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ABSTRACT

Polycrystalline magnesium aluminate spinel, or simply spinel, with near theoreti-
cal density is a transparent ceramic material with multiple applications in extreme
environmental conditions, which require an enhanced fracture toughness. For
this reason, in this study, the effect of 500 ppm doping level of calcium (Ca)
and yttrium (Y) on the segregation behavior and mechanical properties of spinel
was quantitatively investigated. Calcium and yttrium doping reduced the grain-
boundary plane anisotropy for grain boundaries with rotations about the [111]
axis. More tilt boundaries and fewer twist boundaries were found in the doped
samples compared to the undoped condition. Direct observations by high-angle
annular dark-field scanning transmission electron microscopy (HAADE-STEM)
imaging revealed that yttrium atoms preferentially occupy aluminum sites at
grain boundaries in spinel. Quantitative electron energy-loss spectrometry (EELS)
analysis in the vicinity of grain boundaries indicated that calcium atoms preferen-
tially occupy magnesium sites in the Ca-doped spinel samples and confirmed the
substitution of aluminum by yttrium atoms in the Y-doped sample. Quantitative
X-ray energy-dispersive spectrometry (XEDS) analysis employing the C-factor
method indicated that the maximum segregation levels at grain boundaries were
0.8+ 0.1 calcium atoms/nm? (0.23 + 0.03 monolayers) and 2.4 + 0.06 yttrium atoms/
nm? (0.45 + 0.11 monolayers). Enhanced indentation fracture toughness was found
in samples with calcium and yttrium doping compared to undoped spinel. The
enhanced fracture toughness in Ca- and Y-doped spinel samples, in comparison
with undoped spinel, was primarily attributed to more pronounced crack deflec-
tions and a more tortuous crack path.
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GRAPHICAL ABSTRACT
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Introduction

Polycrystalline magnesium aluminate spinel
(MgAl,O,), or simply spinel, with near theoretical den-
sity is a transparent ceramic material of great interest
for application in extreme environments where high
mechanical integrity, low density, thermal and corro-
sive resistance, and high transparency are required [1].
Some relevant applications of spinel include transpar-
ent ceramics for aircraft windows, sensor protection,
multispectral and ultra-violet windows, transparent
domes, ballistic-resistant windows, radiation-resist-
ant windows and refractory materials [2]. For many
of these applications, high fracture toughness has
been identified as a critical mechanical property to be
achieved [3].

One common strategy for enhancing fracture tough-
ness in ceramic materials involves the introduction
of secondary phases promoting crack deflection and
crack bridging [4]. However, the secondary phases can
act as scattering sites for transmission of electromag-
netic radiation resulting in a loss of optical transpar-
ency. In another approach, controlled grain-boundary
segregation in small amounts has been reported to
enhance grain-boundary cohesion and consequently
increase fracture toughness [5-8]. Such a small amount
of segregation is expected to have a small effect on the
optical transmission. This strategy could potentially
aid in achieving an optimal balance between mechani-
cal performance and optical transparency in spinel,
which has been proven to be the major obstacle for
practical applications.

Dopants serve multiple purposes in ceramic pro-
cessing such as a sintering aid [9], control the kinet-
ics of grain growth [10], modify the grain-boundary

population and energy [11] and enhance certain
mechanical properties [12]. Often, the addition of
small amounts of a dopant (typically in the order of
part per million or ppm) is sufficient for desired effects
[13]. The dopants, or solute atoms, can segregate to the
interfaces such as grain boundaries where they can
occupy lower energy sites compared to the bulk [14].
However, selecting dopants to achieve an enhanced
grain-boundary cohesion, and fracture toughness,
in spinel remains a challenging task. Cui et al. have
demonstrated that doping spinel bi-crystals with euro-
pium (Eu?") had no significant effect on the fracture
toughness of individual grain boundaries measured
by micromechanical testing, despite clear observations
of grain-boundary segregation by electron micros-
copy analysis [15]. Conversely, Cao et al. found that
doping with ytterbium (Yb®"), a different rare-earth
element, increases the fracture toughness measured
by microcantilever bend testing by 30% compared to
the undoped bi-crystal [8]. Despite these advances in
understanding the segregation behavior of rare-earth
dopants in spinel, the atomic-scale mechanism of
enhanced grain-boundary fracture toughness remains
not well understood yet. Moreover, more inexpensive
and earth-abundant dopants are desirable for the
mass production of spinel parts, instead of rare-earth
dopants. For this reason, alternative dopants require
more investigation.

