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ABSTRACT

Heterointerface energy measurements for multiphase systems are rarely reported in the scientific litera-
ture in contrast to grain boundary energies for single phase systems. Hence, thermal groove dimensions
on the surfaces of single-phase (YSZ, Al,03, MgAl,04), two-phase (YSZ/MgAl,04, YSZ/Al,03), and three-
phase (YSZ/MgAl,04/Al;,03) ceramics were measured using atomic force microscopy to calculate relative
energies for six different types of interfaces. Average grain boundary and interfacial energies were es-
timated from relative values calculated using previously published surface energies. Our results show
that relative areas of interfaces in a multiphase composite are governed by relative interface energies.
We show that Al,03-Al,03 homointerfaces occur less frequently in the multiphase systems studied, at-
tributed to their higher grain boundary energies compared to YSZ-YSZ and MgAl,04-MgAl,0, boundaries.
Using the complex three-phase ceramic system as a model, we also show that heterointerface energies
are intermediate between the grain boundary energies of each of the two associated phases. Grain bound-
ary and heterointerface energies for any specific type of boundary were similar for single phases versus
multiphases, but the influence of grain boundary chemistry variations is reflected in the energy distri-
bution. Our findings contribute novel insights on grain boundary and heterointerface energies that can

inform materials design due to their strong influences on microstructural evolution.
© 2022 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc.

This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Grain boundaries and heterointerfaces are defects that have ex-
cess free energy per unit area. This excess energy of grain bound-
aries is a driving force for grain growth and thus plays an im-
portant role in microstructural development [1-4]. Several factors
can affect grain boundary energy such as changes in temperature,
grain boundary chemistry, etc. The effect of temperature on grain
boundary energy has been studied in both pure and doped materi-
als [3-7]. Typically, grain boundary energy decreases with increas-
ing temperature in pure materials due to entropy [4,5,8]. However,
grain boundary energy variation will also depend on changes in
grain boundary chemistry for systems with solute/dopant segre-
gation. For instance, Kelly et al. [5] showed that grain boundary
energy increases with increase in temperature in Y-doped alumina
samples. This is because bulk solubility generally increases with in-
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crease in temperature so interfacial segregants can dissolve back
in the bulk (i.e., in the grains), resulting in the reduction of grain
boundary excess.

While there is a substantial number of studies on segrega-
tion to grain boundaries in single-phase ceramics with or without
dopants [5,9-19], our recent literature review [20] found a clear
lack of work on polycrystalline ceramic heterointerfaces. Single-
phase studies are useful to understand grain boundary proper-
ties in model and relatively simple systems. However, engineering
ceramics are often (intentionally or not) multi-phase with much
more interface diversity. Our recent study [21] on a three-phase ce-
ramic system has shown that elemental segregation behavior can
differ depending on sample composition. Furthermore, that work
also highlighted that while some interfaces showed segregation,
others did not. Since grain boundary segregation is expected to af-
fect grain boundary energy, it is thus important to extend grain
boundary energy analysis to heterointerfaces in multi-phase sys-
tems. There is, however, a lack of literature on energy measure-
ments for heterointerfaces due to the complexity of multi-phase
systems and several assumptions involved for such calculations.
There have only been a handful of studies (~<10 per our knowl-
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edge) conducted previously in which multiphase samples were an-
alyzed for grain boundary and heterointerface energy measure-
ments [1,8,22,23].

The most common way to measure grain boundary energy ex-
perimentally is by observing the groove geometry of interfaces,
which are assumed to be in thermodynamic equilibrium [1,8,24].
When a polished surface is thermally etched, atoms/ions near the
interface are preferentially removed or relocated, forming grooves
at interface junctions, Fig. 1. The geometry of a groove can be used
to measure the ratio of grain boundary energy to surface energy:

