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Abstract

In polycrystalline multilayer systems, the free energies of the interfaces and grain boundaries will determine the
relative stability of each layer as well as the overall stability of the system. The stability of immiscible systems and
systems that form intermetallic compounds is discussed, and the effects of texture and orientation of grains on stability
are examined.
© 2003 Acta Materialia Inc. Published by Elsevier Science Ltd. All rights reserved.
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1. Introduction

Layered structures are found in a number of
applications ranging from magnetic to structural,
and the stability of the individual layers is often
critical to the performance of the material. For
example, metal/intermetallic multilayers are being
considered as thin outer walls for jet turbine blades
with advanced cooling designs [1-4]. For the
multilayers to be structurally sound under
the operating conditions, the individual layers in
the laminates must be stable under severe thermal
and mechanical loads. Stable layered microstruc-
tures are also very important in many low- to
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moderate-temperature applications. Multilayer
sensors in magnetic storage, copper lines in inte-
grated circuits, and multilayer mirrors in soft X-
ray optics are some current examples. In each of
these cases, the layers must resist coarsening and
breakdown, which is driven thermodynamically by
the free energy of the interfaces. Thus, under-
standing the thermodynamic forces that degrade
the layering in multilayers and microlaminates is
of major technological importance.

1.1. Instabilities in multilayer systems

Broadly speaking, the thermodynamic driving
forces that can destroy the layering in a multilayer
include chemical energy, elastic strain energy, and
interfacial free energies. The drive to reduce the
sum total of these energies leads to instabilities in
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the layered structure, either through mixing of the
layers, atomic rearrangement, or breakdown of the
layering through capillary forces.

Consider first the chemical energy between two
layered elements, "A" and "B" in an "A/B" multi-
layered system. When the layers contain elements
that have positive heats of mixing, and therefore
are immiscible, (silver/nickel or copper/niobium,
for example), no intermixing that might damage
the layering will occur. When the two elements
have negative heats of mixing (niobium/silicon or
copper/zirconium), these elements will mix and
form a solid solution or compound, with the po-
tential to destroy the layering. In addition to
chemical energy, elastic strain energy can also
control the stability of layered structures. Under
loading, concentrations in stress and elastic strain
energies can arise in the thinner sections of the
layers, driving material from the thin sections to
the thickest parts of the layers, where stresses are
lowest [5]. Thus, diffusion should induce growth of
perturbations, damaging the layering.

This paper examines the last of the thermody-
namic driving forces-reduction of interfacial free
energy-in detail. Current understanding [6-8]
suggests that when polycrystalline layers are
chemically stable and contain only small elastic
strains, the ratio of grain boundary free energies
and interfacial free energies (gb/Tint) controls the
stability of layered polycrystalline materials.
Consider a multilayered A/B material such as the
Ag/Ni multilayer shown in Fig. l(a). For poly-
crystalline multilayered materials such as these,
there exists an equilibrium groove angle at the
point where A/A interfaces (grain boundaries)
meet the A/B interfaces. This groove angle is de-
termined by the ratio of grain boundary free en-
ergy to interfacial free energy, 7gb/Tint through the
relationship

2cosO = 7gb/Tin (1)

When the ratio gb/Tint is large, significant groov-
ing occurs where grain boundaries meet the inter-
faces between layers, as shown in Fig. l(b). For
sufficiently large values of gb/Tint the grain
boundary grooves can extend through layers and
the microstructure is unstable. When gb/Tint is

small, there is little grooving at grain boundary-
interface junctions and the layering is stable.