Based on previous studies [8, 15], it is hypoth-
esized that dopants must satisfy three main condi-
tions for an effective grain-boundary strengthening
effect. First, the dopant atoms must have a larger
ionic radius as compared to host cations magne-
sium and aluminum (Mg*" (r;=57 pm in tetrahedral
site) and AI®* (r;=53 pm in octahedral site) [16]).
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The larger ionic radius of the dopants compared
to host cations makes grain-boundary segregation
favorable as substitution in the lattice is unlikely
due to the high elastic strain that this represents.
Second, the dopants must have lower formation
energies for oxides compared to magnesium and
aluminum. Dopants with lower formation ener-
gies for oxides, i.e., stronger bonding with oxygen
atoms, are expected to increase the grain-boundary
cohesion compared to host cations magnesium and
aluminum due to their high affinity to form bonds
with oxygen. Third, the dopants with 3 + oxidation
states are more effective at enhancing the fracture
toughness than 2 + cations. The effect of the oxidation
state on the fracture toughness could be related to
the position dopants occupy at the grain boundaries.
Ytterbium with a 3 + valence state has been found to
occupy both magnesium tetrahedral and aluminum
octahedral sites in spinel forming staggering pairs
[8]. In contrast, europium with a 2 + oxidation state
has been found to preferentially occupy aluminum
octahedral sites at grain boundaries [15, 17].

Two promising candidates that satisfy the afore-
mentioned conditions are calcium and yttrium. Both
these elements have larger ionic radii compared
to host cations, 100 pm for calcium and 90 pm for
yttrium, as compared to 57 pm for magnesium and
53 pm for aluminum [16]. Both calcium and yttrium
have been reported to segregate at grain boundaries in
spinel [18-20]. Moreover, calcium and yttrium present
lower formation energy of oxides compared to magne-
sium and aluminum [21]. Additionally, the difference
in the oxidation state provides an opportunity to study
the effect of cations with 3 +and 2 + oxidation states on
the fracture toughness in spinel.

Previous studies have found that calcium doping
increases the bulk fracture toughness of spinel meas-
ured by the Vickers indentation method [22]. How-
ever, the doping concentration was not controlled and
instead a calcium infiltration method was used. Also,
the formation of calcium hexaluminate as a secondary
phase hindered the isolated effect of calcium segrega-
tion on the fracture toughness. Similarly, doping with
2 wt.% of Y,0; has been found to increase the creep
resistance [23] and the cold modulus of rupture [12] in
spinel. In this case, the enhanced mechanical proper-
ties were attributed to the formation of the secondary
phase yttrium aluminum garnet. The effects of calcium
and yttrium segregation behaviors on the mechanical
properties in spinel remain unknown.

@ Springer

In this study, a well-controlled doping level
500 ppm of calcium and yttrium was used to evaluate
the effect on the segregation behaviors and mechanical
properties in spinel without the presence of second-
ary phases. Microstructure observations by scanning
electron microscopy (SEM) and high-angle annular
dark-field scanning transmission electron microscopy
(HAADF-STEM) imaging confirmed that no secondary
phases were formed at the micro- or nanoscale after
doping. Detailed quantitative analysis by electron
energy-loss spectrometry (EELS) and X-ray energy-
dispersive spectrometry (XEDS) of individual grain
boundaries was performed in an aberration-corrected
STEM instrument to quantify the segregation behav-
iors of calcium and yttrium. The fracture behavior
with and without doping was evaluated by quantita-
tive electron backscatter diffraction (EBSD) analysis
of cracks induced by Vickers microhardness testing.
Finally, indentation fracture toughness measurements
were performed and the mechanism of how these two
dopants affect the mechanical properties were dis-
cussed in terms of the segregation behaviors at grain
boundaries.

Experimental
Sample fabrication

High-purity spinel powder (Baikowski, S25CR),
Ca(NO;j),4H,0 (99.98%, Alfa Aesar) and
Y(NO3);-4H,0 (99.999%, Aldrich Chem. Co.) were
utilized in this study. The baseline impurity concen-
trations of calcium and yttrium in the as-received
undoped spinel powder determined by glow dis-
charge mass spectrometry were 5.1 and less than
0.5 ppm by weight, respectively, which are negligible
compared to the doping level of 500 ppm used in this
study. Also, the Mg/Al ratio was nominally 1.0 in the
as-received powder.

First, a specific amount of dopant salts,
Ca(NO;),4H,0 and Y(NO;);-4H,O, were separately
dissolved in high-purity ethanol. The dopant solution
(either calcium nitrate or yttrium nitrate) was added
to a batch of preweighed spinel powder to produce a
suspension with a nominal concentration of 500 ppm
by mole of the dopant atom. The doping concentra-
tion was selected based on previous studies in spinel
doped with rare-earth elements, where doping levels
of 500 ppm were observed to be sufficient for affecting
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the microstructure and fracture behavior without bulk
segregation of second phases [10, 24]. To ensure homo-
geneous dispersion of the dopants the suspension was
thoroughly mixed using a magnetic stirrer. Then, the
suspension was dried under a vacuum to remove the
excess solvent.

A Thermal Technology LLC hot-press system
(HP20-4560-20SS) was employed to fabricate the sam-
ples. The undoped spinel and Y-doped spinel powders
were hot-pressed individually to near the theoretical
density at 1250 °C with 40 MPa applied pressure under
vacuum (<30 mTorr) for 1 h, with heating and cooling
rates of 10 °C/min. The dimensions of the hot-pressed
samples were nominally 25.4 mm in diameter and
10 mm in height. To avoid contamination from the
graphite dies used during the hot-pressing step, only
the core of the sample (~ 9 x 9 mm?) was utilized in
this study. The Ca-doped spinel sample in the as-hot-
pressed condition was synthesized in a previous study
[25] by using the same hot-press procedure described
above.

