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The e ects of using dierent sintering technigues (conventional, ash and spark plasma sintering) on grain
boundary segregation were investigated in a 3-phase polycrystalline ceramic containing cubic 8 mol% Y,0;
stabilized ZrO, (YSZ), -Al,0; and MgAI,0,. Six types of interfaces for each sintered sample were analyzed for
grain boundary chemistry. Using aberration-corrected STEMand EDS,we show Al segregationat YSZ-YSzbound-
aries, and Y/Zr segregation at Al,053-Al,03, MgAl,0,-MgAl, 0, and MgAl,0,-Al,O; boundaries. YSZ-MgALO,
and YSZ-ALO; heterointerfaces, in contrast, do not show elemental segregation. Our results show that the type
of segregation at di erent boundaries does not change with dierent sintering processes,indicating that ele-
mental segregationmainly dependson initial sample composition, although the amount of segregation can vary.
Quantitative analysesreveal that spark plasma sintering (950°C for 5 min, 100 MPa) results in relatively higher
average segregationat grain boundaries and heterointerfaces compared to conventional sintering (1550°C for 10
h), suggestingthat low temperatures result in higher grain boundary segregation. The average segregation con-
centrations at the grain boundaries of our ash sintered sample (estimated to reach 1700°C for 6 s) were found
to be consistently similar to long-annealed spark-plasmasintered sample (1350°C for 20 h), suggestingthat very
high temperatures reached during ash processcan achieve similar segregation concentrations compared to a
SPSsample annealedfor severalhours at lower temperature. The presenceof other phasesin multi-phase systems
can modify the grain boundary chemistry and segregation compared to segregationin single-phaseceramics.

Bulk ceramic processing includes the densication of powders at
high temperatures. Di erent ceramic processing techniques have been

1. Introduction

Grain boundaries play a critical role in engineering materials in
terms of their material properties, such as thermal conductivity, frac-
ture strength, high temperature creep, corrosion, electrical, chemical
and magnetic properties [1...8] Grain boundaries can be considered 2D
defects that have excessfree energy. Understanding the elemental seg-
regation at grain boundaries and point defect generation in bulk can
provide practical processing knowledge for desirable properties using
grain boundary engineering [9,10]. While there are many similarities
between grain boundary characteristics of metals and ceramics, the ionic
character of ceramic grain boundaries and complex crystal structures in
ceramics add a further degree of complexity [4,11]. Since the applica-
tions and integrity of ceramics depend highly on the chemistry of these
defects, signi cant research has been done to analyze grain boundary
segregation behavior in ceramics [4,11].
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developed and are still developing to fully densify ceramics in shorter
times and lower temperatures, such as with the application of elec-
tric eld and pressure,for energy and cost savings[12...17] However,
thesechangesin processingtechniques can have a signi cant impact on
the composition, structure and stability of the grain boundaries. For in-
stance, elemental segregation at grain boundaries and point defect gen-
eration in the bulk can serveto disrupt phonon propagation, reducing
thermal conductivity [18,19. Goeletal. [9] concluded that the increased
clustering of segregatedatoms at the grain boundaries result in major
local disorder which is the primary reason behind increasein thermal
grain boundary (Kapitza) resistance.Furthermore, correlations between
grain boundary chemistry and mechanical properties, such as fracture
toughness,have beenwidely studied [20...23] Thus, any changein grain
boundary segregation can have a signi cant e ect on material proper-
ties.

2589-1529/© 2020 Acta Materialia Inc. Published by Elsevier B.V. All rights reserved.
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While the grain boundary segregation behavior has been explored
widely for di erent ceramic systems,most studiesto date have been fo-
cusedon bicrystals or single-phasepolycrystalline ceramicswith added
dopants [8,24...29] Furthermore, most of such studies focus on quali-
tative observations of grain boundary segregation or relation to vari-
ous material properties, whereas quantitative segregation analysesare
limited. Several factors can a ect the segregation behavior in ceram-
ics such aspoint defect interactions, impurity/dopant cation size, grain
boundary energy, and electrostatic interactions [11] . Segregationchem-
istry varies considerably even between undoped and doped single phase
ceramics. For instance, Y segregation is widely observed at YSZ grain
boundaries explained by classical spacecharge theory [24,30...32] but
when YSZis doped with Al,0O3, both Al and Y segregation have been
observed[33] . However, multiphaseengineering ceramics have more in-
terface diversity, and contain more complicated heterointerfaces. More-
over, various ceramic processing techniques create additional and dis-
tinct complexity in understanding grain boundary segregation.Basedon
ndings from previous literature, and the variety of factors which could
aect segregation, we hypothesize that grain boundary segregation in
multiphase ceramicscan be quite distinct comparedto their single-phase
counterparts, becauseof the presenceof other phasesin the systemthat
act as in nite sources of ions to segregateat grain boundaries. Thus,
exploring this experimentally will addressa signi cant gap in under-
standing how di erent sintering processesa ect the grain boundaries
in technical ceramics.

In this study, we report direct observation of segregation at grain
boundaries for a three-phasepolycrystalline ceramic Al,O5 ... MgAJO,
... YSZsing aberration-corrected STEM-EDSThe model ceramic system
chosenfor this study consists of phaseswhich are all widely used en-
gineering ceramics, commercially available asboth powders and single
crystals, are chemically stable and do not form any secondary phases.
This study explores the correlations, both qualitative and quantitative,
between grain boundary segregation behavior and di erent sintering
techniques: (1) conventional sintering, (2) ash sintering [16] , and (3)
spark plasma sintering (SPS)[17] . In addition, the e ects of annealing
times after SPSsintering on grain boundary segregation are discussed.

2. Experimental methods
2.1. Samplepreparation

2.1.1. Conventionalsintering

Starting powders of 8 mol% yttria stabilized zirconia or YSZ
(Yo.082rg.920,, TZ-8YSTosoh), Al,O3 (TM-DAR Taimei) and MgAl,0,
(S30CR Baikowski) were used in equal amount by volume (33 vol%).
The powders were attrition milled for ~8 h and the slurry was dried
overnight at 100°C. Mortar and pestle were usedto break any agglom-
erates. The mixed powder was pressedusing a cold isostatic pressat 55
kpsi for 5 min, and the green body was sintered at 1550°C for 10 h in
air with heating rate of 10°C/min. Using the Archimedes displacement
method, the density was measuredto be 97%. The average grain size
was 1 um for this sample.

2.1.2. Flashsintering

Processingdetails of ash sintered samplewere published previously
[13,34]. The furnace was heated to 1450°C using a constant rate of
10°C/min. Flash sintering experiments were performed at an applied
electric eld of 650 V/icm with a 6 s current hold at 50 mA/mm 2. The
electric eld and current density were constant throughout the process.
Kok etal. [34] reported using in-situ data that the actual sampletemper-
ature was much higher (~1700°C) than the furnace temperature during
the ash sintering experiment, due to signi cant Joule heating produced
by the current owing through the sample. The averagegrain size of this
sample was 230 nm.
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Table 1
Calculated k-factors using standard powders.

Standard Powder Element ratio Experimental k-factors

MgAl, O, Mg:Al 1.08 + 0.04
Ysz Y:zr 0.81 + 0.06
Y;3Al50;, ALY 0.57 + 0.01

2.1.3. Sparkplasmasintering

Two di erent SPSsampleswere prepared for this study, asreported
previously [35] . Both SPSsamples were sintered at 950°C for 5 min
using heating rate of 100°C/min under 100 MPa. The rst sample was
annealed at 1000°C for 1 h to remove carbon contamination which is
typical during SPSprocess;this sample will be referred as *SPS{rom
this point. The SPSsample had an average grain size of 260 nm. The
second sample went through prolonged annealing of 20 h at 1350°C
after sintering, to allow for grain growth. This sample will be referred
to as*SPSannealsfor the rest of the paper. The averagegrain size of the
SPSanneal sample was 690 nm.