In polycrystalline multilayer systems, the value
of gb/Tint will vary both from layer to layer and
from grain to grain, depending on composition
and orientation. When evaluating the stability of a
multilayer, the simplest approach is to neglect such
variations by choosing interfacial and grain
boundary free energies that are averaged for a
given layer to examine general trends in layer
stability. The more accurate, and considerably
more difficult, approach is to consider the specific
values of interfacial and grain boundary free en-
ergies that vary from grain to grain due to differ-
ences in crystallographic orientation of grains
within a given layer. We examine both approaches
in this paper. In the first case, we assume both
layers share the same interfacial free energy, and
we consider differences in average grain boundary
free energies for the alternating layers. In the sec-
ond case, we consider local variations within a
given layer due to differences in crystallographic
orientation of individual grains. Average grain
boundary energies cited in this work represent
grain boundary energies obtained using zero-creep
measurements of surface energy combined with
measured groove angles [9,10]. The mean value of
the direct measurements is considered to be the

1080



A. C Lewis et at I Scripta Materialia 48 (2003) 1079 1085

"average" value, with the understanding that the
lowest-energy configuration is more likely to be
observed, and the average surface energy and
groove angles are therefore likely to be weighted
with respect to this value.

2. Predicting stability in multilayers

In this first part of the study, we consider two
types of stable multilayer systems: A/B systems
comprised of elemental layers (i.e. Ag/Ni) and
metal/compound systems comprised of alternating
layers of an element and an intermetallic com-
pound that is in chemical equilibrium with the el-
ement ("A/AB," systems, i.e. Nb/Nb 5Si3 ).

First consider an immiscible elemental system,
A/B. As noted in Eq. (1), the angle of the groove of
one layer into an adjacent layer depends on the
ratio of grain boundary free energy to interfacial
free energy (gb/Tint) in each layer. Grain boundary
free energies tend to scale with an element's melt-
ing temperature, as shown in Fig. 2. For this rea-
son, the layers of the higher melting temperature
material will typically have grain boundaries with
higher average free energies than will the layers of
the low melting temperature material. Because of
the higher associated 7gb/Tint ratio, one would ex-
pect that, at equilibrium, deeper grooving and as-
sociated pinch-off will occur at grain boundaries in
the high-Tm layers. For materials with vastly dif-
ferent melting temperatures, the attainment of an
equilibrium groove configuration may be inhibited
by the difference in diffusivity; at a given temper-
ature, the layer with a higher melting temperature

will have the lower diffusivity. For the systems
considered here at the temperatures of interest,
however, diffusion is rapid enough in both layers
that equilibrium is approached. In both the an-
nealed Ag/Ni and CuINb multilayer specimens
shown in Fig. 3, deeper grooves are observed ex-
tending into the layer that has a higher melting
temperature (Ni and Nb, respectively).

This behavior has been observed in a number of
systems. Table 1 lists six A/B multilayered systems
in which breakdown or coarsening has been ob-
served. The grain boundary free energies and
melting temperatures for each element are shown,
and in each system, the correlation between melt-
ing temperature and grain boundary free energy is
clear. The "B" layer has been defined as the ele-
ment with the higher melting temperature and
higher grain boundary free energy. Pinch-off or
breakdown is observed in the B layers prior to the
"A" layers in all cases [11-14].

Because average grain boundary free energies
are not well documented for intermetallic com-
pounds, the same comparison cannot easily be
made for an A/ABX multilayer such as the Nb/
Nb5Si3 specimen shown in Fig. 4. The relative
value of average grain boundary free energies in
A/ABX multilayers, however, can be estimated. In
miscible systems that form very stable compounds,
atomic mixing of elements A and B is highly exo-
thermic (AHmix,A-B < 0). In such systems, the rel-
ative magnitude of interfacial free energies and
grain boundary free energies can be approximated
by comparing the A-A, B-B, and A-B bond en-
ergies. The energies of the A-A and B-B bonds,
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Fig. 2. Plot of melting temperature vs. average grain boundary
free energy fbr several elements. From [10].
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Table I
Grain boundary free energies and melting temperatures in several elemental systems. Element B is the less stable in a laminate system

A B YAA (J/m
2
) Tm (A) (C) YBB (J/m

2
) Tm (B) (C) Ref.

