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a b s t r a c t 

The effects of using different sintering techniques (conventional, flash and spark plasma sintering) on grain 
boundary segregation were investigated in a 3-phase polycrystalline ceramic containing cubic 8 mol% Y 2 O 3 
stabilized ZrO 2 (YSZ), 𝛼-Al 2 O 3 and MgAl 2 O 4 . Six types of interfaces for each sintered sample were analyzed for 
grain boundary chemistry. Using aberration-corrected STEM and EDS, we show Al segregation at YSZ-YSZ bound- 
aries, and Y/Zr segregation at Al 2 O 3 -Al 2 O 3 , MgAl 2 O 4 -MgAl 2 O 4 and MgAl 2 O 4 -Al 2 O 3 boundaries. YSZ-MgAl 2 O 4 
and YSZ-Al 2 O 3 heterointerfaces, in contrast, do not show elemental segregation. Our results show that the type 
of segregation at different boundaries does not change with different sintering processes, indicating that ele- 
mental segregation mainly depends on initial sample composition, although the amount of segregation can vary. 
Quantitative analyses reveal that spark plasma sintering (950°C for 5 min, 100 MPa) results in relatively higher 
average segregation at grain boundaries and heterointerfaces compared to conventional sintering (1550°C for 10 
h), suggesting that low temperatures result in higher grain boundary segregation. The average segregation con- 
centrations at the grain boundaries of our flash sintered sample (estimated to reach 1700°C for 6 s) were found 
to be consistently similar to long-annealed spark-plasma sintered sample (1350°C for 20 h), suggesting that very 
high temperatures reached during flash process can achieve similar segregation concentrations compared to a 
SPS sample annealed for several hours at lower temperature. The presence of other phases in multi-phase systems 
can modify the grain boundary chemistry and segregation compared to segregation in single-phase ceramics. 

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 excess free 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, significant research has been done to analyze grain boundary 
segregation behavior in ceramics [4 , 11] . 
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Bulk ceramic processing includes the densification of powders at 
high temperatures. Different ceramic processing techniques have been 
developed and are still developing to fully densify ceramics in shorter 
times and lower temperatures, such as with the application of elec- 
tric field and pressure, for energy and cost savings [12–17] . However, 
these changes in processing techniques can have a significant 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 serve to disrupt phonon propagation, reducing 
thermal conductivity [18 , 19 . Goel et al. [9] concluded that the increased 
clustering of segregated atoms at the grain boundaries result in major 
local disorder which is the primary reason behind increase in thermal 
grain boundary (Kapitza) resistance. Furthermore, correlations between 
grain boundary chemistry and mechanical properties, such as fracture 
toughness, have been widely studied [20–23] . Thus, any change in grain 
boundary segregation can have a significant effect on material proper- 
ties. 
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While the grain boundary segregation behavior has been explored 
widely for different ceramic systems, most studies to date have been fo- 
cused on bicrystals or single-phase polycrystalline ceramics with 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 analyses are 
limited. Several factors can affect the segregation behavior in ceram- 
ics such as point defect interactions, impurity/dopant cation size, grain 
boundary energy, and electrostatic interactions [11] . Segregation chem- 
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 space charge theory [24 , 30–32] ; but 
when YSZ is doped with Al 2 O 3 , both Al and Y segregation have been 
observed [33] . However, multiphase engineering 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. Based on 
findings from previous literature, and the variety of factors which could 
affect segregation, we hypothesize that grain boundary segregation in 
multiphase ceramics can be quite distinct compared to their single-phase 
counterparts, because of the presence of other phases in the system that 
act as infinite sources of ions to segregate at grain boundaries. Thus, 
exploring this experimentally will address a significant gap in under- 
standing how different sintering processes affect the grain boundaries 
in technical ceramics. 

In this study, we report direct observation of segregation at grain 
boundaries for a three-phase polycrystalline ceramic Al 2 O 3 – MgAl 2 O 4 

– YSZ using aberration-corrected STEM-EDS. The model ceramic system 

chosen for this study consists of phases which are all widely used en- 
gineering ceramics, commercially available as both 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 different sintering 
techniques: (1) conventional sintering, (2) flash sintering [16] , and (3) 
spark plasma sintering (SPS) [17] . In addition, the effects of annealing 
times after SPS sintering on grain boundary segregation are discussed. 