All sintered sampleswere coated with 5...7nm of carbon coating us-
ing a Leica sputter coater. TEM sampleswere prepared by the lift-out
method using a Tescan GAIA3 SEM integrated with focusedion beam
(FIB).

2.2. Scanningtransmissionelectronmicroscopy(STEM) - Energy
dispersiveX-ray spectroscopyEDS) characterization

Grain boundaries were analyzed using an aberration-corrected STEM
operated at 300 keV (JEOL Grand ARM300CF). This instrument is
equipped with dual silicon drift detectors for energy dispersive x-ray
spectroscopy (EDS) with total detector area of 200 mm2. STEM-EDS
mapping and spot analysis were applied using the following EDSpeaks:
O (K at 0.52 keV), Mg (K at 1.25 keV), Al (K at 1.49 keV), Y (K
at 14.95 keV and K at 16.74 keV) and Zr (K at 15.78 keV and K
at 17.67 keV). The probe size was ~0.1 nm with a probe current of
~35 pA. A low-background, high count analytical TEM holder was used
to minimize any stray x-rays caused by the holder. Gatan Microscopy
Suite (GMS version 3) software was used. Net counts for EDSelemental
maps were obtained after background subtraction using Kramers Iter
(with scaling option available in GMSto better align the measuredback-
ground to the original data). The EDSparameterswere optimized based
on minimizing beam damage versusincreasing net EDScounts.

The quanti cation of elemental segregation at the grain boundaries
was performed using the Cli -Lorimer method [36,37]. EDSmaps were
acquired close to the midpoint of the grain boundaries between triple
junctions, over ~12...15min per boundary using step sizesclose to the
probe size ~0.1 nm. Due to the widely known limitations of quanti -
cation of light elements (O or below) using EDS, only quanti cation
of cations (Mg, Al, Y and Zr) was completed for grain boundary com-
positional analysis in this paper. The k-factors (Kyg.a, Ky.zr and Kaj.y)
were calculated using experimental spot EDSdata of standard powders
MgAIl,O,, 8YSZ,and Y3Al5;0:, (>99% purity) respectively. The dwell
time per spot was 150 secondsto ensure a high nhumber of counts for
reliable quanti cation. The same background subtraction method was
used as mentioned earlier for the 3-phase samples. These three stan-
dard powders were selected becausethey have a known composition
and each standard relates two of the elements of interest in our 3-phase
system.Unlike Mg/Al and Y/Zr which are closein atomic number, Al/Y
is expectedto have alarge di erence in absorption correlated with thick-
nesse ects [38,39]. Therefore, we determined experimental k., value
(from Cli-Lorimer equation) using Y3Al50,, powder particles of simi-
lar estimated thickness to our TEM samples,~100-110 nm. All experi-
mental k-factors (mean value and one standard deviation) are provided
in Table 1.
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Fig. 1. EDSspectrum of YSZpowder (with marked K peaksonly) showing Al
artifact peak marked with red arrow. The y-axis (counts) has been cropped for
visibility of the small Al peak.

A small Al signal was observed in the EDS spectra of YSZ powder
(Fig. 1), which was determined to be an Al artifact. This Al artifact sig-
nal was further conrmed using a hole count test. Fe was also consis-
tently observedin the EDSspectra,coming from the microscope column.
The Al EDSquanti cation artifact was corrected for all grain boundaries
analyzed in all samplesof this study. This was done by calculating an
average Fe/Al net count ratio from ten EDSspot spectra obtained from
YSZpowder, and subtracting the Al signal (via the Fesignal) from spec-
tra measuredon our experimental specimens.

To survey multiple variants of boundaries in the samplesanalyzed,
2...5grain boundaries of each type were characterized in each sample.
Grain boundaries were tilted to be parallel to the electron optic axis
prior to STEM-EDSdata acquisition. Electron channeling e ects were
ignored from our chemical analysis.

Besides the Cli-Lorimer method for quantitative compositional
analysis (in atomic%), grain boundary segregation is often expressed
using grain boundary coverageor chemical excess(in atoms/nm2). This
chemical excessat grain boundaries can be calculated using the spa-
tial di erence technique, where the segregantssEDSsignal acquired in
the grain is subtracted from its signal acquired from the grain bound-
ary. This is described in detail by Sternlicht etal. [39] . Here, the grain
and grain boundary EDSsignals usedin the spatial di erence technique
were acquired using EDS mapping data (thickness e ect for di erent
grain boundaries characterized was not considered). The chemical ex-
cesswas calculated using the following equation [39...42}

= —— m— (1)

where, V/S is the ratio between interaction volume to area of the grain
boundary of interest; this ratio can be simplied and equalsthe width
of the scan(nm) perpendicular to the grain boundary [39] . s the site
density (atoms/nm 3) of selectedelement in the grain. A, is the atomic
weight of excessspeciesand Ag is the e ective atomic weight of selected
element in the grain (sameelement usedfor density); Ag/A 4 is unitless.
|5 and I are the intensities of excessspecies(minus the intensities from
adjacent grains) and the matrix element selected. Eq. (1) used in this
work assumesall segregating atoms are lying on a monolayer, which
removes the variance in grain boundary width and if grain boundaries
are not exactly parallel with the electron optic axis. The calculated ex-
cessamount thus re ects the whole grain boundary becausewe have
integrated the segregantconcentrations from the whole grain boundary
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Fig. 2. Y and Zr concentration pro les acrossan alumina-alumina grain bound-
ary in conventional sintered sample.

width and then substracted the contribution from the bulk using same
width.

Eq. (1) was modied for each of the homointerfaces based on the
observed segregantsaswell the chemistry of the grains neighboring the
interfaces. The product of k-factor and intensity ratio from Eq. (1) was
converted to concentration ratio (basedon the Cli -Lorimer equation).
Eq. (2) is the modied equation for calculating Zr excessat alumina-
alumina grain boundaries:

_ 2 #S 5
Sl @
Zr Al

where, supercripts G and GBstand for grain and grain boundary, respec-
tively. fl is the site density of Al in alumina grain, CgrB is the concen-
tration of Zr at the grain boundary, Cgr is the concentration of Zr in the
alumina grain and Cﬁl is the concentration of Al in the alumina grain.
Y/Zr concentration pro les acrossan alumina-alumina grain boundary
in conventional sintered sample is given in Fig. 2. «Grain boundary re-
gion,» marked in Fig. 2, is usedto obtain concentration data of Y and Zr
segregatedspecies(C$Band CgB respectively and marked egrain regions
is usedto obtain concentration of Al in the grain (Cfl) and concentration
of Y and Zr in the grain (CS andCY, respectively.

For spinel-spinel grain boundaries, Al is selectedasthe matrix metal
ion for chemical excesscalculations, similar to alumina-alumina grain
boundaries. For YSZ-YSZgrain boundaries, Zr is selected as the matrix
metal ion.

In order to better understand the grain boundary segregationbehav-
ior, we also analyzed the estimated concentrations of cations within the
phasesusing EDSspot analysis. To analyze the concentrations of Mg and
Al cations within the YSZgrains, EDSspot analysis was performed and
averagedfor 8 grains. Similarly, for Y and Zr concentrations in alumina
and spinel phases,spot analysis was averaged for 3 grains since Y/Zr
are known to have very limited solubility in those phases.

3. Results and discussion

3.1. Qualitative observationof elementalsegregatiorat grain boundaries
Fig. 3(a) shows the schematic of a model 3-phase sintered ceramic

composedof alumina, spinel and YSZ.Fig. 3(b) showsa bright- eld (BF)

TEM image of SPSanneal sample showing all the homointerfaces (grain
boundaries between like phases)and heterointerfaces (grain boundaries
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Fig. 3. (a) Schematic diagram showing six types of grain boundaries in a three-phase sintered ceramic containing MgAl,O,, Al,O;, and YSZ.(b) Bright eld-TEM
image of SPSanneal sample with averagegrain size of ~690 nm. S= Spinel, A = Alumina, Z = YSZ.