Ycs . Y
Y—S_Z sinf =2 cosi (1)
where, Yggis grain boundary energy, Ys is surface energy, 8 is
groove angle and 1 is dihedral angle as shown in Fig. 1. The rel-
ative grain boundary energy (Y¢g/Ys) can be calculated using the
relationship between 8 and groove depth and width as given by
Mullins [25]:
t =473 d 2
anpf =4. W (2)
While the influence of grain boundary energies on microstruc-
tural development is well-established in single phase polycrystals,
the purpose of this paper is to test the hypothesis that relative in-
terface areas in multiphase polycrystalline systems are governed
by relative interface energies. Since most of the previous work
on grain boundary energies in ceramics has been performed on
undoped/doped single phase systems, our study will focus pri-
marily on 2-phase and 3-phase multiphase systems, while also
using single-phase materials for proof of concept and compari-
son to previous literature. The hypothesis is tested by analyzing
thermal grooves using atomic force microscopy (AFM) to measure
the relative (and absolute energies) of interfaces in single phase
(YSZ, Al,03, and MgAl,04), 2-phase (YSZ/Al,03, YSZ/MgAIl,04, and
Al,03/MgAl,04) and 3-phase (YSZ/Al,03/MgAl,04) ceramic sys-
tems. The overall goal of this study is thus to analyze how interface
energies specifically affect microstructural evolution in multiphase
polycrystalline systems.

2. Materials and methods

Starting powders of 8 mol% yttria stabilized zirconia or YSZ
(Y0V082r0_9202, TZ-8YS TOSOh), A1203 (TM-DAR Talmel) and MgA]204
(S30CR Baikowski) were used to make single phase, 2-phase
(equal volume 50%) and 3-phase (equal volume 33%) ceram-
ics. The single-phase systems are YSZ, MgAl,0,4 (spinel) and
Al,03 (alumina). The two-phase systems include YSZ/MgAl,0y,
YSZ/Al;,05 and MgAl,04/Al;,03, while the three-phase system is
YSZ/MgAl,04/Al,05. The powders were attrition milled for ~8 h at
600 rpm with isopropyl alcohol in a Teflon-coated tank. The result-
ing slurry was dried overnight at 100 °C. Mortar and pestle were
used to break any agglomerates before sieving the dried slurry to
106 pm. The mixed powder was uniaxially pressed, via a carver
press, at 22 kpsi for 5 min into cylindrical shaped samples with
a green body density of 54 + 2%. Single phase and 2-phase green
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body samples were sintered at 1550 °C for 10 h in air with heating
rate of 10 °C/min, while 3-phase sample was sintered at 1550 °C
for 20 h. Sintered samples were polished to 0.05 pm finish.

After sintering, the pellets were subjected to thermal etch-
ing in a tube furnace. Initial thermal etching was conducted at
1500 °C for 3 h using heating rate of 10 °C/min and cooling rate
of 20 °C/min. This high temperature and relatively long time was
selected to achieve wide grooves to minimize error associated
with AFM tip geometry. However, due to severe faceting behav-
ior in some spinel-based compositions, the etching temperature
and time had to be adjusted to minimize faceting. However, low
temperatures result in shallow grooves and can also make it diffi-
cult to characterize heterointerfaces due to preferential etching be-
havior of different phases so not all samples could be etched at
the lower temperatures. Thermal etching treatments for the fol-
lowing samples had to be adjusted below 1500 °C: single-phase
spinel (1300 °C for 15 min) and 3-phase samples (1450 °C for 1 h).
Spinel/alumina system showed the most severe faceting behavior,
and several thermal treatments were attempted. However, due to
the experimental challenges in characterizing spinel/alumina het-
erointerfaces, this system was removed from the grain boundary
energy analysis. The details of these experimental challenges can
be found in the supplementary information.

The geometry of thermal grooves was characterized using AFM
in tapping mode. Topographic maps were collected using Anton-
Paar Tosca AFM. Silicon tips used for AFM measurements had
30 nm thick aluminum reflex coating on the detector side of can-
tilever (Arrow-NCR, Nanoworld, Neuchatel, Switzerland). The tips
had a radius <10 nm, force constant of 42 N/m and resonance fre-
quency of 285 kHz.