2. Experimental methods 

2.1. Sample preparation 

2.1.1. Conventional sintering 
Starting powders of 8 mol% yttria stabilized zirconia or YSZ 

(Y 0.08 Zr 0.92 O 2 , TZ-8YS Tosoh), Al 2 O 3 (TM-DAR Taimei) and MgAl 2 O 4 

(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 used to break any agglom- 
erates. The mixed powder was pressed using a cold isostatic press at 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 measured to be 97%. The average grain size 
was 1 μm for this sample. 

2.1.2. Flash sintering 
Processing details of flash sintered sample were 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 field of 650 V/cm with a 6 s current hold at 50 mA/mm 2 . The 
electric field and current density were constant throughout the process. 
Kok et al . [34] reported using in-situ data that the actual sample temper- 
ature was much higher (~1700°C) than the furnace temperature during 
the flash sintering experiment, due to significant Joule heating produced 
by the current flowing through the sample. The average grain size of this 
sample was 230 nm. 

Table 1 
Calculated k-factors using standard powders. 

Standard Powder Element ratio Experimental k-factors 

MgAl 2 O 4 Mg:Al 1.08 ± 0.04 

YSZ Y:Zr 0.81 ± 0.06 

Y 3 Al 5 O 12 Al:Y 0.57 ± 0.01 

2.1.3. Spark plasma sintering 
Two different SPS samples were prepared for this study, as reported 

previously [35] . Both SPS samples were sintered at 950°C for 5 min 
using heating rate of 100°C/min under 100 MPa. The first sample was 
annealed at 1000°C for 1 h to remove carbon contamination which is 
typical during SPS process; this sample will be referred as ‘SPS’ from 

this point. The SPS sample 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 ‘SPS anneal’ for the rest of the paper. The average grain size of the 
SPS anneal sample was 690 nm. 

All sintered samples were coated with 5–7 nm of carbon coating us- 
ing a Leica sputter coater. TEM samples were prepared by the lift-out 
method using a Tescan GAIA3 SEM integrated with focused ion beam 

(FIB). 

2.2. Scanning transmission electron microscopy (STEM) - Energy 
dispersive X-ray spectroscopy (EDS) 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 mm 2 . STEM-EDS 
mapping and spot analysis were applied using the following EDS peaks: 
O ( K 𝛼 at 0.52 keV), Mg ( K 𝛼 at 1.25 keV), Al ( K 𝛼 at 1.49 keV), Y ( K 𝛼
at 14.95 keV and K 𝛽 at 16.74 keV) and Zr ( K 𝛼 at 15.78 keV and K 𝛽
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 EDS elemental 
maps were obtained after background subtraction using Kramers filter 
(with scaling option available in GMS to better align the measured back- 
ground to the original data). The EDS parameters were optimized based 
on minimizing beam damage versus increasing net EDS counts. 

The quantification of elemental segregation at the grain boundaries 
was performed using the Cliff-Lorimer method [36 , 37] . EDS maps were 
acquired close to the midpoint of the grain boundaries between triple 
junctions, over ~12–15 min per boundary using step sizes close to the 
probe size ~0.1 nm. Due to the widely known limitations of quantifi- 
cation of light elements (O or below) using EDS, only quantification 
of cations (Mg, Al, Y and Zr) was completed for grain boundary com- 
positional analysis in this paper. The k-factors (k Mg-Al , k Y-Zr and k Al-Y ) 
were calculated using experimental spot EDS data of standard powders 
MgAl 2 O 4 , 8YSZ, and Y 3 Al 5 O 12 ( > 99% purity) respectively. The dwell 
time per spot was 150 seconds to ensure a high number of counts for 
reliable quantification. The same background subtraction method was 
used as mentioned earlier for the 3-phase samples. These three stan- 
dard powders were selected because they 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 close in atomic number, Al/Y 
is expected to have a large difference in absorption correlated with thick- 
ness effects [38 , 39] . Therefore, we determined experimental k Al-Y value 
(from Cliff-Lorimer equation) using Y 3 Al 5 O 12 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. EDS spectrum of YSZ powder (with marked K 𝛼 peaks only) 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 confirmed using a hole count test. Fe was also consis- 
tently observed in the EDS spectra, coming from the microscope column. 
The Al EDS quantification artifact was corrected for all grain boundaries 
analyzed in all samples of this study. This was done by calculating an 
average Fe/Al net count ratio from ten EDS spot spectra obtained from 

YSZ powder, and subtracting the Al signal (via the Fe signal) from spec- 
tra measured on our experimental specimens. 