Fig. 4. STEM HAADF images of dierent types of grain boundaries in the 3-phase sintered ceramics. (a) Al,053-Al,O; in SPSanneal, (b) MgAl,0,-MgAl,O, in
conventional sintered, (c) YSZ-YSZn ash sintered, (d) MgAl,0,-Al,0; in SPSanneal, (e) YSZ-MgALO, in conventional sintered and (f) YSZ-ALO; in SPS.Bright
contrast at grain boundaries indicates segregation of higher atomic number (Z) elements (a,b,d) while dark contrast at grain boundaries indicates segregation of

lighter Z elements (c). The arrows mark the grain boundary location.

between dissimilar phases)observed in our 3-phase system. Consider-
ing the four kinds of sintered samplesused for this study, a total of 24
types of interfaces are investigated for chemical analysis (i.e. six inter-
facesfor eachof conventional, ash, SPSand SPSanneal samples).Fig. 4
shows STEM high-angle annular dark eld (HAADF) images of the six
types of boundaries observedin each sample. Fig. 4a-b,d show high in-
tensity contrast at the grain boundaries indicating presence of higher
Z elements at spinel-spinel, alumina-alumina and spinel-alumina grain
boundaries (STEM HAADF image intensity is proportional to atomic

number Z [43] ). The YSZ-YSZinterface in Fig. 4c, on the other hand,
shows darker contrast at the grain boundary; the dark contrast could
be due to lower Z elements but also common due to structural distor-
tion at grain boundaries causedby charge-compensating anion vacan-
cies [44 ,45]. On the other hand, YSZ-spineland YSZ-alumina heteroin-
terfaces do not show any segregation. This is an interesting observa-
tion becausesegregation is known to occur at other heterointerfaces,
suchasmetal-ceramic systemslike Cr-dopedNi/YSZ [46] , MgO/Cu(Ag)
[47], Al alloy-B,C [48] . In most of such interfacial segregation stud-
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Fig. 5. STEMHAADF imagesand EDSmapsfor six (representative) interfaces in a ash-sintered MgAl,0,-Al,0;-YSZceramic. Mg K , AIK , YK ,ZrK andOK

elemental EDSmaps (net counts) and their corresponding intensity pro les (net counts normalized by the total counts) are shown. Alumina-alumina grain boundary
shows depletion of Al and segregation of Y/Zr (a), spinel-spinel grain boundary shows depletion of Mg and segregation of Y/Zr (b), YSZ-YSZgrain boundary shows
depletion of Zr and segregation of Al (c), spinel-alumina grain boundary shows segregationof Y/Zr (d), and YSZ-spineland YSZ-aluminainterfaces do not show any

segregation (e-f). Scalebar is 2nm.

ies basedon dissimilar phases,a dopant/alloying element added to the
metal segregatesto lower the total grain boundary energy. In our oxide-
oxide interface system, we observe a lack of segregation at YSZ-spinel
and YSZ-aluminaheterointerfaces, interpreted to meaning that for these
heterointerfaces cations can be accommodated in grains on either side
of the interface. Grain boundary energiesfor this systemwill be studied
in future work.

The STEMHAADF imagesin Fig. 4 are qualitatively representative
of all the sintered samples.Our results show that the elemental segrega-
tion observedat any particular type of interface ,whether it is alumina-
alumina, spinel-spinel, YSZ-YSZor spinel-alumina,is qualitatively sim-
ilar acrossthe four di erent sintered samplesanalyzed. This indicates a
key result of this study that the elemental segregation at grain bound-
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Fig. 6. Experimental HAADF images showing the di erent types of segregationsobserved in a three-phase system at the alumina-alumina (a), spinel-spinel (b),
YSZ-YSZc), and spinel (top)-alumina (bottom) (d) interfaces. The scalebar is 1nm. Yellow markers highlight Y/Zr segregantsand green markers highlight likely Al
segregants,substituting for the matrix cations sites. Red markers highlight clustered Y/Zr segregation.

aries likely does not depend on the type of sintering, but mainly on
sample composition.

Fig. 5 shows STEM HAADF images of the six types of interfaces in
a ash-sintered sample and corresponding EDSelemental maps and in-
tensity line proles for Mg, Al, Y, Zr and O. The line pro les are shown
below each EDSelemental map, with counts normalized with respectto
the total counts and integrated parallel to grain boundary, asin [24] .
The y-bounds for the line proles are the samewithin each column in
Fig. 5. Alumina-alumina grain boundary shows segregationof Y and Zr
with depletion of Al counts with respectto the bulk (Fig. 5a). Spinel-
spinel boundary also shows segregation of Y/Zr with a prominent de-
pletion of Mg (Fig. 5b). YSZ-YSZgrain boundary shows a decreasein
Zr counts accompanied by segregation of Al (Fig. 5c). Like spinel-spinel
and alumina-alumina grain boundaries, spinel-alumina is also shown
to have Y/Zr segregation (Fig. 5d). On the other hand, YSZ-spineland
YSZ-aluminainterfaces do not show any elemental segregation indicat-
ing there is no driving force for cation segregationto occur; thus, these
boundaries are thermodynamically stable (Fig. 5e,f).

Y and Zr segregation at alumina-alumina, spinel-spinel and spinel-
alumina grain boundaries: Y and Zr cations segregate at alumina-
alumina, spinel-spinel and spinel-alumina grain boundaries during grain
growth in sintering likely due to negligible to low solubility of Zr and Y
in spinel and alumina phasesfor the temperatures usedin this study [49...
56]. Gulgun etal. [49] studied in detail the e ect of doping Y and Zr in a
single-phase -Al,0O; systemand reported that Y and Zr both segregate
to the alumina-alumina grain boundaries and behavealmost similarly by
competing for similar sites. Similarly, Zr enrichment at grain boundaries
wascon rmed by Trunecetal. [57] while studying a systemof Zr-doped
alumina. Mohan etal. [51] also discussedZr segregation at spinel grain
boundaries (with addition of zirconia) limiting grain growth and grain
boundary migration. On the other hand, Rufner etal. [58] observeden-
richment of Al at spinel-spinel grain boundaries (undoped spinel) re-
sulting in reduced Mg/Al ratio at the interface. Nuns et al. [59] also
reported previously the enrichment of Al and O at spinel-spinel bound-
aries (in undoped sample) while Mg was found to be depleted. In our
3-phase sample at spinel-spinel boundaries, Mg is con rmed to be de-
pleted and Y/Zr are presentat the interface, while Al signal is relatively
unchanged (Fig. 5b). This is one example (more discussedbelow) show-
ing how grain boundary segregation in single phase ceramics can be
distinct from segregationin multiphase systems.

Alumina is well-known for adsorption layers at its grain boundaries
[60...62] Unlike the adsorption of two atomic layers of Nd at Nd-doped
polycrystalline alumina grain boundaries studied by Dillon and Harmer
[61] , our Fig. 6a shows discontinuous, slightly clustered segregation
over several atomic layers at the alumina-alumina grain boundaries.
Basedon the EDSmapping in Fig. 5a, we know that Y3* and Zr#* segre-

gate at these grain boundaries. In Fig. 6a, it showsthat some segregant
cations are directly substituting the matrix cation (Al3*) sitesin the bot-
tom alumina grain as can be seeneasily due to intense Z-contrast (see
yellow markings), while some other regions indicate likely adsorption
of clustered Y/Zr segregants(see red markings) near the top alumina
grain.