Grain boundaries and heterointerfaces were selected from ran-
dom locations on sample surface. To differentiate between the dif-
ferent phases of multiphase samples in AFM, SEM images were
taken first from random areas on sample and then the same ar-
eas were then mapped in AFM to measure the interfacial energies.
Line profiles were drawn perpendicular across each boundary, and
width (w) and depth (d) values were extracted from each side of
the groove to measure relative grain boundary energy using similar
procedure as described in previous studies [5,11] (see Fig. 2). The
depth and width values were measured using Gwyddion software
and ratio of grain boundary to surface energy was calculated using
Eq. (3):

Y . _ d
A =2sin (tan 1<m<2W>>) (3)

This relation is based on the Mullins analysis [25]. ‘m’ is typi-
cally considered a constant equal to 4.73 (as shown in Eq. (2)) but
this value can deviate when w/d ratio becomes smaller, so a cor-
rection was applied to m using the known relationship between m
and w/d [5,26].

While Eq. (3) is a common method to measure relative grain
boundary energies, it is based on several assumptions. For instance,
(1) it assumes that the grain boundary is normal to the surface, (2)
the two surface energies (on either side of groove) are the same
and (3) that surface energy anisotropy is small enough to be ig-
nored [19]. While recognizing that one specific value of relative
interfacial energy derived from one grain boundary is not useful
by itself, many authors have pointed out that the analysis of many
grain boundaries using this method can result in meaningful aver-
age values and provide useful grain boundary energy distributions
[1,5,11,14,19,27].

Error from the radius of curvature of the AFM tip can introduce
artifacts and limit the accuracy of groove geometry measurements.
A groove width many times larger than the radius of curvature of
AFM tip should decrease such error in groove measurements. Say-
lor and Rohrer [14] previously detailed a method to estimate this
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Fig. 2. (A) Representative AFM image of YSZ surface after thermal etching at
1500 °C. (B) Line profile across YSZ-YSZ grain boundary showing ‘d’ and ‘w’ used
to measure relative grain boundary energy.

error depending on the groove width and groove angle . Applica-
tion of this method has found that for groove widths >1 pm, the
probe size has minimal to no effect on measurements [5]. This cor-
rection method was originally calculated for an AFM tip of 60 nm
radius of curvature, but the more current AFM tips used in this
study have <10 nm radius of curvature, so even smaller groove
widths should be able to be accurately measured. It should be
noted that while tip correction can be important, the error due
to finite probe size is systematic and does not change the relative
data [11,22]. Considering this, AFM tip correction has been ignored
in our study.

2.1. Grain boundary energy analysis for homointerfaces

Since the groove profiles are usually asymmetric (Fig. 2), even
between two same phase grains, each side of the groove was
considered separately to measure relative grain boundary energy.
This implies that two grain boundary energy values were calcu-
lated for each side as if they were two symmetric grooves. 45-
72 homointerfaces of each kind (YSZ-YSZ, alumina-alumina, spinel-
spinel) were characterized for the different samples in this study.
The relative grain boundary energies of YSZ-YSZ, alumina-alumina,
spinel-spinel grain boundaries were multiplied by reported aver-
age Y values for YSZ, alumina or spinel respectively (see Table 2)
to obtain average Ygg values for this study.

2.2. Interfacial energy analysis for heterointerfaces

Eq. (3) has been mainly used in literature for analysis of
homointerfaces. However, the simplified approach of considering
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Table 1
Average grain sizes for single and multi-phase samples sintered at 1550 °C.