To survey multiple variants of boundaries in the samples analyzed, 
2–5 grain boundaries of each type were characterized in each sample. 
Grain boundaries were tilted to be parallel to the electron optic axis 
prior to STEM-EDS data acquisition. Electron channeling effects were 
ignored from our chemical analysis. 

Besides the Cliff-Lorimer method for quantitative compositional 
analysis (in atomic%), grain boundary segregation is often expressed 
using grain boundary coverage or chemical excess (in atoms/nm 2 ). This 
chemical excess at grain boundaries can be calculated using the spa- 
tial difference technique, where the segregant’s EDS signal acquired in 
the grain is subtracted from its signal acquired from the grain bound- 
ary. This is described in detail by Sternlicht et al. [39] . Here, the grain 
and grain boundary EDS signals used in the spatial difference technique 
were acquired using EDS mapping data (thickness effect for different 
grain boundaries characterized was not considered). The chemical ex- 
cess was calculated using the following equation [39–42] : 

Γ = 
𝑉 

𝑆 

𝐴 𝐵 

𝐴 𝐴 
𝜌𝑘 AB 

𝐼 𝐴 

𝐼 𝐵 
(1) 

where, V/S is the ratio between interaction volume to area of the grain 
boundary of interest; this ratio can be simplified and equals the width 
of the scan (nm) perpendicular to the grain boundary [39] . 𝜌 is the site 
density (atoms/nm 3 ) of selected element in the grain. A A is the atomic 
weight of excess species and A B is the effective atomic weight of selected 
element in the grain (same element used for density); A B /A A is unitless. 
I A and I B are the intensities of excess species (minus the intensities from 

adjacent grains) and the matrix element selected. Eq. (1 ) used in this 
work assumes all 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- 
cess amount thus reflects the whole grain boundary because we have 
integrated the segregant concentrations from the whole grain boundary 

Fig. 2. Y and Zr concentration profiles across an alumina-alumina grain bound- 
ary in conventional sintered sample. 

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

Eq. (1 ) was modified for each of the homointerfaces based on the 
observed segregants as well the chemistry of the grains neighboring the 
interfaces. The product of k-factor and intensity ratio from Eq. (1 ) was 
converted to concentration ratio (based on the Cliff-Lorimer equation). 
Eq. (2 ) is the modified equation for calculating Zr excess at alumina- 
alumina grain boundaries: 

Γ = 
𝑉 

𝑆 

2 𝐴 Al 

𝐴 Zr 
𝜌𝐺 
Al 

𝐶 GB Zr − 𝐶 𝐺 Zr 

𝐶 𝐺 
Al 

(2) 

where, supercripts G and GB stand for grain and grain boundary, respec- 
tively. 𝜌G 

Al 
is the site density of Al in alumina grain, C GB 

Zr is the concen- 
tration of Zr at the grain boundary, C G 

Zr is the concentration of Zr in the 
alumina grain and C G 

Al 
is the concentration of Al in the alumina grain. 

Y/Zr concentration profiles across an alumina-alumina grain boundary 
in conventional sintered sample is given in Fig. 2 . ‘Grain boundary re- 
gion,’ marked in Fig. 2 , is used to obtain concentration data of Y and Zr 
segregated species ( C GB 

Y and C 
GB 
Zr respectively ) and marked ‘grain region’ 

is used to obtain concentration of Al in the grain ( C G 
Al 
) and concentration 

of Y and Zr in the grain ( C G 
Y and C 

G 
Zr respectively ) . 