Spinel, similar to YSZ (discussedin the next sub-section), has been
studied previously for spacecharge layers at the grain boundaries. Nuns
et al. [59] explained the negatively charged grain boundary cores in
spinel due to excessof Mg vacancies.Our EDSmapsin Fig. 5b con rm
depletion of Mg at the spinel-spinel grain boundaries which explains the
segregation of Y/Zr cations for charge compensation. Since the bottom
spinel grain in Fig. 6b is oriented well to zone axis, unlike the top grain,
it is easyto seethe segregantssubstituting the matrix cation sitesin the
bottom grain.

Similar to the casein Fig. 6a and b, only one side of the spinel-
alumina grain boundary is atomically resolved (Fig. 6d) since it is gen-
erally dicult to observearandom boundary in polycrystalline samples
where both the grains are aligned with respectto a zone axis. However,
it is clear that segregantcations are substituting the matrix sites on to
the face of the spinel (top) grain (seeyellow markings in Fig. 6d). It
can also be seendue to the high Z-contrast (red markings) that there
are segregantspresent near the bottom alumina grain; however, the ex-
act position of the segregantsin this region is hard to determine due
to misalignment of the bottom grain but the segregantsappear more
clustered.

Al segregation at YSZ-YSZgrain boundaries: Y segregation at YSZ-
YSZgrain boundaries has been previously studied in single-phase YSZ
systems[24,30]. However, our results indicate that in multiphase sys-
tems, grain boundary segregation behavior can be quite di erent than
single phase systemscommonly studied, which would have a direct ef-
fect on material properties. At YSZ-YSZgrain boundaries in our 3-phase
samples,we observewith EDSmapping Al segregationinstead of Y, ac-
companied by decreasein Zr (Fig. 5¢). In a study conducted by Matsui et
al. [33] on Al,05-doped tetragonal polycrystalline YSZprepared using
conventional sintering, the authors found both Y and Al segregatedat
YSZ-YShoundaries. Thus, our study signi es important distinctions be-
tween the cation segregationin multi-phase system(only Al segregates)
and that of un-doped YSZ[24,30] (wherein Y segregates)and Al-doped
YSZ[33,63] (both Y and Al segregate).This is an important observation
suggesting that the presenceof other phasesin the system can have a
strong e ect in determining the grain boundary chemistry.

According to the classical space charge theory [32], YSZ grain
boundary core is predicted to be positive becauseof intrinsic O vacan-
cies and possibly Zr interstitials, as explained in detail by Feng et al.
[24] . This can explain the common observation of Y segregationat grain
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Fig. 7. Peakconcentrations (at%) of segregatedcations at di erent grain boundaries of conventional sintered, ash sintered, SPSand SPSanneal samples. (a,b,d)
Peakconcentrations of segregatedY and Zr at alumina-alumina, spinel-spinel and spinel-alumina grain boundaries respectively. (c) Peakconcentrations of segregated

Al at YSZ-YSZgrain boundaries for all the samples.

boundaries in single phaseYSZ,where Y3* substitutes Z** creating a net
negatively charged substitutional point defect. Interestingly for our 3-
phasesystem, the di erences in ionic size between Zr#* and Y3+ or Zr#*
and AI3* are very similar (assumingthe same coordination) [64] , even
though Y3* is larger and AlI3* is smaller than Zr#*. It is possible that the
intensity reduction at YSZ-YSZinterface (Fig. 6c¢) is due to structural
disorder causedby O vacanciesnear cation columns; however, similar
contrast can be causedby cation vacanciesor light element substitution
in HAADF imaging [44].

Basedon EDS mapping results (Fig. 5c), we know that Al is segre-
gating while Zr is depleting at YSZ-YSZgrain boundaries. Thus, in our
casewe suspectthat the AI3* cations are substituting the Zr** sites (see
green markings in Fig. 6¢) to maintain charge balance (with oxygen va-
cancies), while Y3* staysin the YSZgrain. This interpretation is based
on lower atomic number of Al compared to Zr, thus Al3* substitution at
YSZ-YSZrain boundary will result in lower Z-contrastasseenin Fig. 6¢.
This is consistentwith the very low solubility of Al3* in YSZ[53,65,66],
which would preclude AI3* solution in YSZ.This phenomenon of Al3*
grain boundary defect chemistry in our 3-phase ceramic is another sig-
ni cant distinction between segregation behavior compared to single-
phaseYSZ.

Here, it is important to state that a decreaseor increase in counts
at the grain boundary does not necessarily mean decreaseor increase
in elemental concentration. The change in counts at the grain bound-
ary core could be due to several reasons, such as thickness or density
variations at the grain boundary as well as possibility of preferential

ion milling at grain boundaries by FIB sample preparation. However,
results by Feng et al. [24] on single-phase 8YSZ shows direct correla-
tion between increase/decreaseof counts to increase/decreaseof con-
centrations for cations (Y, Zr). Thus, in order to better understand the
segregation behavior at spinel-spinel, alumina-alumina, YSZ-YSZand
spinel-alumina boundaries for the di erently sintered samples, quanti-
tative analysiswas performed, and results are discussedin next section.

3.2. Quantitative correlationsof elementalsegregatiorat grain boundaries

In order to better correlate the sintering technique to grain bound-
ary segregation, concentrations of segregated cations were calculated
using the Cli -Lorimer method [27,36,37]. The peak segregation con-
centrations at the di erent grain boundaries were calculated using the
EDSpeak intensities and averaged for 2-5 boundaries of spinel-spinel,
alumina-alumina, YSZ-YSZand spinel-alumina for each sintered sam-
ple.

Fig. 7 shows averaged peak concentrations of Y and Zr at alumina-
alumina, spinel-spinel and spinel-alumina boundaries, and Al concen-
tration at YSZ-YSZboundaries for all the sintered samples. The error
bars represent the standard deviation of the mean segregation concen-
tration measuredfor the di erent grain boundaries (Figs. 7 and 8). The
quantitative results of Fig. 7 indicate two main points:

a. The peak Al segregation concentration (at%) at YSZ-YSZbound-
aries is on average higher in the SPSsample compard to all other
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samples (Fig. 7c). Al is known to have very limited solubility in
YSZ 53,65...6% Since solubility generally increases with increas-
ing temperature, it is not surprising that SPS(950°C) would have
relatively higher Al segregation concentration compared to conven-
tional (1550°C) and ash (~1700°C, in-situ) samples. For our con-
ventionally sintered sample (1550 °C), we measured5.0 = 0.9 at%
Al peak concentration at the YSZ-YSZgrain boundaries (Fig. 7c). In
a study conducted by Matsui et al. [33] on alumina-doped tetrago-
nal YSZ,they measured~5.4 at% Al (reported ~2.7 mol% Al,O3)
segregatedat the YSZ-YSZgrain boundaries in their conventionally
sintered sample (1500 °C); seered marker in Fig. 7c. Their mea-
sured Al peak content at the YSZ-YSZgrain boundaries is in very
good agreement with our results, despite slight di erences in the
processing temperature and time. However, as discussedearlier, a
critical di erence in the two studiesis that we only observe Al seg-
regation in our three-phasesystem, while both Y and Al segregation
was observedby Matsui etal. [33] in the alumina-doped YSZsystem.
. Y and Zr concentrations in the SPSsample are found to be higher
on average compared to conventional sample (Fig. 7 a,b,d). This is
likely becausethe SPSsample was processedat the lowest tempera-
ture compared to other samplesand it is also a rapid sintering tech-
nique, thus resulting in higher-energy non-equilibrium grain bound-
aries with higher segregation. On the other hand, the segregation
concentrations in ash and SPSanneal samplesare consistently sim-
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Fig. 8. Excessof segregatedcations (atoms/nm 2) at grain boundaries between similar phases.(a) Y/Zr excessat alumina-alumina grain boundaries, (b) Y/Zr excess
at spinel-spinel grain boundaries, and (c) Al excessat YSZ-YSZgrain boundaries.

ilar to each other which is an interesting observation considering
the di erence in processing parameters (time, temperature etc.) of
these samples. This suggeststhat very high temperatures reached
during ash sintering results in similar segregation concentrations
compared to a sample annealed for several hours at lower tempera-
ture. For the alumina-alumina boundary (Fig. 7a), the average peak
concentrations of Y and Zr segregantsin ash and SPSanneal sam-
ples are similar to the conventional sample. However, in the spinel-
spinel case,the ash and SPSanneal samplesare similar to the SPS
sample; the conventional sample shows relatively lower peak con-
centrations of segregants.This suggeststhat the segregation trends
can vary for di erent boundaries likely depending on the type of
segregation occuring.

