5, 1.0, 1.5 and 2.

. . . . ~

AmphficatlOn IS observed to take effect for KI((JYlv L) greater than about 3 and becomes
stronger with decreasing lit. The greatest effects are observed for the crack tip less than one
interlayer thickness away, or when lit < 1.0. In general, the strength of the amplification is
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Fig. 6. Evolution of amplification of near-tip fields approaching a homogeneous interlayer under
increasing KI((JYlJL). Plane stress results for lit = 0.25, 0.5, 1.0, 1.5 and 2.0.

less severe than the strength of the shielding effects observed with the same geometries and
loading conditions.

The case for a crack embedded in the stronger material approaching a graded interlayer
is shown in Fig. 7. A slight increase in amplification with decreasing ljt is observed. The
differences, however, are less significant than those observed in the other three cases, even
when ljt < 1.0. As found for the case of shielding when the crack is embedded in the weaker
material, the strength of the amplifications is less pronounced for the graded interlayer case
than for the homogeneous interlayer.
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Fig. 7. Evolution of amplification of near-tip fields approaching a graded interlayer under increasing
KI((JYljL). Plane stress results for lit = 0.25, 0.5. 1.0. 1.5 and 2.0.
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4.3. Effects of interactions ofcrack tip plastic zone with interlayer
The ratio ltip/lapp plotted as a function of K/{(JyJL) is shown in Figs 8{a-d). The four

plots represent l/t = 0.25, 0.5, 1.0, and 2.0, respectively, for the homogeneous and graded
interlayers and their corresponding bimaterials (t = 0). Thus, we can directly examine the
effects of having a homogeneous or a graded interlayer vis-a.-vis a bimaterial with a sharp
interface, subjected to the same loading conditions.

In the lower half of each figure, observe that the homogeneous interlayer exhibits the
greatest shielding, followed by the graded interlayer and the bimaterial, for each of the
geometries and at all loads. The upper half of each figure shows that all three interlayer
cases exhibit essentially the same amplification for l/t > 1, shown in Fig. 8d; however, the
homogeneous interlayer exhibits greater amplification compared to the other two cases,
i.e., the graded interlayer and the sharp interface (which are essentially the same) for l/t ~ I,
as shown in Figs 8a---c.

(a) 1.4

1.3

1.2

1.1

homogeneous interlayer
graded interlayer

sharp interface

hard--->soft
................. --

./.'

./
./

./.. ...-:::.

0.9

0.8

0.7

soft--->hard

(b)
0.6

1.4

1.3

1.2

homogeneous interlayer
graded interlayer

sharp interface

- -. ........
-~.: .._-

-.-:..- -
soft--->hard - - ::-_-

1.1

J
tiP

1.0--
Japp

2

0.9

0.8

0.7

5 6 7

0.6
Fig. 8. Evolution of shielding/amplification of near-tip fields for lit = 015, for no interlayer,
homogeneous interlayer and graded interlayer under increasing K/(a Y1 JL). (a) l/t = 0.25, (b)

l/t = 0.5, (c) l/t = 1.0, (d) lit = 2.0. (Continued overleaf)
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7

4.4. Crack tip fields
Figures 9a and 9b show the stress profiles normal to and along the interface, respec

tively, as a function of distance ahead of the crack tip for a trilayer with the ratio l!t = 1.0.
Trends for other ratios show similar behavior. Observe that compared to the bimaterial
case (no interiayer), the presence of an interlayer reduces the magnitude of the principal
stresses ahead of the crack tip. Comparing the two interiayer cases alone, the smooth
transition of the (J22 stresses obtained due to the presence of the graded interiayer makes it
more desirable than a homogeneous interlayer where the stress discontinuities at each of
the interfaces could lead to other forms of failure. For the stresses normal to the interfaces,
(JIb the graded interlayer is more effective in reducing the magnitude of these stresses
compared to the homogeneous interlayer and both interlayer cases induce higher (J II than
the bimaterial.

4.5. Simulations for plane strain
The foregoing effects of plasticity mismatch on crack tip fields and crack driving force

pertained to conditions of plane stress. Figure 10 depicts the evolution of shielding and
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Fig. 9. Comparison of the variation of stress ahead of crack for lit = 1.0. (a) (J22 and (b) (J".
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amplification for a homogeneous interlayer under increasing K/( (J Yl J1.) under plane strain
conditions (for lit = 0.25,0.5 and 1.0). Similar results are presented in Fig. II for the
graded interlayer subject to plane strain. The trends exhibited by both these figures are
similar to those seen in Figs 4-7. The only difference seen is that a slightly reduced level of
shielding occurs in plane strain than in plane stress, in accordance with expectations.