Material System Average grain size (um)

Single-phase

YSZ 6.0 £2.2
Spinel 23 +1.1
Alumina 51+24
2-phase
YSZ/Alumina 0.8 £ 0.3 (YSZ)
0.7 + 0.2 (Alumina)
YSZ/Spinel 1.2 £ 0.3 (YSZ)

1.3 £ 0.4 (Spinel)
3-phase
YSZ/Spinel/Alumina 1.1 + 0.3 (YSZ)

1.5 £ 0.7 (Alumina)

1.4 + 0.4 (Spinel)

each side of the groove separately can be used to estimate average
interfacial energies for heterointerfaces also. First, we measured
the relative grain boundary energy for each side of the groove
(each side corresponds to a different phase) using respective depth
and width values (Fig. 3). Then the calculated relative energy value
for each side is multiplied by the respective average surface en-
ergy of that phase (Table 2). For example, the calculated relative
energy for YSZ side of the groove in YSZ/Alumina heterointerface
(Fig. 3B) is multiplied by 1.16 J/m2 (Ys;) and the calculated rela-
tive energy for the Alumina side of the groove is multiplied by 2.64
(Ysy). The resulting values are estimated absolute energies which
are then averaged to obtain the interfacial energy for the heteroint-
erface, YSZ/Alumina in this example. We understand that this is an
over-simplified way to estimate average interfacial energies; how-
ever, this allows for a way to compare the interfacial energies of
homo- and hetero-interfaces. In the past studies, typically only the
relative energies of each side of a grain boundary or heterointer-
face groove have been reported [22].

3. Results and discussion

3.1. Effects of similar thermal etching treatment on different
compositions

SEM images of single phase, two-phase and three-phase sam-
ples thermally etched at 1500 °C are shown in Fig. 4. The grain
sizes for all compositions are provided in Table 1. While alumina
grains showed some surface faceting (Fig. 4B), spinel was found
to be severely faceted with the 1500 °C thermal etching treat-
ment (Fig. 4C). For accurate grain boundary measurements, both
the temperature and time had to be reduced for spinel to 1300 °C
for 15 min to minimize surface reconstruction. Faceting behav-
ior in ceramics is not a novel concept and is known to occur in
a number of different ceramic materials, including spinel [22,31-
34]. However, it is interesting to note that the spinel grains in the
YSZ/Spinel sample (Fig. 4D) did not show strong faceting unlike the
single-phase spinel. Y and Zr have very low reported solubility in
spinel [35,36], but segregation of Y/Zr to spinel surfaces can sta-
bilize the surfaces against the strong surface reconstruction phe-
nomenon observed in single-phase spinel. In the 3-phase system,
there was also faceting observed for many of the spinel grains (as
shown by red arrows in Fig. 4F) and temperature and time had to
be adjusted to minimize faceting while also optimizing groove di-
mensions. Since the solubility of alumina in spinel increases with
temperature [37], it is likely that the spinel grains are no-longer
stoichiometric spinel in 3-phase sample but are rich in Al. How-
ever, the sample compositions after sintering were not determined
for this study. We believe enhanced Al-solubility in spinel causes
increase in surface reconstruction during the heating treatment
and results in pronounced faceting behavior. This is most evident
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Fig. 3. (A) Representative AFM 2D topographical map of thermally etched 3-phase sample composed of YSZ/Spinel/Alumina. (B-D) Line profiles showing the groove profiles
of the three types of heterointerfaces corresponding to similar colored lines drawn in (A): Alumina/YSZ, Spinel/YSZ and Spinel/Alumina, respectively.

Fig. 4. SEM images of (A) YSZ, (B) Alumina, (C) Spinel, (D) YSZ/Spinel, (E) YSZ/Alumina, and (F) YSZ/Spinel/Alumina after thermal etching at 1500 °C. Scale bar is 2 pm. Red
arrows in (F) indicate faceting in some spinel grains of 3-phase sample (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.).
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Fig. 5. (A) Cumulative distribution of relative grain boundary energies in single phase alumina compared to a previous study [5], (B) Cumulative distributions of average grain
boundary energies for alumina-alumina (A-A) homo-interfaces in single phase alumina, two-phase (YSZ/Alumina) and three-phase (YSZ/Alumina/Spinel) samples thermally

etched at 1500 °C.

Table 2
Reported surface energies at room temperature for polycrystalline YSZ, Al,O; and
MgAl,0y4.