To compare our results with similar material systems studied by
other researchers[39,40], the excessof segregatedspecies(atoms/nm 2)
is also calculated for the homointerfaces YSZ-YSZ, spinel-spinel
and alumina-alumina (Fig. 8). While we do expect grain boundary
anisotropy to produce a distribution in segregation from boundary to
boundary, someimportant correlations canstill be drawn from the mean
excessof segregated cations. Similar to the atomic% peak concentra-
tions at alumina-alumina boundaries (Fig. 7a), mean excessconcentra-
tions of Y/Zr for SPSsample are higher than the other samples(Fig. 8a).
Similarly, for spinel-spinel case,the conventional sample hasthe lowest



K. Syed,M. Xu and K.K. Ohtaki et al.

Fig. 9. Average concentration (at%) of Mg and Al in YSZgrains.

mean excessof Y and Zr (Fig. 8b), just like we observedin Fig. 7b. Lastly,
for YSZ-YSZboundaries, mean Al excessis the lowest for conventional
sample (Fig. 8c), similar to the observation in Fig. 7c. In short, we con-
clude from our quantitative analysisthat the conventional sample shows
relatively lower excessof segregatedcations compared to SPSsample,
while the ash and SPSanneal samplesvary in trends from boundary to
boundary.

Sternlicht etal. [39] reported the amount of Y excess(atoms/nm 2) at
the grain boundaries of a Y-doped alumina systemwith bi-modal struc-
ture; their sample was processedby SPSin two stepsand then annealed
(1500°C for 4 h). Considering the type of sintering, temperatures and
times of processingdescribed in their work [39] , our conventional and
SPSanneal samplesof this study were chosenfor comparison. They re-
ported a mean Y excessof 1.3 atoms/nm? at the alumina-alumina grain
boundaries between smaller grains (red markings on Fig. 8a), which is
suitable for comparison to our study. In the conventional sintered sam-
ple, we determined mean Y excessof 0.7 atoms/nm 2 and mean Zr excess
of 1.5 atoms/nm 2 at the alumina-alumina grain boundaries (Fig. 8a). For
the SPSanneal sample, we determined mean Y excessof 0.5 atoms/nm 2
and mean Zr excessof 1.9 atoms/nm? (Fig. 8a). Since both Y and Zr
segregatedat alumina-alumina boundaries in our 3-phase system, our
results for conventional and SPSanneal samplesare in good agreement
with the previous report of Y segregation at Y-doped alumina grain
boundaries by Sternlicht et al. [39] , considering di erences in starting
materials and overall processing. Overall, our quantitative results cor-
relate di erent sintering processeswith resulting elemental segregation
and compositional inhomogeneity at grain boundaries, which can have
a strong impact on many material properties [9,19...2]28,29].

3.3. Measuredconcentrationsof segregatedationswithin the grains

Al (from Al,0O3) is known to have very limited solubility in cubic YSZ,
reported as<1 mol% (or <0.9 at% considering cations only) at 1600 °C
53,65...68 While Mg did not segregateto YSZ-YSZgrain boundaries, we
analyzed its concentration in YSZgrains, along with Al. Solubility of Mg
in cubic YSZ(in experiments reacting MgO and YSZ)has been reported
to be much more considerable up to 10 mol% (~9.3 at% considering
cations only) [69,70]. Considering cations only, Mg from MgO starts
with 100 at% asit goesinto YSZ;however, the phasein our material
system is MgAl,O, which makes the initial Mg content to be only 33
at%. Considering this, we calculated average concentrations of Mg and
Al in estimated center of eight YSZgrains in all four sintered samples
using EDSspot analysis (Fig. 9). The error bars represent the standard
deviation of the mean concentration measuredfor the di erent grains.
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The average concentrations of both Mg and Al in YSZgrains for all
sintered samples, measuredusing EDSspot analysis, were calculated to
be approximately <1.5 at%. The average concentrations of Mg in YSZ
grains for all four sintered samplesare lower than Al concentrations,
which is the opposite trend to what we initially expected basedon pre-
vious literature [53,65,69]. The measuredconcentration of Al in YSZis
statistically the samefor all four di erently processedsamples.The sol-
ubility of Al is commonly known to be negligible below 1200 °C[71,72].
While the SPSsample was sintered at 950°C and annealed at 1000°C for
1 h, the actual sample temperature is expected to have reached higher
than the furnace temperature becauseSPSis a current-assistedsintering
technique (applied current + pressure)[73,74]. Our results suggestthat
Al is hindering the solubility of Mg in YSZgrains, while the presence
of Mg is assisting to increase the solubility of Al. This phenomenon is
similar to what was reported recently for Caand Mg co-doped alumina
system. Moshe and Kaplan [75] reported an increasein solubility limit
of Mg in alumina in the presenceof Cacompared to just Mg-doped alu-
mina. Similarly, they reported a decreasein solubility limit of Cain the
presence of Mg compared to just Ca-doped alumina [75] . We suspect
that the presenceof Al in the YSZgrain lowers the Mg solubility, which
lowers the thermodynamic driving force for Mg di usion into the YSZ
grains.

Solubility of Y and Zr in spinel and alumina phaseshave been re-
ported to be quite limited for the temperature range studied here. Solu-
bility of Y in alumina has been reported under a wide range, from <10
ppm up to 200 ppm (0.001-0.02%) [54,55]. Solubility of Y and Zr in
spinel has been reported to be very limited [51,76]. The solubility of
Zr in alumina has also been reported to be quite low ~ 500-1000 ppm
(0.05-0.1%) [56] . In order to con rm that the concentrations of Y and Zr
in spinel and alumina grains of our 3-phasesamplesare in good agree-
ment with previous literature, we performed spot EDSanalysis at the
centers of three spinel and alumina grains for conventional, ash and
SPSsamples. The averaged concentrations of Y in spinel and alumina
grains were calculated to be 0.08 at%, which is negligible basedon
limitations of EDSdetection around 0.1%. Similarly, the average con-
centrations of Zr in spinel and alumina grains were calculated to be very
low 0.15 at%.

Besides measuring concentrations of segregated cations at grain
boundaries and in bulk, we also analyzed variation of Al/Mg ratio in
the spinel phase of our 3-phase systems.Spinel is known to exhibit sig-
ni cant deviations from stoichiometry (MgAl,QO,), especially with in-
creasingsintering and annealing temperatures. Kok etal. [34] previously
showed (in same3-phasecomposition usedin this study) that Al/Mg ra-
tio in spinel varies considerably due to very high temperatures reached
during ash sintering. They showed that it is possible to form a single-
phase high-alumina spinel, and reported that di erent compositions of
non-stoichiometric spinel canform during the heattreatment. Using EDS
mapping, we calculated average Al:Mg ratios (unitless) in spinel grains
of all four samples:3.0+0.04 ( ash), 2.8+0.07 (conventional), 2.5+0.11
(SPSanneal) and 2.3£0.11 (SPS).Compared to the standard 2:1 Al:Mg
ratio in stoichiometric spinel, the Al:Mg ratio in spinel grains of the
SPSsample (sintered at lowest T~950 °C) show the smallest deviation,
whereas spinel grains in the ash sample (in-situ T~1700 °C) show the
greatest deviation. These observations that deviations from stoichiom-
etry correlate with increasing processing temperature is in agreement
with the phasediagram [77] .