Figures 12a and 12b show the contour plots of the effective plastic strain ahead of the
crack tip for a crack approaching a graded interlayer from the plastically weaker and from
the plastically stronger metal, respectively. These plots were obtained for lit = 1.0 and
KI((JYlJL) = 6.5. When the plastic zone overlaps the interlayer (with the crack-tip
approaching it from the weaker metal), it is seen that plasticity spreads along the boundary
with the interlayer within the weaker metal. This causes a much larger, elongated plastic
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Fig. 10. The evolution of shielding and amplification for a homogeneous interlayer under increasing

K!«(JYljL) and for plane strain conditions (for lit = 0.25,0.5 and 1.0).
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Fig. II. The evolution of shielding and amplification for a graded interlayer under increasing K!«(J YI

jL) and for plane strain conditions (for lit = 0.25.0.5 and 1.0).

zone within the weaker metal than in the stronger metal directly ahead of the crack tip; the
interlayer serves to "smoothen" the extent of plastic flow between the two constituent
layers. By contrast, a more rounded shape of plastic strain field is observed when the crack
tip approaches the interface from the plastically stronger metal (Fig. 12b). A considerably
greater spread of the plastic zone occurs in the weaker metal even before the crack-tip
begins to penetrate the interlayer. Figures 12a and 12b thus illustrate the significant effect
of plastic mismatch in determining the evolution of plastic strains ahead of the crack
approaching the interlayer normally. Similar trends (not shown here) were observed for
the homogeneous interlayer case; however, the transitions in plastic strains across the
interlayer were less gradual compared to those shown in Fig. 12.
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(a)
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(b)

Fig. 12. Contour plots of the effective plastic strain ahead of the crack tip for a crack approaching
a graded interlayer from (a) the plastically weaker metal and (b) the plasticall)' stronger metal.

These plots were obtained for plane strain and for lit = 1.0 and KI(uYJ..j L) = 6.5.

5. DISCUSSION

In comparing the bimaterial case with the trilayer case (with a homogeneous interlayer
or a graded interlayer), we see that the bimaterial provides both the least shielding (for the
crack embedded in the weaker material) and the least amplification (for the crack embedded
in the stronger material) of all three cases.

As shown in Section 4.3, a comparison of the two interlayer cases reveals that the
graded interlayer provides a beneficial shielding effect compared to the bimaterial, but
incurs little detrimental effect with respect to amplification. This is not the case for the
homogeneous interlayer which, while providing the most shielding for the crack embedded
in the softer material, also causes amplification when the crack is embedded in the harder
material. In addition, for a given geometry and loading condition, the maximum spread in
the shielding effect (among the different cases studied in Section 4.2) is more pronounced
than that in the amplification effect. Furthermore, the magnitude of the change in near-tip
driving force as quantified by IJtip/Japp - II, is greater for shielding than for amplification.
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Thus, for a given interlayer thickness, the shielding effects will always be more significant
than the amplification effects.

Having shown some of the benefits of having a graded interlayer of finite thickness
over that of a sharp interface or a homogeneous interlayer, we offer the following line of
reasoning to explore the optimum thickness, t, of the graded interlayer to induce the
maximum level of shielding. The two extreme cases of interlayer thickness are an interlayer
with thickness t = 0, which is equivalent to the bimaterial case, and t = :J.J, which is
equivalent to having a homogeneous material. In Fig. 5, it was shown that the shielding
effect due to a graded interlayer increases as the ratio l/t decreases, or for the same crack
tip position, as t increases. Therefore, it appears desirable to have t as large as possible.
When t becomes too large, however, one obtains the limiting case of a homogeneous
substrate, and the benefits of having the second material are lost. Therefore, there must be
an optimal interlayer thickness.

Sugimura et al. (1995a) studied shielding in bimaterial systems (t = 0) and showed
that shielding becomes significant when the plastic zone begins to interact with the second
substrate, or, when Rp > L. In the present trilayer problem, shielding takes effect when the
plastic zone size Rp is greater than L which is the distance from the crack tip to the center
of the interlayer L = 1+ t/2. In addition, although the shielding effects due to the interlayer
are always stronger than those for the bimaterial, we can see that the shielding effects of
the interlayer are most significant when the ratio l/t < 1. Note that for l/t > I, the results
approach the bimaterial case which also defeats the purpose of having an interlayer. Thus,
t should be made as large as possible while still fulfilling the conditions RI' > 1+ t /2 and
l/t < 1. Both these conditions are satisfied for an interlayer thickness t < ~Rp'

The analyses conducted in this work have been confined to the case ofa stationary crack
in a ductile multi-layer system. The present predictions, however, of crack-tip shielding and
amplification, arising from plasticity mismatch between two (elastically identical) metals
with a finite interlayer thickness, appear to be qualitatively consistent with the experimental
results offatigue crack growth normal to an interlayer (approximately 100 pm in thickness)
between a ferritic steel and an austenitic steel (Suresh et al., 1992, 1993, and Sugimura et
al., 1995a, b), as described in Section 1. The present analyses thus provide a primary
mechanistic justification for the experimental observations of crack retardation (when the
crack approaches the interlayer from the weaker ferritic steel) and unimpeded crack advance
(when the crack approaches the interlayer from the stronger austenitic steel). A more
quantitative comparison of the current predictions with the experimental observations of
Suresh et al. (1992, 1993) inevitably requires detailed micromechanical analyses of fatigue
failure mechanisms (e.g., see Suresh, 1991) and of the role of thermal mismatch stresses in
influencing near-tip fields, which is clearly beyond the scope of this work.