Sample Average Surface Energy (J/m?)
YSzZ 1.16 + 0.08 [28]

a-Al,05 2.64 + 0.2 [29]

MgAl, 04 1.65 + 0.04 [30]

in the case of two-phase spinel/alumina (with no Y and Zr present;
see Figs. S1 and S2), but also in 3-phase sample (to a lesser extent
due to likely Y/Zr presence as discussed).

3.2. Grain boundary energies of homointerfaces in different
compositions

Fig. 5A shows a cumulative distribution plot for all the char-
acterized thermal grooves in single phase alumina sample etched
at 1500 °C. The average relative grain boundary energies (Ygg/Ys)
measured for the alumina sample is 1.0 £ 0.3. Our calculated aver-
age relative grain boundary energy is very similar to the reported
values in literature. For alumina, Handwerker et al. [27] and Say-
lor and Rohrer [14] both measured relative energies to be 1.2 (at
1600 °C), Dillon et al. [11] reported 1.1 (at 1400 °C), and Kelly et al.
[5] reported ~1.0 (1450 °C, 1550 °C, 1650 °C). Fig. 5A also shows
the cumulative distribution plot for un-doped alumina thermally
etched at 1550 °C from the published work of Kelly et al. [5] Some
changes in relative energy distribution plots (Fig. 5A) are expected
between different samples, difference in etching temperatures, and
if AFM tip correction is applied to the data or not.

Fig. 5B suggests that average grain boundary energy in sin-
gle phase alumina is slightly higher than the multi-phase samples
(Table 3). Cumulative distribution curves of average grain bound-
ary energies of alumina-alumina (A-A) homointerfaces, obtained
by multiplying relative energies to reported surface energy of alu-
mina (Table 2), in single phase, 2-phase and 3-phase samples. The
shape of the distribution curve is almost the same for A-A grain
boundaries in single phase, 2-phase and 3-phase samples; how-
ever, the energy distribution plots for YSZ/Alumina and 3-phase
are slightly shifted to the left compared to the plot of single-phase
alumina. The error bar associated with each data point in Fig. 5B
reflects the propagated uncertainty obtained by multiplying rela-
tive energy with average surface energy and its standard devia-
tion from Table 2. We believe this is because of changes in A-A
grain boundary chemistry in multi-phase samples. We previously

showed [21] that Y/Zr segregate to A-A grain boundaries in 3-phase
sample same as this study. The segregation of Y and Zr to these
grain boundaries in multi-phase samples would likely lower the
grain boundary energies. While the variations in average energies
of A-A grain boundaries are small between the three samples, the
clear shift of the multi-phase energy distribution plots to the left
(Fig. 5B) suggests segregation is likely responsible for lower grain
boundary energies in general.

Unlike the shift seen in A-A distribution plots (Fig. 5B) between
single and multi-phase samples, YSZ-YSZ (Z-Z) cumulative distribu-
tion plots do not show any significant difference between four dif-
ferent samples (Fig. 6A). The shape of the Z-Z energy distribution
plots is almost the same for all samples shown in Fig. 6A: single
phase YSZ, 2-phase YSZ/Spinel and YSZ/Alumina, and 3-phase sam-
ple. The average grain boundary energy for all four samples was
calculated to be ~0.8-0.9 J/m2 as shown in Table 3. This suggests
that Z-Z grain boundary energies do not change much with vary-
ing samples. Tsoga and Nikolopoulos [18] measured average YSZ
grain boundary energy to be ~0.6 J/m? using metal wetting tech-
nique. Costa et al. [28] reported grain boundary energies for 8, 10
and 12 mol% cubic YSZ to be ~0.9 + 0.5 using calorimetric mea-
surements. Thus, our measured average grain boundary energies
for YSZ-YSZ homointerfaces match well to previously reported lit-
erature,