The core of the hot-press samples was sectioned
into multiple smaller parts. The microstructure and
mechanical properties of as-hot-pressed specimens
for each of the undoped, Ca-doped and Y-doped spi-
nel were analyzed to determine the baseline charac-
teristics. Other samples were annealed at 1400 °C for
48 h in an N,/H, atmosphere using a high-purity alu-
mina tube (99.5%), with heating and cooling rates of
5 °C/min. The annealing temperature and time were
selected based on previous studies on doped spinels
[10]. The segregation behavior of calcium and yttrium
atoms to the grain boundaries and its effect on the
mechanical properties were studied in detail.

Bulk microstructure

For the bulk microstructural characterization, sam-
ples were mechanically polished, followed by finish-
ing with a 50 nm diamond suspension. The porosity
and the grain-size distribution of the samples were
investigated utilizing SEM coupled with EBSD analy-
sis in a dual beam focused ion beam (FIB) instrument
(Thermo/Fisher Scientific Scios). SEM images were
acquired at an acceleration voltage of 7 kV with a
probe current of 0.8 nA using an in-lens backscattered
electron detector. EBSD analysis was performed at an
acceleration voltage of 12 kV and a probe current of
13 nA with a step size of 50 nm utilizing an EDAX
Hikari camera. EBSD data analysis was performed

using EDAX OIM software. A neighbor pattern aver-
aging & reindexing (NPAR™) protocol available
within the OIM software was utilized to obtain opti-
mal indexing of the Kikuchi patterns. This was fol-
lowed by a grain dilation with a minimum grain size
of 8 pixels to remove any spurious Kikuchi patterns
[26]. For the quantitative grain-size distribution analy-
sis a minimum of 5000 grains were used and incom-
plete grains from the edges of the EBSD maps were
ignored.

Grain-boundary character distributions

Grain-boundary plane distributions (GBPD) and
grain-boundary character distributions (GBCD) were
calculated from the EBSD results for the samples after
heat treatment using the method developed by Say-
lor et al. [27, 28]. The determination of the GBPD and
GBCD relies on multiple observations of grain-bound-
ary line segments extracted from 2-dimensional EBSD
maps. The line segments correspond to bi-crystals with
undistinguished misorientations. After a statistically
significant number of observations, the line segments
can be used to estimate the 5 parameters that describe
the different grain-boundary types. Then the GBCD
can be generated using a stereological projection cor-
responding to the distribution of grain-boundary nor-
mals for a specific axis/angle pair [11, 27, 29, 30].

For the GBPD and GBCD, grain-boundary segments
were extracted from the bulk EBSD maps using the
OIM software. To minimize the effect of pseudo-
symmetry in the EBSD maps, a post-processing step
in OIM was introduced to remove pseudo-symmetry
around the 60° rotation about the [111] axis, 38.9° rota-
tion about the [110] and 45° rotation about the [100]
axes [26]. The number of grain-boundary segments uti-
lized was 41,600, 48,400, and 53,800 for the undoped,
Ca-doped and Y-doped spinel samples, respectively.
The relative frequency of grain boundaries as a func-
tion of the misorientation angle was also calculated.

Segregation behavior

Electron-transparent thin specimens from the sam-
ples after heat treatment were prepared using a
Ga' beam in the Scios FIB instrument operated at
30 kV. Damaged layers on the surface of FIB-pre-
pared thin specimens were gently removed using
a Fischione 1040 nanomill instrument at 900 eV. To
determine the misorientation angles between grains
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in the thin lamellas, transmission Kikuchi diffrac-
tion (TKD) analysis was performed using an accel-
eration voltage of 30 kV, a current of 26 nA, and a
step size of 50 nm. To evaluate the dopant segrega-
tion behavior, detailed atomic-scale characterization
was performed using HAADF-STEM imaging in an
aberration-corrected STEM JEOL JEM-ARM200CF
instrument operated at 200 kV. XEDS analysis using
the C-factor method [31] was carried out to quantify
the calcium and yttrium excess as a function of the
grain-boundary misorientation angle extracted from
TKD analysis [32]. The XEDS spectra acquisition was
carried out using the raster-scan box method, which
consisted of scanning the electron beam over an area
of ~12 x 75 nm? for 120 s. The center of the raster-
scan box was aligned with the grain boundary for the
on-boundary measurements, ~ 28 nm away from the
grain boundary for the off-boundary condition, and
several hundreds of nanometers away for the bulk
measurements. Magnesium, aluminum, and oxygen
concentrations were also determined for all meas-
urements. The number of different grain bounda-
ries analyzed in this study was 14, 20 and 12 for the
undoped, Ca-doped and Y-doped spinel samples,
respectively.

