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The Effect of a Partially Wetting
Second Phase on Conduction

D.P. Birnie, Il

The conduction behavior in a realistic three-dimensional two-phase microstructure is examined. Specifi-
cally, the case of a nonconducting, partially wetting second phase is examined. An electrical circuit ana-
logue is used to quantitatively measure the effect. The dihedral angle that the second phase makes at
grain boundaries is found to significantly influence the conductivity. As the second phase penetrates
deeper into the grain boundary region, the conduction pathways are restricted to a greater degree. This
is important for microstructures that result from a variety of standard processing techniques thatinvolve

the presence of liquid phases during heat treatment.
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1. Introduction

INTIMATELY mixed two-phase microstructures result from a
number of different processing routes, notably liquid-phase
sintering, glass ceramic fabrication, reactive sintering, etc. For
many of these techniques, the final microstructure consists of
one primary phase with a second phase holding the matrix
grains together, Usually, the matrix phase is the constituent of
interest, and the second phase is present only to facilitate proc-
essing. This second phase is often detrimental to the intended
thermal or electrical conduction application.

The present analysis is performed for the case in which the
secondary phase has a small dihedral angle and is significantly
less conductive than the matrix phase; this is typical of most
liquid-phase sintered microstructures.[1-2] The results apply to
systems such as thermal conduction in sintered aluminum ni-
tride substratesl3! and electrical conduction in sintered thick-
film resistors.!4]

This article explores the effect of the shape of the secondary
second phase on conduction behavior; the shape of this second
phase is determined entirely by equilibrium capillary force bal-
ances established during high-temperature processing. The
analysis applies generally to thermal conduction and to some
specific cases of electrical conduction (as discussed later). The
following section describes the basic features of equilibrium
three-dimensional microstructure, as defined by the capillary
force balances and the dihedral angle. Based on this descrip-
tion, a simple, reasonable representation of the three-dimen-
sional microstructure is developed. The general behavior of
conduction in this three-dimensional microstructure is then
studied using an electrical circuit analogue. By varying the di-
hedral angle of the second phase constituent at grain bounda-
ries, the effect of microstructure shape is determined. These
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effects are then cast into the form of linear mixing rules that are
often used to represent the properties of composite materials;
the effect of microstructure shape is found to have a significant
effect on conduction through the composite material.

2. Background

The shape of second-phase particles in any equilibrium mi-
crostructure is governed by the force balance between different
surface tensions acting at three-grain intersections. In particu-
lar, the arrangement of the grain boundary between two matrix
grains is of interest (phase A) where it meets the second phase
(B). This condition is illustrated in Fig. 1. The dihedral angle
(Bp) is the entire angle measured at the point of intersection of
the grain boundary with the two interfaces. The angle is meas-
ured “inside” the second phase. The dihedral angle is deter-
mined by the grain boundary energy (y44) and the interphase
boundary energy (Y4p):
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Fig.1 Cross section of a three-grain junction between two
grains of phase A and one grain of phase B. The dihedral angle is
measured inside the second phase. It is determined by the two
types of interface (A-A and A-B) that intersect at the junction
and by their interfacial tensions (y44and y4p)-
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Fig.2 Perspective cut of one grain in the simple cubic grain ar-
rangement. The low dihedral angle interconnected second phase
is shown.

When two phases are intimately mixed together, they form
a microstructure that is determined only by the dihedral angle
and by the volume fractions of each phase.[1:5-18] The grain
size is important, but it only scales the size of the microstruc-
ture, not the shape. For a small dihedral angle, the second phase
forms an interconnected microstructure; both the primary
phase and the second phase are completely interconnected. At
a large dihedral angle, the second thse exists as isolated pock-
ets that are not interconnected.[3:17:181