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

In order to better understand the grain boundary segregation behav- 
ior, we also analyzed the estimated concentrations of cations within the 
phases using EDS spot analysis. To analyze the concentrations of Mg and 
Al cations within the YSZ grains, EDS spot analysis was performed and 
averaged for 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 observations of elemental segregation at grain boundaries 

Fig. 3 (a) shows the schematic of a model 3-phase sintered ceramic 
composed of alumina, spinel and YSZ. Fig. 3 (b) shows a bright-field (BF) 
TEM image of SPS anneal 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 2 O 4 , Al 2 O 3 , and YSZ. (b) Bright field-TEM 

image of SPS anneal sample with average grain size of ~690 nm. S = Spinel, A = Alumina, Z = YSZ. 

Fig. 4. STEM HAADF images of different types of grain boundaries in the 3-phase sintered ceramics. (a) Al 2 O 3 -Al 2 O 3 in SPS anneal, (b) MgAl 2 O 4 -MgAl 2 O 4 in 
conventional sintered, (c) YSZ-YSZ in flash sintered, (d) MgAl 2 O 4 -Al 2 O 3 in SPS anneal, (e) YSZ-MgAl 2 O 4 in conventional sintered and (f) YSZ-Al 2 O 3 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 samples used for this study, a total of 24 
types of interfaces are investigated for chemical analysis (i.e. six inter- 
faces for each of conventional, flash, SPS and SPS anneal samples). Fig. 4 
shows STEM high-angle annular dark field (HAADF) images of the six 
types of boundaries observed in each sample. Fig. 4 a-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-YSZ interface in Fig. 4 c, 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 caused by charge-compensating anion vacan- 
cies [44 , 45] . On the other hand, YSZ-spinel and YSZ-alumina heteroin- 
terfaces do not show any segregation. This is an interesting observa- 
tion because segregation is known to occur at other heterointerfaces, 
such as metal-ceramic systems like Cr-doped Ni/YSZ [46] , MgO/Cu(Ag) 
[47] , Al alloy-B 4 C [48] . In most of such interfacial segregation stud- 
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Fig. 5. STEM HAADF images and EDS maps for six (representative) interfaces in a flash-sintered MgAl 2 O 4 -Al 2 O 3 -YSZ ceramic. Mg K 𝛼 , Al K 𝛼 , Y K 𝛼, 𝛽 , Zr K 𝛼, 𝛽 and O K 𝛼
elemental EDS maps (net counts) and their corresponding intensity profiles (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-YSZ grain boundary shows 
depletion of Zr and segregation of Al (c), spinel-alumina grain boundary shows segregation of Y/Zr (d), and YSZ-spinel and YSZ-alumina interfaces do not show any 
segregation (e-f). Scale bar is 2nm. 

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

The STEM HAADF images in Fig. 4 are qualitatively representative 
of all the sintered samples. Our results show that the elemental segrega- 
tion observed at any particular type of interface —whether it is alumina- 
alumina, spinel-spinel, YSZ-YSZ or spinel-alumina —is qualitatively sim- 
ilar across the four different sintered samples analyzed. 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 different types of segregations observed in a three-phase system at the alumina-alumina (a), spinel-spinel (b), 
YSZ-YSZ (c), and spinel (top)-alumina (bottom) (d) interfaces. The scale bar is 1nm. Yellow markers highlight Y/Zr segregants and 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 flash-sintered sample and corresponding EDS elemental maps and in- 
tensity line profiles for Mg, Al, Y, Zr and O. The line profiles are shown 
below each EDS elemental map, with counts normalized with respect to 
the total counts and integrated parallel to grain boundary, as in [24] . 
The y-bounds for the line profiles are the same within each column in 
Fig. 5 . Alumina-alumina grain boundary shows segregation of Y and Zr 
with depletion of Al counts with respect to the bulk ( Fig. 5 a). Spinel- 
spinel boundary also shows segregation of Y/Zr with a prominent de- 
pletion of Mg ( Fig. 5 b). YSZ-YSZ grain boundary shows a decrease in 
Zr counts accompanied by segregation of Al ( Fig. 5 c). Like spinel-spinel 
and alumina-alumina grain boundaries, spinel-alumina is also shown 
to have Y/Zr segregation ( Fig. 5 d). On the other hand, YSZ-spinel and 
YSZ-alumina interfaces do not show any elemental segregation indicat- 
ing there is no driving force for cation segregation to occur; thus, these 
boundaries are thermodynamically stable ( Fig. 5 e,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 phases for the temperatures used in this study [49–
56] . Gulgun et al. [49] studied in detail the effect of doping Y and Zr in a 
single-phase 𝛼-Al 2 O 3 system and reported that Y and Zr both segregate 
to the alumina-alumina grain boundaries and behave almost similarly by 
competing for similar sites. Similarly, Zr enrichment at grain boundaries 
was confirmed by Trunec et al. [57] while studying a system of Zr-doped 
alumina. Mohan et al. [51] also discussed Zr segregation at spinel grain 
boundaries (with addition of zirconia) limiting grain growth and grain 
boundary migration. On the other hand, Rufner et al. [58] observed en- 
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 confirmed to be de- 
pleted and Y/Zr are present at the interface, while Al signal is relatively 
unchanged ( Fig. 5 b). This is one example (more discussed below) show- 
ing how grain boundary segregation in single phase ceramics can be 
distinct from segregation in 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. 6 a shows discontinuous, slightly clustered segregation 
over several atomic layers at the alumina-alumina grain boundaries. 
Based on the EDS mapping in Fig. 5 a, we know that Y 3 + and Zr 4 + segre- 