The grain-boundary excess of calcium and yttrium
(T'y) were determined from the XEDS analysis fol-
lowing the equation [31, 33]:

b
jer XA XAV "
A Bk A
B

Here, Ny is the number of B atoms per unit vol-
ume in the bulk region (either 15.1 Mg atoms/nm?®
or 30.2 Al atoms/nmS), Xib and sz are the atomic
fraction of the dopant element A (calcium or yttrium)
at the grain boundary and in the bulk region, respec-
tively, ng is the atomic fraction of the element B in
the bulk and V and A are the interaction volume
and the grain-boundary area inside the interaction
volume. The off-boundary measurements (~ 28 nm
from the grain boundary) were used for ng and sz,
as they did not differ significantly from the bulk
measurements.

The selection of element B in Eq. (1) is of key
importance in complex oxides such as spinel where
two cation sublattices (Mg?* tetrahedral and AI**
octahedral sublattices) are present. For this reason,
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special attention was paid to elucidating the position
of calcium and yttrium atoms at the grain bounda-
ries. Similarly, Eq. (1) was used to calculate the ele-
mental deviations of host cations magnesium and
aluminum at the grain boundaries (either excess or
depletion). For example, the magnesium deviation
was calculated by considering Xib as the magnesium
concentration on-boundary and sz and ng as the
magnesium concentration off-boundary. A similar
analysis was used for the aluminum deviation.

To obtain details about the elemental distribution
of the different elements in the grain-boundary vicin-
ity, quantitative EELS analysis was performed by
acquiring spectrum-imaging (SI) datasets. The EELS
analysis was performed through a CEOS energy fil-
tering and imaging device (CEFID) equipped with
a hybrid-pixel direct electron detector Dectris ELA.
SI datasets were collected with an energy disper-
sion of 1.77 eV/channel over a range of 1820 eV for
undoped and Ca-doped spinel and 3.48 eV/channel
over a range of 3580 eV for Y-doped spinel. A con-
vergence semi-angle (a) of 34 mrad and a collection
semi-angle (f) of 60 mrad were used with a camera
length of 2.5 cm. Furthermore, the SI datasets were
acquired using CEOS Panta Rhei software, followed
by principal component analysis (PCA) in Gatan
Digital Micrograph software to remove random
noise [34]. Subsequently, quantitative analysis was
performed using the reconstructed SI datasets using
the following equation [35]:

Ny _ Ika(B, Dojp(h, 4) )
Ng  Iip(B, Aoga(B, 4) @

Here, N, and Njp are the areal densities of ele-
ments A and B, respectively, Ix4(f, 4) and I]B(ﬂ, A)
are the integrated intensities of the characteristic
edges corresponding to elements A and B, respec-
tively, oxa(B, 4) and oj5(p, 4) are the partial ioniza-
tion cross-sections for elements A and B, respectively.
The collection semi-angle p (60 mrad) and integra-
tion window 4 (34.2 eV) were kept constant, and the
subindices K and | denote that different edge fami-
lies were used depending on the elements A and B
energy-losses. Ca-L,;, Y-L;, O-K, Mg-K, and Al-K
edges were used for the quantitative analysis using
the Hartree-Slater ionization cross-section model.
The errors in the EELS quantitative analysis were
estimated considering statistical error following the
equation [35]:
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ACA = CA I (3)
KA
Iq+34/]
h= bA bA (4)
Ipa

Here, AC, is the error associated with the rela-
tive composition of the element A, C, is the relative
composition in atomic percent, Iy, is the integrated
intensity of the edge after background subtraction
over the range 4 corresponding to the element A, I,
is the integrated intensity of the background below the
integration region of the edge, and & is a dimension-
less parameter associated with the uncertainty of the
background extrapolation. The factor of 3 in front of
the square root terms in Egs. (3) and (4) indicate the 30
(3 x standard deviation), i.e., a 99% confidence limit, so
that all the errors in this manuscript represent the 3o.

The high dynamic range of the Dectris ELA detector
allowed for the acquisition of the highly intense zero-
loss peak (ZLP) simultaneously with the low-intensity
edges signals in a single spectrum without saturation.
This enabled the calculation of the relative thickness of
the specimen using the log-ratio method [35]:

t/A=1In (%) (5)

0

Here, t is the specimen thickness, 4 is the plasmon
mean free path at 200 kV in spinel, [ is the total inten-
sity of the spectrum, and I is the zero-loss peak inten-
sity extracted from the SI dataset by fitting the data in
the 4-6 eV range with a logarithmic tail model. The
relative specimen thickness term ¢/ is expressed as a
thickness with respect to the inelastic mean free path.
All grain boundaries analyzed were performed at
regions with relative thickness values below 1, which
ensured that the effect of plural scattering was mini-
mized. Hence, plural scattering deconvolution was not
applied to the EELS-SI datasets.