For the present analysis, only a very simple description of
the grain packing is necessary. Shapes described in the follow-
ing scctions will arise from a simple cubic packing ot grains.
with the sceond phasce distributed around the grain edges and
corners and having an equilibrium dihedral angle with the

sran boundary regiens. Althoueh the simple cubie packing ge-
cmictry does not exactly mode! the true microstructure with
random erain packing it i< comewhat better than fee or hee ar-
Ao menTG nect ause the packine density mthese other arrange-
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The 7/2 limit applies because in this simple cubic packing four
grains meet along each grain edge. In microstructures where
the grain arrangement is more close packed, then only three
grains will meet along grain edges. This will then define the
cutoff limit at n/3 radians; this is more typical of real micro-
structures. Note that an interconnected microstructure will not
occur for large dihedral angles. If a phase with a large dihedral
angle initially existed along the grain edges, then it would be
unstable to perturbations; it would decay into isolated pockets
of second phase by Rayleigh fluctuations,[19:20
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Fig.3 Crosssection of a four-grain junction in the simple cu-
bic packing of grains. This star shape results whenever the dihe-
dral angle is small.

A single cube of the low dihedral angle case is illustrated in
Fig. 2. Shown is one matrix grain surrounded by the intercon-
nected second phase along multigrain junctions. When the mi-
crostructure is interconnected (at a low dihedral angle), the
cross section of the second phase along the grain edge will be a
four-pointed star shape, as shown in Fig. 3. These shapes apply
when the microstructure is kinetically able to reach equilib-
rium; this is applicable here because the second phase would
have been liquid at high temperature. Other cases where fi-
brous phases are added for strengthening purposes will usually
not be treated at high enough temperatures to reach capillary
equilibrium.

If we consider the small dihedral angle case of this model
grain network, then conduction along one of the cubic axescan
be broken down into two components. The first component of
conduction is through the second phase at grain edges that are
parallel to the conduction direction. This amounts to one third
of the total second phasc that is present because grain edges
point in all three directions. The second component of conduc-
tron 18 through the primarv phase grains with their embedded
second phases at the other (perpendicularlv oriented) grain
edges. These two conduction routes can be identified by exam-
mmge Fig. 2. When considering conduction that is not parallel
tu vhe vl e Liiree axes, then i can be resolved Ito components
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second phase materlal the star-shaped cross section second
phase protrudes much broader than a simple rod shape and
might inhibit conduction more. This possibility is explored in

detail using an electrical circuit analogue in the next section.
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3. Experimental Procedure

Equilibrium microstructures have been analyzed above
showing that, at low dihedral angle, some fraction of the con-
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Fig.4 Sample two-dimensional microstructure with 3% non-
conductive second phase and a dihedral angle of n/6. The second
phase penetrates between the adjacent grains significantly more
than a circular second phase.

duction will oceur in a mode that is perpendicular to fibrous
second-phase particles (although fibers having star-shaped
cluss sections). The conduction in these microstructures is now
iucasuicd using an electrical circuits analogue in two dimen-
sions. Shapes are measured that correspond to the star-shaped
countilitvus sewvoild phases that are found along r‘uhigrainjunc—
Lol abiune. l'_iguxuug e conduction patiiway 1s
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face. This provided linear and paraliel contacts to the material.
This is identical to what would be found in a thick-film resistor
geometry. [4.211The conductance of the starting geometry was
measured to eliminate any possible sample-to-sample vari-
ation in the conductance of the film. Then, segments of the film
were removed with a razor blade to match a stencil repre-
sentative of a given microstructure (defined by dihedral angle
and area fraction). Stencils of different microstructures were
generated on a plotter. The segments that were removed corre-
sponded to the locations and shapes of the second-phase addi-
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Fig.5 Fractional change in conductance as a function of dihe-

dral angle. Three values of the area fraction of second phase pre-
sent are plotted as separate lines.

tions to the microstructure. Because only the remainder of the
film provided a clear conduction path, this modeled the limit-
ing case where the matrix was much more conductive than the
second-phase addition. After these film sections were re-
moved, the conductance was again measured. To ensure accu-
rate results, the electrodes were not removed between
measurements.