3.4. Roleof grain sizevariation on grain boundary segregation

It is known that grain size can play a critical role in grain boundary
segregation phenomena, both in metals and ceramic systems.Similar to
the limitations in grain boundary segregation studies, most studies fo-
cusing on grain sizee ects are basedon doped systems[78...81] Gru el
and Carry [78] studied the Y-segregationcontent with respectto grain
sizein Y-doped alumina and observedthat the trend dependson the ini-
tial dopant concentration. When doping with lower concentrations of
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Y,0; (500 ppm wt.), they observed the segregation content increased
linearly with grain size.On the other hand, when doping with 1500 ppm
wt. Y503, the grain boundaries were saturated with yttrium and grain
boundary composition was independent of grain size (studied for 800
nm to ~3.5 pm grain sizes)[78] . Aoki et al. also concluded that grain
boundary coverage (atoms/area) increaseswith increasing grain sizein
CaO-stabilized ZrO, (containing di erent impurity soluteslike Si) until
the saturation of total solute is reached ~ 1 monolayer. On the other
hand, Stemmeret al. [82] found strong Y segregationin tetragonal YSZ
grain boundaries, regardlessof varying grain sizesand impurity levels.

The above discussion shows that grain size can have a huge impact
on grain boundary segregation behavior in single-phase ceramics. In
our sintered three-phasesamples,the situation is more complex because
they are made with equal volume percent (33%) of YSZ,alumina and
spinel. Thus, there are, e ectively, innite sourcesof ions in each sam-
ple which can segregateto, or cover via di usion from another phase,
the grain boundaries. It may, therefore, be appropriate to imagine our
materials asbeing heavily-doped, i.e., ashaving a very large number of
available segregants.In this case,we would compare our results with
those of Gruel and Carry [78], who found that grain boundary com-
position was independent of grain size when doping with 1500 ppm wt.
Y203.

4. Conclusions

Grain boundary segregation behavior in multiphase systems was
shown to have important distinction compared to single-phasesystems
(doped and undoped) commonly studied. It was determined that the
presence of other phasesin the system can have a strong e ect on
nal grain boundary chemistry. For all sintering processes,Y and Zr
was found to segregateat spinel-spinel, alumina-alumina, and spinel-
alumina grain boundaries, while Al was found to segregateat YSZ-YSZ
grain boundaries. On the other hand, YSZ-spineland YSZ-alumina het-
erointerfaces did not show any cation segregation. This suggeststhat the
cations (Y, Zr, Al, Mg) prefer to exist in the grains on either side of the
interface, and indicates that segregationwould most likely increasethe
interfacial energy. The segregantsat alumina-alumina boundaries were
shown to both substitute the matrix sites aswell as adsorb as clusters,
while the spinel-spinel and YSZ-YSZboundaries appearedto have seg-
regants substituting the matrix cation sites. For all the interfaces show-
ing segregation, our SPSsample showed relatively higher averagegrain
boundary segregation compared to the conventional sintered sample,
suggesting rapid sintering at low temperatures results in higher grain
boundary segregation. The grain boundary segregation concentrations
for the ash sintered sample were consistently found to be similar to the
SPSanneal sample which was an interesting observation in this study.
This suggeststhat very high temperatures reachedduring ash sintering
results in similar grain boundary concentrations compared to a sample
annealed for several hours at lower temperature.

Our results also highlight the concentrations of segregated cations
within the three phasesand indicate that Al and Mg are possibly acting
as competing cations to diuse in the YSZgrains. The qualitative and
quantitative results correlate grain boundary segregation behavior to
the dierent sintering techniques, which may be a bene cial guide to
understand grain boundary segregationfor other technical systemsand
how this segregationrelates to material properties, such asthermal and
electrical conductivity, and fracture.

Declaration of Competing Interest

The authors declare that they have no known competing nancial
interests or personal relationships that could have appearedto in uence
the work reported in this paper.

Materialia 14 (2020) 100890

Acknowledgments

This work is supported by NSFDMR Grant 442660-21130. The au-
thors acknowledge the use of UC Irviness Materials Researchlinstitute
(IMRI) for all STEM-EDScharacterization work presentedin this paper.
KS acknowledges support from US Department of Education Graduate
Assistancein Areas of National Need (GAANN) Fellowship. KS thanks
Somnath Mandal (MSE PhD student at UCI) for very helpful discussions
and feedback. WJB acknowledges UCI new faculty start-up funding.

References

[1] T. watanabe, S. Tsurekawa, Toughening of brittle materials by grain boundary en-
gineering, Mater. Sci. Eng. A 387...3892004) 447...455

[2] R.L.Coble, A Model for Boundary Di usion Controlled Creepin Polycrystalline Ma-
terials, J, Appl. Phys. 34 (1963) 1679...1682

[3] H. Dong, B. Wen, R. Melnik,, Relative importance of grain boundaries and size e ects
in thermal conductivity of nanocrystalline materials, Sci. Rep. 4 (2014) 7037.

[4] W.C. Johnson, Grain boundary segregation in ceramics, Met. Trans A. 8 (1977)
1413...1422

[5] J.F.Nie, Y.M. Zhu, J.Z. Liu, X.Y. Fang, Periodic segregation of solute atoms in fully
coherent twin boundaries, Science340 (2013) 957...960

[6] J.P.Buban, K. Matsunaga, J. Chen, N. Shibata, W.Y. Ching, T. Yamamoto, Y. Ikuhara,
Grain boundary strengthening in alumina by rare earth impurities, Science 311
(2006) 212...215

[7]1 B. Feng I. Sugiyama, H. Hojo, H. Ohta, N. Shibata, Y. lkuhara, Atomic structures
and oxygen dynamics of CeQ, grain boundaries, Sci. Rep (2016).

[8] Y. Sato, J.P. Buban, T. Mizoguchi, N. Shibata, M. Yodogawa, T. Yamamoto,
Y. Ikuhara, Role of Pr segregationin acceptor-state formation at ZnO Grain Bound-
aries, Phys. Rev. Lett. 97 (2006) 106802.

[9] N.Goel, E.Webblll, A. Oztekin, J. Rickman, S.Neti, Kapitza resistanceat segregated
boundaries in -SiC,J. Appl. Phys. 118 (2015) 115101.

[10] G.S.Rohrer, Grain boundary energy anisotropy: a review, J. Mater. Sci. 46 (2011)
5881...5895

[11] P.Wynblatt, G.S.Rohrer, F. Papillon, Grain boundary segregationin oxide ceramics,
J. Eur. Ceram. Soc. 23 (2003) 2841...2848

[12] M. Cologna, A.L.G. Prette, R. Raj, Flash-Sintering of Cubic Yttria-Stabilized Zirconia
at 750°C for Possible Use in SOFCManufacturing, J. Am. Ceram. Soc. 94 (2011)
316...319

[13] D. Kok, S.K.Jha, R. Raj, M.L. Mecartney, Flash sintering of a three-phase alumina,
spinel, and yttria-stabilized zirconia composite, J. Am. Ceram. Soc. 100 (2017)
3262...3268

[14] J.P.Kelly, O.A. Graeve Spark plasma sintering asan approach to manufacture bulk
materials: feasibility and cost savings,JOM 67 (2015) 29...33

[15] J.S.C.Francis, R. Raj, Inuence of the eld and the current limit on ash sin-
tering at isothermal furnace temperatures, J. Am. Ceram. Soc. 96 (2013) 2754...
2758.