Bulk mechanical properties

To determine the effect of both calcium and yttrium
doping on the bulk mechanical properties, micro-
indentation hardness measurements were performed
following the ASTM-C1327-15 standard [36]. Micro-
hardness measurements were acquired using an
applied load of 1 kg, a dwell time of 10 s and a mini-
mum of 30 indentations per sample) in a LECO LM

248AT microhardness tester. The fracture toughness
was determined using the Vickers indentation fracture
(VIF) method using the following equation [37]:

1/2
E P
K. = 0.018<E> <C37> (6)

where K, is the indentation fracture toughness, E is
the elastic modulus (assumed to be 260 GPa for spinel
[1]), H, is the Vickers microhardness, P is the applied
load during indentation, and c is the measured length
of the cracks that emanate from the tips of the residual
Vickers indentation marks. Only indentations with
4 straight primary cracks were used for the fracture
toughness determination. Indentations with second-
ary cracks or spalled edges were disregarded in this
analysis.

Crack propagation behavior

The crack propagation behavior analysis around the
indentation area was conducted using SEM/EBSD
analysis following the same acquisition conditions
utilized for the bulk observations. A partition on the
image quality was performed to remove the pixels
from the crack regions without clear Kikuchi patterns.
Subsequently, quantitative analysis was performed on
the EBSD data from crack regions to determine the
percentage of transgranular fracture. Regions along
the crack path with similar colors (similar orientation
in the inverse pole figure (IPF) maps) on both sides
of the crack were assigned as transgranular, whereas
points with different colors were considered inter-
granular. The fraction of transgranular fracture was
calculated as the total length of grain with transgranu-
lar fracture divided by the total length of the crack.
A minimum of ~ 200 grains along the crack path per
sample were analyzed.

Results
Bulk microstructure

Figure 1 shows the EBSD analysis results for the sam-
ples after hot-pressing and after annealing treatments
at 1400 °C for 48 h. No noticeable grain-orientation
texture was found in any of the samples before or
after annealing. All samples in the as-hot-pressed
condition presented similar average grain sizes
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Ca-doped Spinel Undoped Spinel

Y-doped Spinel

Figure 1 Results of EBSD analysis of undoped spinel a in the
as-hot-pressed condition and b after annealing, Ca-doped spi-
nel d in the as-hot-pressed condition and e after annealing and
Y-doped spinel g in the as-hot-pressed condition and h after
annealing. All annealing treatments were carried out at 1400 °C
for 48 h in a N,/H, atmosphere. The grain-size distributions for

(Fig. 1a, d and g). The average grain size after hot-
pressing was ~ 510 nm for the undoped spinel, while
the Ca- and Y-doped samples had an average grain
size of ~440 nm and ~ 490 nm. After annealing treat-
ments, the average grain size increased to ~ 1160 nm
for the undoped sample, ~ 880 nm for the Ca-doped
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undoped, Ca-doped, and Y-doped spinel samples are compared
in ¢, f and i, respectively. The dark solid lines in all the EBSD
maps represent the reconstructed grain boundaries obtained from
the OIM software. EBSD data for Ca-doped spinel in the as-hot-
press condition extracted from [25].

spinel, and ~ 1180 nm for the Y-doped spinel sample.
For better visualization of the grain-size changes, the
grain-size distributions for samples after hot-press-
ing and annealing treatments are shown in Fig. 1c,
f and i. The grain-size measurements indicated that
calcium doping resulted in a reduced grain growth
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rate as compared to the undoped and Y-doped spinel
samples. Although the average grain size in Y-doped
spinel was nearly identical to undoped spinel some
clusters of abnormally large grain were found after
annealing as shown in Fig. 1S. The total area of the
large grains was estimated to be <5%. Due to the small
fraction of these abnormally large grains, their effect
on the segregation behavior and mechanical proper-
ties is considered negligible.

To obtain more detailed information from the
EBSD results, the misorientation-angle distributions,
grain-boundary plane distributions (GBPD), and
grain-boundary character distributions (GBCD) were
extracted using the stereological analysis developed
by Saylor et al. [27, 28] from the EBSD results for the
samples annealed at 1400 °C for 48 h. Figure 2a—c
shows the misorientation-angle distributions for the
undoped, Ca-doped and Y-doped spinel samples,
respectively. All samples presented misorientation
angles that mostly follow a random distribution. Only
grain boundaries with misorientation angles between
36 and 38° in all samples and grain boundaries with
misorientation angles ~45° in the Ca-doped sample
occurred with a slightly higher frequency than a ran-
dom distribution. Figure 2d—f presents the GBPDs
irrespective of misorientation for the undoped and
Ca- and Y-doped samples. The results indicate that all
samples presented a tendency to have grain bounda-
ries that terminate in {111} planes.

Figure 2g-i shows the GBCD for X3 coincident
site lattice (CSL) grain boundary (A(n160°/[111])) in
undoped, Ca-doped, and Y-doped spinel samples,
respectively. The ©3 CSL grain boundary was selected
for further analysis because it was the most frequent
CSL grain boundary in the bulk. Also, the EBSD analy-
sis indicated that for the misorientation angle of 60°
the most frequent misorientation axis was the [111].
The positions of the pure twist boundary type and
the pure tilt boundaries are indicated by a triangle
and a white dashed line, respectively. The undoped
spinel sample (Fig. 2g) presents a large GBCD anisot-
ropy. Also, the maximum in the stereological projec-
tion appears at the (111) boundary plane (pure twist
boundary with both crystals adjacent to the bound-
ary terminating in (111) planes). It was observed that
the grain boundaries with the pure twist configura-
tion (triangle in Fig. 2g) were found ~ 6 times more
frequently than expected in a random distribution.
Conversely, tilt boundaries were found less frequently
than expected in a random distribution as indicated