gate at these grain boundaries. In Fig. 6 a, it shows that some segregant 
cations are directly substituting the matrix cation (Al 3 + ) sites in the bot- 
tom alumina grain as can be seen easily 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 (discussed in the next sub-section), has been 
studied previously for space charge layers at the grain boundaries. Nuns 
et al. [59] explained the negatively charged grain boundary cores in 
spinel due to excess of Mg vacancies. Our EDS maps in Fig. 5 b confirm 

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. 6 b is oriented well to zone axis, unlike the top grain, 
it is easy to see the segregants substituting the matrix cation sites in the 
bottom grain. 

Similar to the case in Fig. 6 a and b, only one side of the spinel- 
alumina grain boundary is atomically resolved ( Fig. 6 d) since it is gen- 
erally difficult to observe a random boundary in polycrystalline samples 
where both the grains are aligned with respect to a zone axis. However, 
it is clear that segregant cations are substituting the matrix sites on to 
the face of the spinel (top) grain (see yellow markings in Fig. 6 d). It 
can also be seen due to the high Z-contrast (red markings) that there 
are segregants present near the bottom alumina grain; however, the ex- 
act position of the segregants in this region is hard to determine due 
to misalignment of the bottom grain but the segregants appear more 
clustered. 

Al segregation at YSZ-YSZ grain boundaries: Y segregation at YSZ- 
YSZ grain 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 different than 
single phase systems commonly studied, which would have a direct ef- 
fect on material properties. At YSZ-YSZ grain boundaries in our 3-phase 
samples, we observe with EDS mapping Al segregation instead of Y, ac- 
companied by decrease in Zr ( Fig. 5 c). In a study conducted by Matsui et 
al. [33] on Al 2 O 3 -doped tetragonal polycrystalline YSZ prepared using 
conventional sintering, the authors found both Y and Al segregated at 
YSZ-YSZ boundaries. Thus, our study signifies important distinctions be- 
tween the cation segregation in 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 presence of other phases in the system can have a 
strong effect in determining the grain boundary chemistry. 

According to the classical space charge theory [32] , YSZ grain 
boundary core is predicted to be positive because of 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 segregation at grain 
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Fig. 7. Peak concentrations (at%) of segregated cations at different grain boundaries of conventional sintered, flash sintered, SPS and SPS anneal samples. (a,b,d) 
Peak concentrations of segregated Y and Zr at alumina-alumina, spinel-spinel and spinel-alumina grain boundaries respectively. (c) Peak concentrations of segregated 
Al at YSZ-YSZ grain boundaries for all the samples. 

boundaries in single phase YSZ, where Y 3 + substitutes Z 4 + creating a net 
negatively charged substitutional point defect. Interestingly for our 3- 
phase system, the differences in ionic size between Zr 4 + and Y 3 + or Zr 4 + 

and Al 3 + are very similar (assuming the same coordination) [64] , even 
though Y 3 + is larger and Al 3 + is smaller than Zr 4 + . It is possible that the 
intensity reduction at YSZ-YSZ interface ( Fig. 6 c) is due to structural 
disorder caused by O vacancies near cation columns; however, similar 
contrast can be caused by cation vacancies or light element substitution 
in HAADF imaging [44]. 