The experiments of Suresh et at. (1992, 1993) also reveal that when fatigue crack arrest
occurs in the weaker steel, the plane of the crack deviates from the nominal mode I growth
plane (which is normal to the interlayer). We provide the following line of reasoning,
predicated upon the role of T-stress in influencing the crack path, in an attempt to shed
some light on this crack deflection mechanism.

T-stress effects on crack tip shielding and amplification have been discussed by Sug
imura et at. (1995a) ; the reader is referred to Section 5 of that paper for a more complete
discussion. Sugimura et al. found that both crack tip shielding and amplification are
intensified by a negative T-stress. In contrast, a positive T-stress exerts minimal effect on
shielding and amplification, unless the T-stress in question approaches the yield strength.
These effects can be explained in terms of the highly nonlinear dependence of the plastic
zone size on T-stress which has the form:

(12)

Here O"y is the yield stress of the lowest strength material and A depends additionally on
the ratio of the yield strengths of the two substrates (A is weakly dependent on the material
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and geometric parameters of the layered system listed as the arguments in eqn (5)). It has
been established in several studies (e.g., Shih et al., 1993) that A increases rapidly under a
negative T-stress and

A(T/(Jy:'( -0.5)
-------» 1.

ACT/cry = 0)
(13)

The strong dependence of A on T-stress can be seen in Fig. 4 of Shih et al.
In addition to what has been noted above, Cotterell and Rice (1980) have shown that

crack propagation is directionally stable if T < 0 and unstable if T > O. It is known that T
stress is negative for compact tension specimens with crack length to width ratios, a;W,
less than 0.3; T-stress is positive for a/W greater than 0.3. Therefore it is possible for a
crack to advance under a negative T-stress initially. After a sufficient amount of growth,
the crack can be subject to a positive T-stress. A positive T-stress can also arise from plastic
deformation near an interface between two substrates of strongly differing yield strengths.
This deformation-induced T-stress can become significant when the crack residing in the
softer layer approaches the interlayer or interface (geometry depicted in Fig. 2a). Both
deformation- and crack growth-induced T-stresses favor crack deflection which is also
beneficial. Interestingly enough, evidence for crack deflection has been reported in the
experiments where the fatigue crack approaches the interlayer from the plastically weaker
ferritic steel (Suresh et al., 1992,1993).

The process of joining two different materials usually results in a diffusion or reaction
interlayer of finite thickness. The problem under study can be viewed in the following way.
A material layer with finite dimensions is joined to a substrate. That is, in relation to Fig.
1, the length L can be regarded as unchanging. Given that L is the characteristic dimension
of the layered geometry, we address the effects induced by the existence (formation) of an
interlayer of thickness t as depicted in Fig. 1. The length t is defined by L - (t;2) and is
superfluous when t = O.

6. CONCLUSIONS

In this work, we have reported the results of a finite element study which has quantified
the role of plasticity mismatch on the driving force and near-tip fields for stationary cracks
which approach interfaces perpendicularly in layered materials (with no mismatch in elastic
properties). It is shown that, when the near-tip plastic zone overlaps with the interlayer,
the crack-tip 1 integral, ltip, becomes smaller than the remotely imposed 1 integral, lapp, if
the crack is situated in the plastically weaker material. An interlayer with a homogeneous
yield behavior (i.e., where the yield strength of the interlayer is the average of that of the
two constituent layers) provides a greater shielding effect than a graded interface within
which the yield strength varies linearly from one end of the interlayer to the other. When
the crack approaches the interlayer from the plastically stronger material, an amplification
in the crack tip driving force is observed (i.e., ltlp/lapp > 1). This amplification is the
maximum for the interlayer with homogeneous properties, and essentially the same for the
situations with a graded interlayer or no interlayer. The dependence of the shielding and
amplification effects on the thickness of the interlayer, on the distance from the crack-tip
to the interlayer, and on the remote loading are systematically examined. Geometrical
features of the interlayer which provide the most beneficial shielding effect are identified.
The predictions of the finite element analyses are found to be in qualitative agreement with
the experimental observations of Suresh et al. (1992, 1993) for fatigue crack growth normal
to steel-steel bimaterial interfaces.
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