by the broad purple band along the white dashed line
in Fig. 2g (grain-boundary planes with multiples of
random distribution (MRD) values below 1). After cal-
cium and yttrium doping the anisotropy in the GBCD
decreased. The maximum in the stereological projec-
tion remains at the position of the pure twist boundary
but grain boundaries are only ~ 4 times more frequent
than expected in a random distribution. On the other
hand, the frequency of grain boundaries along the
broad band corresponding to tilt boundaries increases
after doping. A similar decrease in the GBCD anisot-
ropy was found for all misorientation angles between
20° and 60° about the [111] directions as presented in
Fig. 2S.

Calcium and yttrium segregation behavior
at grain boundaries

HAADF-STEM imaging

To further characterize the segregation behavior of
calcium and yttrium in spinel, detailed microstruc-
ture observations were performed at high resolution
in an aberration-corrected STEM instrument. Fig-
ure 3 shows representative HAADF-STEM images of
grain boundaries in near edge-on conditions in the
undoped, Ca-doped, and Y-doped spinel samples
after annealing. No impurities (besides calcium and
yttrium) or secondary phases were found in any of
the grain boundaries analyzed. It is worth noting that
the intensity in HAADF-STEM imaging increases with
the atomic numbers (Z), and therefore, this is a valu-
able technique to corroborate the presence of heavier
dopant atoms at grain boundaries [38].

The Ca-doped spinel sample showed no enhanced
intensity at the GB position (Fig. 3b). Direct observa-
tions of calcium atoms at grain boundaries in spi-
nel are challenging due to the relatively low atomic
number difference between calcium (Z =20) and host
atoms oxygen (Z =8), magnesium (Z=12) and alu-
minum (Z=13) and the rather low amount of segrega-
tion. Therefore, spectrometry-based analysis of grain
boundaries was necessary to confirm the segregation
of calcium in spinel. In the case of the Y-doped spinel
sample, the presence of yttrium at the grain bound-
ary can be clearly discerned as enhanced intensity in
Fig. 3c because of the high atomic number of yttrium
(Z=39). For this reason, a more detailed characteri-
zation of yttrium segregation behavior at the atomic
scale was performed utilizing HAADF-STEM imaging
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Figure 2 EBSD analysis of a-c¢ misorientation angle, d-f grain-
boundary plane distribution (GBPD) irrespective of misorienta-
tion, and g-i grain-boundary character distributions (GBCD) for
the £3 Mnl60°/[111]) coincident site lattice (CSL) grain bound-
ary for undoped, Ca-doped and Y-doped spinel samples after
annealing at 1400 °C for 48 h in N,/H,. The GBCD was plotted

to elucidate the exact position of yttrium atoms at
grain boundaries in spinel.

Figure 4 shows direct observations by atomic-res-
olution HAADF-STEM imaging of yttrium atoms at
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in stereographic projection along the [001] direction. The inten-
sity in the GBPDs and GBCDs is expressed in multiples of ran-
dom distribution (MRD). A triangle indicates the position of the
pure twist boundary while a white dashed line indicates pure tilt
boundaries.

grain boundaries in spinel. Figure 4a shows a grain
boundary that was orientated to near edge-on condi-
tion. In this condition, the grains on both sides of the
boundary were not aligned to any major zone axis.
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Figure 3 Representative high-angle annular dark-field scanning »

transmission electron microscopy (HAADF-STEM) images of
grain boundaries in near edge-on conditions in the a undoped,
b Ca-doped and ¢ Y-doped spinel samples after annealing at
1400 °C for 48 h in N,/H,. Due to the atomic number difference
between doping atoms and host cations, only the yttrium segrega-
tion at the grain boundary resulted in an enhanced intensity at the
grain-boundary (GB) position.

However, some lattice planes can still be observed.
Additionally, clear yttrium segregation was found
as indicated by the enhanced intensity at the grain-
boundary location. The full width a half maximum
(FWHM) of this enhanced intensity region corre-
sponding to yttrium segregation was ~ 0.6 nm. The
exact location of yttrium atoms in the spinel structure
cannot be determined from this edge-on configuration
alone. For this reason, the grain on the bottom side of
Fig. 4a was oriented along the [112] direction to have
a clearer view of individual yttrium atom positions.

Figure 4b shows the atomic-scale HAADF-STEM
image of the same grain boundary shown in Fig. 4a
after tilting so that the [112] direction of the bottom
grain is parallel to the electron beam. In this condi-
tion, only enhanced intensity at discrete locations of
the grain boundary can be seen (red box in Fig. 4b),
which corresponds to the positions of individual
yttrium atoms. A magnified view of this region with
enhanced intensity (Fig. 4c) revealed that yttrium
atoms are separated by a distance of ~ 0.47 nm, which
corresponds to the interplanar spacing of {111} planes.
Also, Fig. 4d shows the position of the atoms in an
ideal spinel structure oriented along the [112] direc-
tion drawn using the software VESTA [39]. The posi-
tions of yttrium atoms have been overlaid to the spinel
structure at the grain boundary, revealing that yttrium
atoms preferentially occupy aluminum octahedral
sites.