Ag Ni 0.56 962 0.87 1453 Current work
Ag Fe 0.56 962 0.86 1535 [21]
Ag Ni-Fe 0.56 962 0.87 [13]
Cu Co 0.63 1084 0.65 1495 [21,22]
Cu Nb 0.63 1084 0.76 2469 [14]
Cu Ta 0.63 1084 0.90 3020 [12]

eAA and EBB, are known to be much higher than the
energies of A-B bonds within the alloy, eAB (hence
the heat release on formation of the intermetallic
compound ABX). As illustrated in Fig. 5, all three
types of bonds, A-A, A-B, and B-B, are found
at both the ABX/ABX grain boundaries and the
A-ABX interface. The elemental (A) layer, on the
other hand, has primarily A-A bonds across
the grain boundary. Therefore the free energies of
the A/ABX interface and the ABX/ABX grain
boundary are likely to be similar in magnitude and
much lower than the A/A grain boundary free
energy, i.e.

TA/ABX '~ ABX/ABX < VA/A (2)

Based on this relationship one can directly obtain

TAB,/AB, < VA/A (3)

YA/AB, YA/AB,

which permits the prediction that the elemental
layers will be subject to deeper grooving and will

be more likely to pinch off than the intermetallic
AB, layers.

Consistent with the predictions, deeper grooves
have in fact been observed in the elemental layers
in several miscible A/ABX systems. Fig. 4 shows
this phenomenon in the Nb/Nb 5 Si3 system. Table 2
lists additional A/ABX multilayer systems, and in
each case, grooving is more prominent in the ele-
mental layer, A, compared to the intermetallic
compound layer, AB,. As the intermetallic layers
typically have the higher melting temperature (i.e.,
solidus), the deeper grooves in the lower melting
point elemental layers might seem counterintuitive
based on the earlier discussion of grooving and
melting points of elemental layered materials. This
clearly demonstrates why the actual energetic
driving forces behind grooving must be examined
as such.

The greater stability of the intermetallic layer
should be beneficial in high temperature, structural
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Table 2
Heat of mixing for several miscible systems. Layer A is the less
stable in a laminate system

A B AHmix (kJ/mol) [23] Ref.

Nb Nb5Si3 -39 [2]
Nb Nb3 Al -18 [24]
Mo MoSi2 -18 [25,26]
Cu Cu9 Zr2 -12 [27]
Nb NbCr2 -7 [28]

applications of A/ABX multilayers because the
intermetallic component provides creep resistance.
Pinch-off and breakdown of the elemental layer
will not reduce creep resistance significantly, while
breakdown of the intermetallic layer would be very
detrimental to performance. The A/B elemental
multilayers offer a sharp contrast. In A/B systems,
the more creep resistant (high melting tempera-
ture) layer will break down first. Thus, high tem-
perature structural applications of A/B multilayers
will be limited.

3. Orientation effects

In the above discussion, average grain boundary
and interfacial free energies were considered, and
important trends in stability were identified.
However, it is well known that the free energies of
solid-solid interfaces-including grain boundaries
and heterophase interfaces-depend on the crys-
tallographic orientation of the neighboring grains
[10,15]. Differences in orientation of grains within
a given sample will lead to a variation in groove
angles at the junction of three grains, with pinch-
off being more likely in certain sets of grains than
others. Thus not only can one layer be more stable
than the other, but some triple junctions within a
given layer will be more stable than others. Recent
advances in electron backscatter diffraction and
orientation image mapping [16-18] allow for high-
resolution mapping of the orientation of indi-
vidual grains in a polycrystalline multilayered
specimen. Both in-plane and out-of-plane texture
can be recorded, and can be correlated with groove
angles at the junction of three grains. Because both
grain boundary and interfacial free energies de-
pend on orientation, different groove angles are

expected at the junctions of grains with varying
textures.

In many sputter-deposited multilayered com-
posites, the layers will grow with a preferred tex-
ture normal to the substrate. In the Ag/Ni system,
for example, both silver and nickel layers develop
a (111) growth texture [19,20]. If all grains exhibit
this orientation, and an epitaxial orientation rela-
tionship is preserved from layer to layer, the free
energy of the Ag/Ni interface, Tint, will be constant
throughout the material. However, grains with
other orientations do appear. Consider a multi-
layered system with a (111) texture, which
contains some (100)-type grains. Equilibrium
groove angles will be calculated for four specific
cases, which are illustrated in Fig. 6. The equilib-
rium groove angles are calculated using Eq. (1),
the average grain boundary free energies for silver
and nickel [10], and the calculated values of the
Ag/Ni interfacial free energy that are calculated
with respect to crystallographic orientation [15].
For simplicity, we will examine only cases in which
the adjacent grains in the triple junction each have
a (111) texture. In addition, we will use average
grain boundary free energies. However, we will
calculate equilibrium groove angles using the spe-
cific values for interfacial free energy, depending
on whether the third grain in the triple junction
has a (001) or (11 1) texture, as shown in Fig. 6.