In pure/undoped YSZ, it is known that Y segregation occurs
at the grain boundaries of single-phase YSZ [16,38-40]. However,
this segregation behavior can differ when other phases are in-
cluded in the system. Using energy dispersive X-ray spectroscopy,
our previous work showed that Al segregation occurs instead of
Y at YSZ-YSZ grain boundaries in a 3-phase ceramic composed of
YSZ/Alumina/Spinel [21]. In both cases, segregation of Y or Al is
accompanied by depletion of Zr [21,38]. Interestingly, the differ-
ence in ionic size between A3+ and Zr+ or Y3+ and Zr#t is very
similar (assuming same coordination) [41]. Based on the results
of previous work, it is possible that there is no significant differ-
ence in grain boundary energies whether Y or Al segregation takes
place at YSZ-YSZ grain boundaries. This would explain the results
of our study showing similar average grain boundary energies of
YSZ-YSZ homointerfaces in single phase, 2-phase and 3-phase sys-
tems (Table 3).

Different thermal etching treatments were performed for spinel
(1300 °C; 15 min), YSZ/spinel (1500 °C; 3 h) and 3-phase (1450 °C;
1 h) samples to control faceting in spinel grains, and likely con-
tributed to the different shapes of cumulative distribution plots for
spinel-spinel boundaries (Fig. 6B). Faceting behavior in pure spinel
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Fig. 6. (A) Cumulative distributions of average grain boundary energies for YSZ-YSZ (Z-Z) homo-interfaces in single phase YSZ, two-phase YSZ/Alumina and YSZ/Spinel,
and three-phase YSZ/Alumina/Spinel samples, all thermally etched at 1500 °C. (B) Cumulative distributions of average grain boundary energies for Spinel-Spinel (S-S) homo-
interfaces in single phase Spinel (1300 °C), two-phase YSZ/Spinel (1500 °C), and three-phase YSZ/Alumina/Spinel sample (1450 °C) thermally etched at different temperatures.

Table 3
Average grain boundary energies for interfaces in single and multi-phase systems.
Etching Average GB
Material Systems GB Type Temperature (°C) energy (J/m?)
Single phase

YSZ YSZ-YSZ 1500 0.8 £ 0.2

Spinel Spinel-Spinel 1300 1.1+ 03

Alumina Alumina-Alumina 1500 25+ 0.7

Two-phase

YSZ/Alumina YSZ-YSZ 1500 09 +£0.2
Alumina-Alumina 1500 2.0 £0.7
YSZ-Alumina 1500 1.5+ 04

YSZ/Spinel YSZ-YSZ 1500 0.9 + 0.3
Spinel-Spinel 1500 1.1+ 04
YSZ-Spinel 1500 1.2 +03

Three-phase

YSZ/Spinel/Alumina YSZ-YSZ 1500 09 +03
Alumina-Alumina 1500 2.1 +£07
YSZ-Alumina 1500 1.6 £ 0.5
Spinel-Spinel 1450 09+ 05
Spinel-Alumina 1450 14 £+ 0.5
YSZ-Spinel 1450 0.9 + 0.4

has been reported in previous studies also [31]. On average, the
grain boundary energy of spinel-spinel homointerfaces was cal-
culated to be 1.1 + 0.3 J/m?2 in spinel sample, 1.1 + 0.4 J/m? in
YSZ/spinel sample, and 0.9 4+ 0.5 J/m2 in 3-phase sample. This
is very similar to the reported value by Teevan [31] for undoped
spinel (thermal etched at 1200 °C) of ~0.9 J/m? (when their re-
ported relative grain boundary energy of 0.53 (Ygg/Ys) is multi-
plied by average surface energy for spinel, Table 2). While there is
no considerable difference in average spinel grain boundary ener-
gies for the different samples shown in Table 3 (considering stan-
dard deviations), the shape of the distribution plots can provide us
useful insights. The shape of the blue (triangular marker) and pur-
ple (circular marker) cumulative distribution plots in Fig. 6B are
similar since the etching treatments were quite similar compared
to the thermal etching for single-phase spinel (black curve). Spinel-
spinel (S-S) thermal grooves were found to be narrower/shallower
than other interfaces (Z-Z, A-A, Z-A, Z-S, A-S), so we expect the er-
ror associated with the finite size of AFM probe to be higher for
the energy measurements in Fig. 6B. However, the etching tem-
peratures are not very different, so the thermal groove geometry
will be underestimated by likely the same amount and S-S grain
boundaries can still be compared within different samples.