Stencils were designed to represent the conduction in series
through two square grains; two grains were used in series to re-
duce any effect of electrode placement. This modeled a cross
section through the simple cubic grain geometry described
above. Because the grain boundary region is the typical lo-
cation of the second-phase particles, the stencils were de-
signed such that the electrical flow would start at the center of
a grain, then pass through two grain boundary regions, and fi-
nally conduct to the center of a third grain. The conduction dis-
tance was then two grain diameters. This required the
formation of stencils with a 2: 1 aspect ratio. The second-phase
additions were constrained to have a given dihedral angle and
area fraction; they were placed at four-grain junctions, their
preferred location. Due to the symmetry of the current flow, the
particles were placed on the ed ges of the stencils: this also sim-
plified the excision of that segment of film during the conduc-

hedral anele. the second phase penetrates smmncantiv
1 houndarv region, This shape of second-vhase

onds much turther than a narniicle of the same are
85 IGUlD TUurinlsy Inal & Darul:d C1 ind 5amde arca

that 1s circular. L'herefore, the current will have to travel further
around it; resistive second phases that penetrate deeply into the
grain boundary are expected to be a greater impediment to con-
duction than localized phases.

Data were obtained for three values of area fraction and for
several values of the dihedral angle. The dihedral angle ranged
between 0 and © radians. These limits correspond to a com-
pletely wetting second phase (like that required for liquid-
phase smtermg) 2} and a completely nonwetting second
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phase (modeled here in two dimensions as the circular cross
section of a fibrous second phase).

4. Results

The initial conductance values provide a measure of the
sample-to-sample variation in the starting material. The sheet
conductance was 0.0076 + 0.0006 squares/Ohm, averaging all
samples tested. The fractional change in the conductance gives
ameasure of how strongly the second phase affects the conduc-
tivity of the sample. The results are plotted in Fig. 5. [t can be
seen that the particles that had the smallest dihedral angle
caused a significant decrease in the conductance of the film
(about a factor of two times worse for the same area fraction of
second phase). Three-dimensional conduction properties can
be deduced from these results, as discussed further in the next
section.

5. Discussion

Conduction through composite microstructures is often
dealt with in one of two extremes: in the parallel limit or the se-
ries limit. The conductivity mixing rules for these two simple
cases are

Parallel:
Knix=xa Kq+xpKp [2]
Series:
K, K
A B
mix (3]

X4 KB+xBKA

where x4 is the volume fraction of the primary phase, and xg is
for the secondary phase. All volume must be accounted for, so
(x4 +xg) = 1 must be satisfied. In the parallel case, the conduc-
tion is dominated by the more conductive phase, whereas the
series case is dominated by the less conductive material.

As presented in the background, real microstructures fall
somewhere between these two extremes; some of the micro-
structure will be parallel to the conduction direction and some
will be in series. The above two equations will be limiting cases
that bound the thermal conductivity of a mixture of two
phases.[22’23]

Table 1 Conductance changes for two-dimensional films with
circular, nonconducting second phases of varying volume
fraction

Area Conductance ratio

fraction measured Predicted from Eq §
0.10.... -0.182 -0.182

0.03.... -0.060 -0.058
001 e -0.022 -0.020

Note: Measured and theoretical values are compared.

Two other useful solutions are for spherical second-phase
particles and for conduction perpendicular to rod-shaped parti-
cles. The spherical second phase case would apply when the di-
hedral angle is very large, causing the second-phase particles to
be in isolated pockets with nearly spherical shape, whereas the
solution for conduction around rod-shaped particles would ap-
ply for a fiber-reinforced composite. The mixing rules for these
shapes are

Around spheres:

21 —xp) K+ (1 +2xp) K
Kmix:KA B’ A B’"B (4]
R+xp) Ky +(1-xp) Kp

Perpendicular to fibers:

(-xp)K,+(1+x5) K
KmiszA £.A Es (5]
(1+xB)KA+(1—xB)KB

For geometries that are intermediate between spheres and
rods, ellipsoidal shapes have been used. These approximations
yield solutions that are intermediate between these cases.[24-
33] However, in none of these cases is dihedral angle of the sec-
ond phase used in solving the conduction equations; this
solution would be difficult due to the sharp corners where the
second phase penetrates between grains. This made the above
electrical circuit analogue an attractive way to determine the
importance of grain shape on conductivity.