Based on EDS mapping results ( Fig. 5 c), we know that Al is segre- 
gating while Zr is depleting at YSZ-YSZ grain boundaries. Thus, in our 
case we suspect that the Al 3 + cations are substituting the Zr 4 + sites (see 
green markings in Fig. 6 c) to maintain charge balance (with oxygen va- 
cancies), while Y 3 + stays in the YSZ grain. This interpretation is based 
on lower atomic number of Al compared to Zr, thus Al 3 + substitution at 
YSZ-YSZ grain boundary will result in lower Z-contrast as seen in Fig. 6 c. 
This is consistent with the very low solubility of Al 3 + in YSZ [53 , 65 , 66] , 
which would preclude Al 3 + solution in YSZ. This phenomenon of Al 3 + 

grain boundary defect chemistry in our 3-phase ceramic is another sig- 
nificant distinction between segregation behavior compared to single- 
phase YSZ. 

Here, it is important to state that a decrease or increase in counts 
at the grain boundary does not necessarily mean decrease or 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/decrease of counts to increase/decrease of con- 
centrations for cations (Y, Zr). Thus, in order to better understand the 
segregation behavior at spinel-spinel, alumina-alumina, YSZ-YSZ and 
spinel-alumina boundaries for the differently sintered samples, quanti- 
tative analysis was performed, and results are discussed in next section. 

3.2. Quantitative correlations of elemental segregation at grain boundaries 

In order to better correlate the sintering technique to grain bound- 
ary segregation, concentrations of segregated cations were calculated 
using the Cliff-Lorimer method [27 , 36 , 37] . The peak segregation con- 
centrations at the different grain boundaries were calculated using the 
EDS peak intensities and averaged for 2-5 boundaries of spinel-spinel, 
alumina-alumina, YSZ-YSZ, and 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-YSZ boundaries for all the sintered samples. The error 
bars represent the standard deviation of the mean segregation concen- 
tration measured for the different 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-YSZ bound- 
aries is on average higher in the SPS sample compard to all other 
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Fig. 8. Excess of segregated cations (atoms/nm 2 ) at grain boundaries between similar phases. (a) Y/Zr excess at alumina-alumina grain boundaries, (b) Y/Zr excess 
at spinel-spinel grain boundaries, and (c) Al excess at YSZ-YSZ grain boundaries. 

samples ( Fig. 7 c). Al is known to have very limited solubility in 
YSZ 53 , 65–68 ]. 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 flash (~1700°C, in-situ ) samples. For our con- 
ventionally sintered sample (1550 °C), we measured 5.0 ± 0.9 at% 

Al peak concentration at the YSZ-YSZ grain boundaries ( Fig. 7 c). 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 2 O 3 ) 
segregated at the YSZ-YSZ grain boundaries in their conventionally 
sintered sample (1500 °C); see red marker in Fig. 7 c. Their mea- 
sured Al peak content at the YSZ-YSZ grain boundaries is in very 
good agreement with our results, despite slight differences in the 
processing temperature and time. However, as discussed earlier, a 
critical difference in the two studies is that we only observe Al seg- 
regation in our three-phase system, while both Y and Al segregation 
was observed by Matsui et al . [33] in the alumina-doped YSZ system. 

b. Y and Zr concentrations in the SPS sample are found to be higher 
on average compared to conventional sample ( Fig. 7 a,b,d). This is 
likely because the SPS sample was processed at the lowest tempera- 
ture compared to other samples and 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 flash and SPS anneal samples are consistently sim- 

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

To compare our results with similar material systems studied by 
other researchers [39 , 40] , the excess of segregated species (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, some important correlations can still be drawn from the mean 
excess of segregated cations. Similar to the atomic% peak concentra- 
tions at alumina-alumina boundaries ( Fig. 7 a), mean excess concentra- 
tions of Y/Zr for SPS sample are higher than the other samples ( Fig. 8 a). 
Similarly, for spinel-spinel case, the conventional sample has the lowest 
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Fig. 9. Average concentration (at%) of Mg and Al in YSZ grains. 

mean excess of Y and Zr ( Fig. 8 b), just like we observed in Fig. 7 b. Lastly, 
for YSZ-YSZ boundaries, mean Al excess is the lowest for conventional 
sample ( Fig. 8 c), similar to the observation in Fig. 7 c. In short, we con- 
clude from our quantitative analysis that the conventional sample shows 
relatively lower excess of segregated cations compared to SPS sample, 
while the flash and SPS anneal samples vary in trends from boundary to 
boundary. 