3.3. Energies of homointerfaces vs. heterointerfaces in three-phase
ceramic

One of the major findings of this study is that the average en-
ergy of heterointerfaces is intermediate between the average grain
boundary energies of the two phases that make up the heteroint-
erface, and not distinctly higher even though the heterointerfaces
have structural and chemical discontinuity. This result is consistent
with Dillon et al. [22] who measured relative energies of heteroint-
erfaces between doped aluminas and their equilibrium precipitates
of spinel, silica, yttrium aluminum garnet, and calcium hexalumi-
nate. Fig. 7 shows cumulative distribution plots for interfacial en-
ergies (J/m?) for the three heterointerfaces, and for grain boundary
energies (J/m?) for the two phases associated with each heteroint-
erface in the 3-phase sample. The AFM data for YSZ-YSZ, alumina-
alumina and YSZ-alumina interfaces was collected after thermally
etching the 3-phase sample at 1500 °C for 3 h. For the remain-
ing three interfaces, spinel-spinel, spinel-alumina and YSZ-spinel,
the etching temperature was lowered to 1450 °C for 1 h (after re-
polishing) to reduce faceting in spinel grains. It would be ideal
to lower the temperature even further to minimize surface re-
construction during heat treatment; however, spinel-spinel grooves
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Fig. 7. (A) Cumulative energy distributions (CEDs) in a 3-phase sample. (A) CEDs of alumina-alumina, YSZ-YSZ grain boundaries and YSZ-alumina heterointerfaces. (B)
Cumulative energy distributions of spinel-spinel, YSZ-YSZ grain boundaries and YSZ-spinel heterointerfaces in 3-phase sample. (C) Cumulative energy distribution of alumina-
alumina, spinel-spinel grain boundaries and spinel-alumina heterointerfaces in 3-phase sample.

were found to be very shallow below 1400 °C as can also be ob-
served in Fig. 3. Fig. 7A shows the cumulative distribution plot
of YSZ-alumina interfacial energies to be intermediate between
YSZ-YSZ and alumina-alumina grain boundary energies in 3-phase
sample. Similarly, cumulative distribution plot for spinel-alumina
is intermediate between alumina-alumina and spinel-spinel grain
boundary energies (Fig. 7C). Since the grain boundary energies for
YSZ-YSZ and spinel-spinel interfaces are quite similar, the cumula-
tive distribution plot for YSZ-spinel is similar to energies of each of
the two phases (Fig. 7B). The energy distributions for all the het-
erointerfaces in our study thus show that interfacial energies of
interphase interfaces are not higher or lower than the respective
constituent single phase grain boundary energies, but in fact are
intermediate to the boundary energies of the two phases associ-
ated with the interface.

3.4. Influence of grain boundary and interfacial energies on
microstructural evolution in multiphase systems

To better understand the role of grain boundary energies on mi-
crostructural evolution, we focused on our 2-phase samples. First,
a theoretical arrangement of a 2-phase system (equal grain size)
was used to calculate grain boundary length fractions for homo-
and hetero-interfaces in an ideally random system (Fig. 8). For ran-
dom situations, the fraction of each of the homointerfaces is ~25%,
while for the heterointerfaces ~50%. We evaluated how the grain
boundary length fractions differ in our actual samples. The cal-