In the Ag/Ni system depicted in Fig. 6(a), first
consider the common junction of a (111)-textured
grain sitting above two adjacent (111)-textured
grains. For the case of a Ni (111) grain sitting
above two Ag (111) grains, the Ni grain extends
into the Ag layer at the Ag/Ag grain boundary
with an equilibrium groove angle of 126° (Fig.
6(b)). When a Ag (111) grain sits above two ad-
jacent Ni (111) grains, the Ag grain extends into
the Ni layer with an equilibrium groove angle of
44.6° (Fig. 6(c)). Thus, as predicted previously, the
Ni layer is subject to deeper grooving and is more
likely to pinch off than the Ag layer.

Consider now the "off-textured" grains, where a
(0 0 1) grain sits atop two ( 11) grains. When a Ni
(001) grain meets two Ag (11 1) grains (Fig. 6(e)),
the equilibrium groove angle is 129°, making this
junction slightly more stable than the corre-
sponding (111)-textured triple junction shown in
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Fig. 6. Groove angles in a polycrystalline Ag/Ni multilayer. The
equilibrium groove angle depends on the orientation of each
grain at the triple junction.

Fig. 6(b) (eq = 126°). When a Ag (001) grain
meets two Ni (11 1) grains (Fig. 6(d)), the equi-

librium groove angle is 99.5°, making this junction

significantly more stable than the corresponding

(11 1)-textured triple junction shown in Fig. 6(c)

(Oeq = 44.6°). Table 3 summarizes these compari-

sons, as well as others for the Ag/Ni multilayered

system.

The above calculations are based on average

grain boundary free energy and orientation-

specific values of interfacial free energy. Because

the twist and tilt angles between two adjacent

grains within a layer will also affect the value of the

grain boundary free energy [15], the grain bound-

ary free energy should be calculated with respect to

orientation as well. Stability can then be predicted

more accurately. In systems where orientation and

texture can be controlled by deposition or other

fabrication methods, consideration of the free en-

ergies of the grain boundaries and the heterophase

interfaces, and their dependence on orientation,

should enable the design of more stable laminate

systems.

Table 3
Equilibrium groove angles at triple junctions in the Ag/Ni
system

Layer I Tint Layer 2 7gb Oeq
(single grain) (mJ/m2) (two grains (mJ/m2) (0)

and g.b.)

Ag (11 1) 416 Ni ( 11) 866 44.6
Ni (11 1) 416 Ag ( 11) 375 126
Ag (001) 670 Ni ( 11) 866 99.5
Ni (001) 437 Ag (I I 1) 375 129
Ag (110) 960 Ni (111) 866 126
Ni (110) 988 Ag (111) 375 158

to be the layer with the higher melting tempera-
ture, will be the less stable layer. In contrast, in
miscible systems that form a metal/intermetallic
layering, the frequently lower melting elemental
layer tends to be less stable than the intermetallic
layer. Understanding the texture and orientation
of individual grains allows one to go even farther
and predict preferential breakdown within a given
layer in polycrystalline multilayers. In a Ag/Ni
system with a (11 1) growth texture, triple junc-
tions which contain (00 1) -textured grains atop
two adjacent (11 1) textured grains are predicted
to be more stable than triple junctions containing
three (11 1) grains. With an increased knowledge
of grain boundary and interfacial free energies (gb

and Tint), multilayer systems with enhanced sta-
bility can be designed.
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4. Conclusions

In chemically stable layered systems, the free
energies of the interfaces and grain boundaries
frequently determine the relative stability of each
layer, as well as the overall stability of the system.
In immiscible metal/metal systems, the layer with
the higher grain boundary free energy, which tends
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