[16] M. Biesuz V.M. Sglavo, Flash sintering of ceramics, J. Eur. Ceram. Soc. 39 (2019)
115...143

[17] Z.A.Munir, U. Anselmi-Tamburini, M. Ohyanagi, The e ect of electric eld and pres-
sure on the synthesis and consolidation of materials: A review of the spark plasma
sintering method, J. Mater. Sci. 41 (2006) 763...777

[18] T. Kinoshita, S. Munekawa, E ect of grain boundary segregation on thermal con-
ductivity of hot-pressedsilicon carbide, Acta Mater 45 (1997) 2001...2012

[19] N. Farahi, S. Prabhudev, M. Bugnet, G.A. Botton, J.R. Salvador, H. Kleinke, E ect
of silicon carbide nanoparticles on the grain boundary segregation and thermo-
electric properties of bismuth doped Mg, Si,;Ge, 5, J. Electron. Mater. 45 (2016)
6052...6058

[20] W. Cao, A. Kundu, Z. Yu, M.P. Harmer, R.P.Vinci, Direct correlations between frac-
ture toughnessand grain boundary segregation behavior in ytterbium-doped mag-
nesium aluminate spinel, Scr. Mater. 69 (2013) 81...84

[21] R.L. Satet M.J. Homann , Inuence of the rare-earth element on the mechan-
ical properties of Re...Mg-BearingSilicon Nitride, J. Am. Ceram. Soc. 88 (2005)
2485...2490

[22] J.P.Buban, K. Matsunaga, J. Chen, N. Shibata, W.Y. Ching, T. Yamamoto, Y. Ikuhara,
Grain boundary strengthening in alumina by rare earth impurities, Science 311
(2006) 212...215

[23] G.D.West, J.M. Perkins, M.H. Lewis, The e ect of rare earth dopants on grain bound-
ary cohesionin alumina, J. Eur. Ceram. Soc.27 (2007) 1913...1918

[24] B. Feng N.R. Lugg, A. Kumamoto, Y. lkuhara, N. Shibata, Direct observation of
oxygen vacancy distribution acrossyttria-stabilized zirconia grain boundaries, ACS
Nano 11 (2017) 11376...11382

[25] N. Shibata, G.S. Painter, R.L. Satet M.J. Ho mann , S.J. Pennycook, P.F. Becher,
Rare-earth adsorption at intergranular interfaces in silicon nitride ceramics: Sub-
nanometer observations and theory, Phys. Rev. B. 72 (2005) 140101.

[26] B. Feng T. Yokoi, A. Kumamoto, M. Yoshiya, Y. Ikuhara, N. Shibata, Atomically
ordered solute segregation behaviour in an oxide grain boundary, Nat. Commun. 7
(2016) 1...6

[27] W.J. Bowman, A. Darbal, P.A. Crozier, Linking Macroscopic and nanoscopic ionic
conductivity: a semiempirical framework for characterizing grain boundary con-
ductivity in polycrystalline ceramics, ACSAppl. Mater. Interfaces. 12 (2020) 507...
517.



K. Syed,M. Xu and K.K. Ohtaki et al.

[28]

[29]

(301

(31

[32]

[33]

[34]

[35]

[36]
[371

(38]

[39]

[40]

[41]
[42]
[43]

[44]

[45]

[46]

[47]

(48]

[49]

(501
(51]

152

(53]

(54

W.J. Bowman, J. Zhu, R. Sharma, P.A. Crozier, Electrical conductivity and grain
boundary composition of Gd-doped and Gd/Pr co-doped ceria, Solid State lon 272
(2015) 9...17

W.J. Bowman, M.N. Kelly, G.S.Rohrer, C.A. Hernandez, P.A. Crozier, Enhancedionic
conductivity in electroceramics by nanoscale enrichment of grain boundaries with
high solute concentration, Nanoscale9 (2017) 17293...17302

N. Shibata, F. Oba, T. Yamamoto, Y. Ikuhara, Structure, energy and solute segre-
gation behaviour of [110]symmetric tilt grain boundaries in yttria-stabilized cubic
zirconia, Philos. Mag. 84 (2004) 2381...2415

K. Matsui, H. Yoshida, Y. lkuhara, Grain-boundary structure and microstructure
development mechanism in 2...8mol%yttria-stabilized zirconia polycrystals, Acta
Mater 56 (2008) 1315...1325

K.L. Kliewer, J.S. Koehler, SpaceChargein lonic Crystals. |. general approach with
application to NaCl, Phys. Rev. 140 (1965) A1226...A1240

K. Matsui, N. Ohmichi, M. Ohgai, H. Yoshida, Y. lkuhara, E ect of alumina-dop-
ing on grain boundary segregation-induced phasetransformation in yttria-stabilized
tetragonal zirconia polycrystal, J. Mater. Res.21 (2006) 2278...2289

D. Kok, D. Yadav, E. Sortino, S.J. McCormack, K.-P. Tseng W.M. Kriven, R. Raj,
M.L. Mecartney, -Alumina and spinel react into single-phase high-alumina spinel
in <3 secondsduring ash sintering, J. Am. Ceram. Soc.102 (2019) 644...653
K.K. Ohtaki, M.K. Patel, M.L. Crespillo, K.K. Karandikar, Y. Zhang, O.A. Graeve,
M.L. Mecartney, Improved high temperature radiation damagetolerance in athree-
-phaseceramic with heterointerfaces, Sci. Rep. 8 (2018) 13993.

G.W. Lorimer, Quantitative X-ray microanalysis of thin specimensin the transmis-
sion electron microscope; a review, Mineral. Mag. 51 (1987) 49...60

G.Cli, G.W. Lorimer, The quantitative analysis of thin specimens,J. Microsc 103
(1975) 203...207

D.B.Williams, C.B.Carter, Quantitative X-ray Analysis, in: D.B. Williams, C.B.Carter
(Eds.), Transmission Electron Microscopy. A Textbook for Materials Science,
Springer, US, Boston, MA, 2009, pp. 639...662

H. Sternlicht, S.A. Bojarski, G.S. Rohrer, W.D. Kaplan, Quantitative di erences in
the Y grain boundary excessat boundaries delimiting large and small grains in Y
doped Al, O3, J. Eur. Ceram. Soc. 38 (2018) 1829...1835

X.F.Zhang, Q. Yang, L.C.D.Jonghe, Z. Zhang, Energy dispersive spectroscopyanal-
ysis of aluminium segregation in silicon carbide grain boundaries, J. Microsc 207
(2002) 58...68

V.J. Keast D.B. Williams, Quanti cation of boundary segregationin the analytical
electron microscope, J. Microsc 199 (2000) 45...55

P. Doig, P.E.J. Flewitt, Microanalysis of grain boundary segregation in embrittled
Iron-3wt% Nickel Alloys Using STEM,J. Microsc 112 (1978) 257...267

S. Pennycook, Scanning Transmission Electron Microscopy - Imaging and Analysis,
Springer, http://www.springer.com/us/book/9781441971999

H.-S. Lee, S.D. Findlay, T. Mizoguchi, Y. lkuhara, The e ect of vacancies on the
annular dark eld image contrast of grain boundaries: A SrTiO; casestudy, Ultra-
microscopy 111 (2011) 1531...1539

S.D.Findlay, S.Azuma, N. Shibata, E. Okunishi, Y. Ikuhara, Direct oxygen imaging
within a ceramic interface, with some observations upon the dark contrast at the
grain boundary, Ultramicroscopy 111 (2011) 285...289

H. Nahor, Y. Kau mann , W.D. Kaplan, The Cr-Doped Ni-YSZ(111) interface: Seg-
regation, oxidation and the Ni equilibrium crystal shape, Acta Mater 166 (2019)
28...36

D.A. Shashkoy, D.N. Seidman, Atomic scale studies of segregation at ceramic/metal
heterophaseinterfaces, Phys. Rev. Lett. 75 (1995) 268...271