Sternlicht et al. [39] reported the amount of Y excess (atoms/nm 2 ) at 
the grain boundaries of a Y-doped alumina system with bi-modal struc- 
ture; their sample was processed by SPS in two steps and then annealed 
(1500°C for 4 h). Considering the type of sintering, temperatures and 
times of processing described in their work [39] , our conventional and 
SPS anneal samples of this study were chosen for comparison. They re- 
ported a mean Y excess of 1.3 atoms/nm 2 at the alumina-alumina grain 
boundaries between smaller grains (red markings on Fig. 8 a), which is 
suitable for comparison to our study. In the conventional sintered sam- 
ple, we determined mean Y excess of 0.7 atoms/nm 2 and mean Zr excess 
of 1.5 atoms/nm 2 at the alumina-alumina grain boundaries ( Fig. 8 a). For 
the SPS anneal sample, we determined mean Y excess of 0.5 atoms/nm 2 

and mean Zr excess of 1.9 atoms/nm 2 ( Fig. 8 a). Since both Y and Zr 
segregated at alumina-alumina boundaries in our 3-phase system, our 
results for conventional and SPS anneal samples are in good agreement 
with the previous report of Y segregation at Y-doped alumina grain 
boundaries by Sternlicht et al. [39] , considering differences in starting 
materials and overall processing. Overall, our quantitative results cor- 
relate different sintering processes with resulting elemental segregation 
and compositional inhomogeneity at grain boundaries, which can have 
a strong impact on many material properties [9 , 19–21 , 28 , 29] . 

3.3. Measured concentrations of segregated cations within the grains 

Al (from Al 2 O 3 ) 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 segregate to YSZ-YSZ grain boundaries, we 
analyzed its concentration in YSZ grains, 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% as it goes into YSZ; however, the phase in our material 
system is MgAl 2 O 4 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 YSZ grains in all four sintered samples 
using EDS spot analysis ( Fig. 9 ). The error bars represent the standard 
deviation of the mean concentration measured for the different grains. 

The average concentrations of both Mg and Al in YSZ grains for all 
sintered samples, measured using EDS spot analysis, were calculated to 
be approximately < 1.5 at%. The average concentrations of Mg in YSZ 
grains for all four sintered samples are lower than Al concentrations, 
which is the opposite trend to what we initially expected based on pre- 
vious literature [53 , 65 , 69] . The measured concentration of Al in YSZ is 
statistically the same for all four differently processed samples. The sol- 
ubility of Al is commonly known to be negligible below 1200 °C [71 , 72] . 
While the SPS sample 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 because SPS is a current-assisted sintering 
technique (applied current + pressure) [73 , 74] . Our results suggest that 
Al is hindering the solubility of Mg in YSZ grains, while the presence 
of Mg is assisting to increase the solubility of Al. This phenomenon is 
similar to what was reported recently for Ca and Mg co-doped alumina 
system. Moshe and Kaplan [75] reported an increase in solubility limit 
of Mg in alumina in the presence of Ca compared to just Mg-doped alu- 
mina. Similarly, they reported a decrease in solubility limit of Ca in the 
presence of Mg compared to just Ca-doped alumina [75] . We suspect 
that the presence of Al in the YSZ grain lowers the Mg solubility, which 
lowers the thermodynamic driving force for Mg diffusion into the YSZ 
grains. 