The second phases that are oriented perpendicularly to the
conduction direction will affect the primary phase conductivity
in approximately the manner of the fibrous second-phase addi-
tions described in Eq 5. However, in this microstructure, the
cross section of the second phase will not be circular. It will
have the star shape shownin Fig. 3; it will offer a different level
of impediment to conduction than a simple circular cross sec-
tion fiber. Therefore, the composite microstructure will have a
conductivity that is determined by parallel conduction through
the fraction of phase B (one third of xp), which is aligned along
the direction of conduction (having conductivity Kg), and the
remainder of the material (having conductivity K ;). Using
Eq 1 for parallel conduction, the total conductivity of the com-
posite microstructure will be

x X
-2 K+ 5 Ky [6]

mix ' 3

K total = (

Table 2 Shape enhancement factor as a function of dihedral
angle

Shape
Dihedral enhancement

O s 2.10
1.52
1.20
1.03
1.00

Note: Data are experimental data taken with 3% nonconductive second
phase.
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where K ;. will depend on K, K g, and the dihedral angle. The
component of flow through phase B in this equation does not
depend on the dihedral angle because this flow is through this
phase, not around it.

The conductivity for the remaining mixture was evaluated
above (as a function of the dihedral angle) using the electrical
circuit analogue. The data obtained in this experiment demon-
strate the level of amplification of conduction interference by
the penetrating second phases, in comparison with perfectly
round fibers.

The experimentally determined conductivity changes can
be validated by comparison with Eq 5. The data for the circular
second phases in two dimensions (8, = %) apply exactly to the
case of conduction normal to rod-shaped fibers. Table 1 shows
this comparison; the measured and calculated change in the
conductance is very close. This confirms that the electrical cir-
cuit analogue is accurate at determining changes in conductiv-
ity.

Other second-phase shapes offer different levels of impedi-
ment to conduction. This is shown in Fig. 5; particles with di-
hedral angles equal to zero had about two times the effect on
the conductance compared to the circular cross section second
phases. Table 2 quantifies the 3% line from Fig. 5. The ““shape
enhancement factor” is the ratio of the conductance reduction
at the given dihedral angle compared to that for 8, = 7.

The change in conductance was very flat over a wide range
of larger values of the dihedral angle. The data for larger dihe-
dral angles (8, > n/4) are all very similar to the data for the ex-
actly circular (8, = ) cross section second phase. From this, it
can be inferred that isolated pockets of second phase will be-
have very similarly to spherical second-phase inclusions.
Therefore, only the low dihedral angle microstructure case will
be significantly impacted by differences in dihedral angle.
However, these cases are of most interest to explain micro-
structures that develop at high temperatures.

This shows that wetting second phases will have a signifi-
cant effect in reducing the macroscopic conductivity of aggre-
gate samples. The effect will be significant, particularly in
samples derived from a liquid-phase sintering route, where the
dihedral angle must be zero.

Note that the present simulation is focused on materials
where there is no specific conduction impediment at the grain
boundary. This is certainly representative of thermal conduc-
tion; the mean free path for phonons is typically much smaller
than the grain size. However, some caution may be required
when using this geometry for electrical applications,[34’35]
particularly in semiconducting materials that may have space
charge layers at grain boundaries.[36]

It is anticipated that many different systems and properties
can be influenced by the microstructure (and specifically the
dihedral angle of the second phase). The present derivation and
measurement of the small dihedral angle case can be appliedto
many microstructures that might arise from liquid-phase sin-
tering or other processing routes. One example is thermal con-
duction in aluminum nitride; the matrix is much more
conductive than the second-phase sintering additives. These
additives wet the grain boundaries (0, =0) so that the shape en-
hancement effects must be considered.
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6. Conclusions

Different simple mixing rules for properties of two-phase
composites have been examined. These mixing rules have been
extrapolated to a realistic three-dimensional microstructure;
second-phase shapes in this microstructure are controlled by
the dihedral angle that this phase makes at the grain boundaries
of the matrix phase. The effect of second-phase shape in this
microstructure has been tested using an electrical circuit ana-
logue applicable to the case where the matrix is much
more conductive than the second-phase additive. For dihe-
dral angles near zero (typical of liquid-phase sintered micro-
structures), the second-phase particles are approximately two
times as effective at reducing the conduction than the same vol-
ume fraction of particles that have alarge dihedral angle. How-
ever, only the low dihedral angle case will be impacted to any
measureable degree.
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