X. Zhang, T. Hu, J.F. Rufner, T.B. LaGrange G.H. Campbell, E.J. Lavernia,
J.M. Schoenung K. van Benthem, Metal/ceramic interface structures and segrega-
tion behavior in aluminum-based composites, Acta Mater 95 (2015) 254...263
M.A. Giilgun, R. Voytovych, |. Maclaren, M. Rihle, R.M. Cannon, Cation Segregation
in an Oxide Ceramic with Low Solubility: Yttrium Doped -Alumina, Interface Sci
10 (2002) 99...110

R. Sarkar, H.S. Tripathi , A. Ghosh Reactionsintering of di erent spinel compositions
in the presenceof Y,0;, Mater. Lett. 58 (2004) 2186...2191

S.K.Mohan, R. Sarkar, E ect of ZrO, addition on MgAl,O, spinel from commercial
grade oxide reactants, Ceram. Int. 42 (2016) 10355...10365

T. Suzuki, K. Itatani, M. Aizawa, F.S.Howell, A. Kishioka, Sinterability of spinel
(MgAl,0,)-Zirconia composite powder prepared by double nozzle ultrasonic spray
pyrolysis, J. Eur. Ceram. Soc.16 (1996) 1171...1178

M.A. Stough, J.R. Hellmann, Solid solubility and precipitation in a single-crystal
alumina-zirconia system,J. Am. Ceram. Soc.85 (2002) 2895...2902

S.K. Behera, Atomic structural features of dopant segregatedgrain boundary com-
plexions in alumina by EXAFS,Ph.D. Thesis, Lehigh University, 2010.

[58]
[56]
[57]

[58]

[59]

[60]
[61]

[62]

[63]

[64]
[65]

[66]

[67]

[68]

[69]

[70]
[71]
[72]

[73]

[74]

[75]
[76]
[77)
(78]
[79]
[80]

[81]

[82]

Materialia 14 (2020) 100890

J.D. Cawley, J.W. Halloran, Dopant distribution in nominally yttrium-doped sap-
phire, J. Am. Ceram. Soc.69 (1986) C-195-C...196

S.K.Behera, P.R. Cantwell, M.P. Harmer, A grain boundary mobility discontinuity

in reactive element Zr-doped Al,O3, Scr. Mater. 90...91(2014) 33...36

M. Trunec, K. Maca, R. Chmelik, Polycrystalline alumina ceramics doped with

nanoparticles for increasedtransparency, J. Eur. Ceram. Soc.35 (2015) 1001...1009
J.F. Rufner, D. Kaseman R.H.R. Castro, K. van Benthem, DC electric eld-enhanced

grain-boundary mobility in magnesium aluminate during annealing, J. Am. Ceram.
Soc.99 (2016) 1951...1959

N. Nuns, F. Béclin, J. Crampon, Grain-boundary characterization in a nonstoichio-
metric ne-grained magnesiumaluminate spinel: e ects of defect segregationat the
space-chargelayers, J. Am. Ceram. Soc.92 (2009) 870...875

S.J. Dillon, M.P. Harmer, Multiple grain boundary transitions in ceramics: A case
study of alumina, Acta Mater 55 (2007) 5247...5254

S.J. Dillon, M.P. Harmer, Direct observation of multilayer adsorption on alumina
grain boundaries, J. Am. Ceram. Soc.90 (2007) 996...998

I. MacLaren, R.M. Cannon, M.A. Gilgun, R. Voytovych, N. PopescuPogrion,
C. Schey U. Taner , M. Ruhle, Abnormal grain growth in alumina: synergistic ef-
fects of Yttria and Silica, J. Am. Ceram. Soc. 86 (2003) 650...659

S. Nazarpour, C. Lépez-Gandara C. Zamani, J.M. Fernandez-Sanjuan F.M. Ramos
A. Cirera, Phasetransformation studies on YSZdoped with alumina. Part 2: Yttria

segregation, J. Alloys Compd. 505 (2010) 534...541

R.D. Shannon, Revised e ective ionic radii and systematic studies of interatomic

distancesin halides and chalcogenides, Acta Crystallogr. A. 32 (1976) 751...767

D. Hotza, A. Leo, J. Sunarsq J.C. Diniz da Costg E ect of nano- Al,O; addition on
the densi cation of YSZelectrolytes, J. Nano Res6 (2009) 115...122

S. Tekeli, The solid solubility limit of Al,O5 and its e ect on densi cation and mi-
crostructural evolution in cubic-zirconia used as an electrolyte for solid oxide fuel

cell, Mater. Des.28 (2007) 713...716

E.P.Butler, J. Drennan, Microstructural analysis of sintered high-conductivity zirco-
nia with Al203 Additions, J. Am. Ceram. Soc.65 (1982) 474...478

R.H.L. Garcia, V. Ussui, N.B. de Lima, E.N.S.Muccillo, D.R.R.Lazar, Physical proper-
ties of aluminal/yttria-stabilized zirconia compositeswith improved microstructure,

J. Alloys Compd 486 (2009) 747...753

F.C.Fonseca D.Z. de Florio, R. Muccillo, Impedance spectroscopy study of the sin-
tering of yttria-stabilized zirconia/magnesia composites, Solid State lon 180 (2009)

822...826

T. Bak, J. Nowotny, K. Prince, M. Rekas C.C. Sorrell, Grain boundary di usion of
magnesiumin Zirconia, J. Am. Ceram. Soc.85 (2002) 2244...2250

E.Dro d , Theinuence of the method of addition of Al,O; to 3YSZmaterial on its
thermal and electrical properties, J. Therm. Anal. Calorim. 118 (2014) 1345...1353
M.J. Bannister, Development of the SIROoxygen sensor:sub-solidus phaseequilibria

In the system ZrO,-Al,03-Y, 05, J. Aust. Ceram. Soc.(1982) 18.

D.V. Dudina, D.M. Hulbert, D. Jiang, C. Unuvar, S.J.Cytron, A.K. Mukherjee, In situ
boron carbide...titanium diboride composites prepared by mechanical milling and
subsequentSpark Plasma Sintering, J. Mater. Sci. 43 (2008) 3569...3576

U. Anselmi-Tamburini, Y. Kodera, M. Gasch C. Unuvar, Z.A. Munir, M. Ohyanagi,
S.M. Johnson, Synthesisand characterization of denseultra-high temperature ther-
mal protection materials produced by eld activation through spark plasmasintering

(SPS):1. Hafnium Diboride, J. Mater. Sci. 41 (2006) 3097...3104

R. Moshe, W.D. Kaplan, The combined in uence of Mg and Ca on microstructural

evolution of alumina, J. Am. Ceram. Soc.102 (2019) 4882...4887

A.P. Tomsia, A.M. Glaeser, Ceramic Microstructures: Control at the Atomic Level,
Springer Science& BusinessMedia, 2012.

B. Hallstedt, Thermodynamic Assessmenbf the SystemMgO...AlO;, J. Am. Ceram.
Soc. 75 (1992) 1497...1507

P. Gruel , C. Carry, E ect of grain size on yttrium grain boundary segregation in

ne-grained alumina, J. Eur. Ceram. Soc.11 (1993) 189...199

K. Ishida, E ect of grain size on grain boundary segregation, J. Alloys Compd 235
(1996) 244...249

R.F.Cook, A.G. Schrott, Calcium segregationto grain boundaries in alumina, J. Am.
Ceram. Soc. 71 (1988) 50...58

M. Aoki, Y.-M. Chiang, I. Kosacki, L.J.-R. Lee, H. Tuller, Y. Liu, Solute segregation
and grain-boundary impedancein high-purity stabilized zirconia, J. Am. Ceram. Soc.
79 (1996) 1169...1180

S. Stemmer, J. Vleugels, O. Van Der Biest, Grain boundary segregationin high-pu-
rity, yttria-stabilized tetragonal zirconia polycrystals (Y-TZP),J. Eur. Ceram. Soc.18
(1998) 1565...1570