culated length fractions through two-dimensional surface analysis
will thus provide us critical insights on how relative interface ar-
eas in three-dimensional system are affected by relative interface
energies in multiphase systems. We calculated the length fraction
of each type of interface/grain boundary from random regions in
YSZ/spinel and YSZ/alumina samples that were structurally homo-
geneous. Representative regions of each of these 2-phase samples
are shown in Fig. 8. For YSZ/alumina, 18.7% grain boundaries were
Z-7Z, 12.2% were A-A, and 69.1% were Z-A (Fig. 8); all measured for
a region ~20 pm x 15 pm. These calculations show that there are
less alumina-alumina grain boundaries than YSZ-YSZ grain bound-
aries, while A-Z heterointerfaces are in majority. The average grain
boundary energy for Z-Z is 0.9 + 0.2 J/m2, A-A is 2.0 + 0.7 J/m?,
and Z-A is 1.5 & 0.4 J/m?2 (Table 3). Since the calculated average in-
terfacial energy for A-A boundaries is higher than Z-Z boundaries
in YSZ/Alumina sample, it would suggest that the system reduces
the number of A-A boundaries during sintering to lower the over-
all system energy. The elimination of A-A boundaries can occur via
grain growth. This matches well with our grain boundary fraction
calculations (Fig. 8), with lower grain boundary length fractions of
A-A boundaries than Z-Z boundaries. This implies that the relative
interface area of A-A is lower than Z-Z in YSZ/alumina system be-
cause of higher average energy of A-A interfaces compared to Z-Z
interfaces. However, it is difficult to correlate average Z-A interfa-
cial energy with the fraction of Z-A interfaces in the experimen-
tal microstructure. Unlike the homointerfaces which can be elimi-
nated by grain growth to minimize energy of the system, heteroin-
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Fig. 8. Calculated grain boundary length fractions in random microstructure of 2-phase composition versus. calculated grain boundary length fractions for YSZ/Alumina and

YSZ/Spinel samples. Z=YSZ, S=Spinel, A=Alumina.

terfaces are bound to be in higher fractions in the experimental
microstructure when two different phases of equal amounts are
homogenously mixed.

For similar sized region in YSZ/spinel, the grain boundary
length fractions were calculated to be 11.4% for Z-Z, 11.3% for S-
S, and 77.3% for Z-S interfaces (Fig. 8). The average grain boundary
energy for Z-Z is 0.9 + 0.3 J/m2, S-S is 11 + 0.4 ]J/m?2, and Z-S
is 1.2 + 0.3 J/m2 (Table 3). There is direct correlation again seen
with very similar average grain boundary energies of Z-Z and S-S
interfaces in YSZ/spinel system resulting in similar grain boundary
length fractions (Fig. 8). This implies that similar interface ener-
gies of Z-Z and S-S in YSZ/spinel result in similar relative inter-
face areas. Again, YSZ/spinel interfaces occur in majority due to
both phases mixed homogenously prior to sample pressing. Re-
sults from both YSZ/spinel and YSZ/alumina thus confirm the criti-
cal role grain boundary energies play in the microstructural devel-
opment.

4. Conclusion

While the influence of grain boundary energies on microstruc-
tural development has been much studied before in single phase
polycrystals, our study shows that relative interface areas in mul-
tiphase polycrystalline systems are determined by the relative in-
terface energies. We report that alumina-alumina grain boundaries
occur less in two-phase YSZ/alumina sample, due to higher grain
boundary energy, compared to YSZ-YSZ grain boundaries. Spinel-
spinel and YSZ-YSZ grain boundaries occur in similar fractions in

YSZ/spinel sample due to similar grain boundary energies. Our re-
sults show that variations in grain boundary chemistry in different
sample compositions likely affect the energies of boundaries of the
same type; however, the changes in average energy values are sub-
tle and can be understood better by looking at energy distribution
trends. We also report that Y/Zr segregation to spinel surfaces can
stabilize faceting in spinel, while high solubility of Al in spinel in-
creases/worsens the faceting. Lastly, we show that heterointerfaces
(YSZ/spinel, YSZ/alumina, spinel/alumina) have intermediate inter-
facial energies between the grain boundary energies of each of the
two parent phases associated with them. The knowledge produced
by this work expand the limited existing understanding of interfa-
cial energy measurements in multiphase systems. Thus, this work
can serve as a guide towards informed materials design in other
technical systems with better understanding about the influence
of grain boundary and interfacial energies on microstructure.
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