Quantitative EELS analysis

Quantitative EELS analysis was performed in the
undoped, Ca-doped and Y-doped spinel samples to
gain more information about the spatial distribution
of dopants and host cations in the vicinity of grain
boundaries. As explained previously, direct observa-
tion of calcium atoms at grain boundaries in spinel

1835

(a) Undoped Spinel

(b) Ca-doped Spinel

(c) Y-doped Spinel
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Figure 4 a Atomic-reso-
lution high-angle annular
dark-field scanning transmis-
sion electron microscopy
(HAADF-STEM) image

of a grain boundary in the
Y-doped spinel sample

after annealing at 1400 °C
for 48 h in N,/H, in near
edge-on condition. b The
same grain boundary in a
but the grain on the bottom
of the image was orientated
along the [112] zone axis to
facilitate the visualization

of the yttrium segregation.

¢ Detailed view of the area
indicated by a red square in
b showing the position of
yttrium atoms at the grain
boundary. d A schematic of
the projected spinel structure
in identical orientation as

¢ drawn using the VESTA
software [39]. Yttrium
atoms preferentially occupy
aluminum octahedral sites at
the interface in this particular
grain boundary.

by HAADEF-STEM imaging is challenging due to the
lower atomic number difference between dopant and
host cations. For this reason, spectrometry analysis
by EELS-SI was employed to study the segregation
behavior of calcium in spinel. Special attention was
paid to the effect of doping on the non-stoichiometry
at the grain boundary.

EELS-SI datasets were acquired in the vicinity
of grain boundaries in the undoped spinel sample
and subsequent quantitative analysis was carried
out to serve as a reference. Figure 5a shows the sur-
vey HAADEF-STEM image, and Fig. 5b shows the
HAADF-STEM image from the regions indicated by
a red square in Fig. 5a acquired simultaneously with
the EELS-SI dataset. Nanometer-scale facets were
observed along the grain boundary as seen in Fig. 5b.
Figure 5c shows the thickness of the analyzed area
was below 0.5 t/A indicating the probability of plural
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scattering was negligible. Hence, plural scattering
deconvolution was not applied before the quantitative
analysis. Figure 5d-f shows the quantitative maps cor-
responding to the Mg-K, Al-K and O-K edges, respec-
tively. It is worth noting that a non-stoichiometric dis-
tribution of constituent atoms was found at the grain
boundary. A magnesium depletion, coupled with
aluminum excess and oxygen excess was observed
in two different grain boundaries in undoped spinel
investigated in this study.

Similarly, EELS quantitative analysis from the
vicinity of a grain boundary in the Ca-doped spinel
sample was performed. Figure 6a shows the survey
HAADF-STEM image, and Fig. 6b shows the HAADEF-
STEM image from the regions indicated by a red
square in Fig. 6a acquired simultaneously with the
EELS-SI dataset. Relatively strong channeling con-
trast can be observed in the right-side grain in Fig. 6b.
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(a) HAADF-STEM (b) HAADF-STEM (c) Thickness (t/A)
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Figure 5 a A HAADF-STEM survey image used to determine sponding to c relative specimen thickness and concentration cor-
the position of the area of interest for the EELS-SI dataset. b A responding to d the Mg—K, e Al-K, and f O-K ionization edges.
HAADF-STEM image acquired simultaneously with an EELS- The black dashed lines in the lookup table in d-f correspond to
SI in the vicinity of a grain boundary in the undoped spinel after the composition of stoichiometric spinel (Mg: 14.3 at%, Al: 28.6
annealing at 1400 °C for 48 h in N,/H,. Quantitative maps corre- at%, and O: 57.1 at%).

Figure 6 a A HAADF- (a) HAADF-STEM  (b) HAADF-STEM  (c) Thickness (t/A)
STEM survey image used to 1 =
determine the position of the '
area of interest for the EELS-
SI dataset. b A HAADF-
STEM image acquired simul-
taneously with an EELS-SI in
the vicinity of a grain bound-
ary in the Ca-doped spinel
after annealing at 1400 °C for
48 h in N,/H,. Quantitative 20 nm
maps corresponding to ¢ rela- | -
tive specimen thickness and (d) Ca-L, ; (at%) (e) Mg-K (at%) (f) Al-K (at%)
concentration corresponding 3 ) 20 IS

to d the Ca-L2,3, e Mg-K, f
Al -K, and g O-K ionization -
edges. The black dashed lines
in the lookup table in e-g
correspond to the composi-
tion of stoichiometric spinel
Mg: 14.3 at%, Al: 28.6 at%,
and O: 57.1 at%).