Solubility of Y and Zr in spinel and alumina phases have 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 confirm that the concentrations of Y and Zr 
in spinel and alumina grains of our 3-phase samples are in good agree- 
ment with previous literature, we performed spot EDS analysis at the 
centers of three spinel and alumina grains for conventional, flash and 
SPS samples. The averaged concentrations of Y in spinel and alumina 
grains were calculated to be ≤ 0.08 at%, which is negligible based on 
limitations of EDS detection 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- 
nificant deviations from stoichiometry (MgAl 2 O 4 ), especially with in- 
creasing sintering and annealing temperatures. Kok et al. [34] previously 
showed (in same 3-phase composition used in this study) that Al/Mg ra- 
tio in spinel varies considerably due to very high temperatures reached 
during flash sintering. They showed that it is possible to form a single- 
phase high-alumina spinel, and reported that different compositions of 
non-stoichiometric spinel can form during the heat treatment. Using EDS 
mapping, we calculated average Al:Mg ratios (unitless) in spinel grains 
of all four samples: 3.0 ± 0.04 (flash), 2.8 ± 0.07 (conventional), 2.5 ± 0.11 
(SPS anneal) 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 
SPS sample (sintered at lowest T~950 °C) show the smallest deviation, 
whereas spinel grains in the flash 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 phase diagram [77] . 

3.4. Role of grain size variation 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 size effects are based on doped systems [78–81] . Gruffel 
and Carry [78] studied the Y-segregation content with respect to grain 
size in Y-doped alumina and observed that the trend depends on the ini- 
tial dopant concentration. When doping with lower concentrations of 
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Y 2 O 3 (500 ppm wt.), they observed the segregation content increased 
linearly with grain size. On the other hand, when doping with 1500 ppm 

wt. Y 2 O 3 , the grain boundaries were saturated with yttrium and grain 
boundary composition was independent of grain size (studied for 800 
nm to ~3.5 μm grain sizes) [78] . Aoki et al. also concluded that grain 
boundary coverage (atoms/area) increases with increasing grain size in 
CaO-stabilized ZrO 2 (containing different impurity solutes like Si) until 
the saturation of total solute is reached ~ 1 monolayer. On the other 
hand, Stemmer et al. [82] found strong Y segregation in tetragonal YSZ 
grain boundaries, regardless of varying grain sizes and 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-phase samples, the situation is more complex because 
they are made with equal volume percent (33%) of YSZ, alumina and 
spinel. Thus, there are, effectively, infinite sources of ions in each sam- 
ple which can segregate to, or cover via diffusion from another phase, 
the grain boundaries. It may, therefore, be appropriate to imagine our 
materials as being heavily-doped, i.e., as having a very large number of 
available segregants. In this case, we would compare our results with 
those of Gruffel and Carry [78] , who found that grain boundary com- 
position was independent of grain size when doping with 1500 ppm wt. 
Y 2 O 3 . 

4. Conclusions 

Grain boundary segregation behavior in multiphase systems was 
shown to have important distinction compared to single-phase systems 
(doped and undoped) commonly studied. It was determined that the 
presence of other phases in the system can have a strong effect on 
final grain boundary chemistry. For all sintering processes, Y and Zr 
was found to segregate at spinel-spinel, alumina-alumina, and spinel- 
alumina grain boundaries, while Al was found to segregate at YSZ-YSZ 
grain boundaries. On the other hand, YSZ-spinel and YSZ-alumina het- 
erointerfaces did not show any cation segregation. This suggests that the 
cations (Y, Zr, Al, Mg) prefer to exist in the grains on either side of the 
interface, and indicates that segregation would most likely increase the 
interfacial energy. The segregants at alumina-alumina boundaries were 
shown to both substitute the matrix sites as well as adsorb as clusters, 
while the spinel-spinel and YSZ-YSZ boundaries appeared to have seg- 
regants substituting the matrix cation sites. For all the interfaces show- 
ing segregation, our SPS sample showed relatively higher average grain 
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 flash sintered sample were consistently found to be similar to the 
SPS anneal sample which was an interesting observation in this study. 
This suggests that very high temperatures reached during flash 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 phases and indicate that Al and Mg are possibly acting 
as competing cations to diffuse in the YSZ grains. The qualitative and 
quantitative results correlate grain boundary segregation behavior to 
the different sintering techniques, which may be a beneficial guide to 
understand grain boundary segregation for other technical systems and 
how this segregation relates to material properties, such as thermal and 
electrical conductivity, and fracture. 
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