(9) O-K (at%)
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Additionally, the thickness of the analyzed regions
was below 0.6 t/A and therefore, plural scattering
deconvolution was not applied to the EELS-SI dataset.
Segregation of calcium (Fig. 6d) as well as magnesium
depletion (Fig. 6e) and aluminum excess (Fig. 6f) can
be clearly discerned at the grain boundary. Addition-
ally, a slight oxygen depletion was found at the grain
boundary as shown in Fig. 6g. This segregation behav-
ior in Ca-doped spinel is consistent with EELS meas-
urements taken in all three different grain boundaries
analyzed in this study.

Similarly, EELS-SI datasets were acquired in the
vicinity of grain boundaries in the Y-doped spinel
sample. Figure 7a shows the HAADF-STEM survey
image from the grain-boundary regions where a
region of interest is indicated by a red square. Fig-
ure 7b shows the HAADF-STEM image from the area
indicated in Fig. 7a. The thickness in Fig. 7c was below
0.6 t/A, and therefore, no plural scattering devolution
was applied to the EELS-SI dataset. Figure 7d shows
clear segregation corresponding to yttrium at the
grain boundary. Magnesium depletion at the grain
boundaries was also found in this sample (Fig. 7e). A
more complex aluminum distribution was observed
at the grain boundary compared to the undoped and

(b) HAADF-STEM

(a) HAADF-STEM

5m

2 nm
-_— [ ]
(d) Y-L; (at%)

(e) Mg-K (at%
- 1 i 3

)

Figure 7 a A HAADF-STEM survey image used to determine
the position of the area of interest for the EELS-SI dataset. b A
HAADEF-STEM image acquired simultaneously with an EELS-
SI in the vicinity of a grain boundary in the Y-doped spinel after
annealing at 1400 °C for 48 h in N,/H,. Quantitative maps corre-
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Ca-doped conditions (Fig. 7f). The grain-boundary
core was depleted of aluminum while the neighbor-
ing area was enriched in aluminum. Also, oxygen
depletion was found at the grain-boundary core as
illustrated in Fig. 7g. Here it is worth noting that this
segregation behavior was discernable in all 3 different
grain boundaries analyzed in this study and it is only
noticeable when the grain boundary is almost per-
fectly aligned to the edge-on condition. For example,
the bottom region in Fig. 7d presents yttrium segrega-
tion but no clear aluminum excess with depletion in
the grain-boundary core was seen because the grain-
boundary orientation locally changed in this area,
leaving the grain boundary slightly away from the
edge-on condition.

To better visualize and compared the differences
in the segregation behavior between the undoped
and the Ca- and Y-doped spinel samples, line
profiles were extracted from the dotted rectangu-
lar regions in Figs. 5, 6 and 7 for the magnesium,
aluminum, oxygen, calcium and yttrium concen-
trations. Figure 8a shows magnesium depletion
as well as aluminum and oxygen excess at the
grain-boundary position in the undoped spinel
sample. Figure 8b shows the calcium segregation,

(c) Thickness (t/A)

sponding to c relative specimen thickness and concentration cor-
responding to d the Y-L;, e Mg—K, f Al -K, and g O-K ionization
edges. The black dashed lines in the lookup table in (e-g) corre-
spond to the composition of stoichiometric spinel (Mg: 14.3 at%,
Al: 28.6 at%, and O: 57.1 at%).
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Figure 8 Concentration profiles of constituent atoms in spinel
as extracted from the box regions indicated in Figs. 5-7 for a
undoped spinel, b Ca-doped spinel and ¢ Y-doped spinel samples
after annealing at 1400 °C for 48 h in N,/H,. The error bars rep-

magnesium depletion, aluminum excess, and slight
oxygen depletion in the Ca-doped spinel sample.
Figure 8c presents the concentration profiles for the
Y-doped sample. Yttrium segregation at the core of
the grain boundary is clearly discernible. Moreover,
the grain boundaries were deficient in both magne-
sium and oxygen as compared to bulk after yttrium
doping. A unique aluminum segregation behavior
characterized as a “V” shape around the core of the
boundary was observed. The core of the boundary
was depleted of aluminum along with an excess of
aluminum atoms just off the grain-boundary core
region into the grains on both sides of the boundary.

It is worth noting that the calcium segregation
appears to be broader compared to the yttrium seg-
regation. The calcium segregation peak in Fig. 8b
presented a FWHM of ~ 3 nm while the yttrium seg-
regation peak in Fig. 8c was ~ 0.5 nm. This broader
calcium segregation occurred because the grain
boundary was inclined during the EELS-SI acquisi-
tion. As the calcium segregation cannot be readily

-10-8 -6 -4 -2
Distance From The Grain Boundary (nm)

0 2 46 810 -4 -2 0 2 4

Distance From The Grain Boundary (nm)

resent a 99% confidence limit (+306), and the horizontal dashed
lines correspond to the stoichiometry composition of spinel (Mg:
14.3 at%, Al: 28.6 at%, and O: 57.1 at%).

observed in HAADF-STEM imaging, it is difficult
to orient the grain boundaries close to the edge-on
condition compared to Y-doped spinel sample.

Quantitative XEDS analysis

Although the EELS results provided information
about the segregation of host and dopant atoms
with sub-nanometer spatial resolution in the grain-
boundary vicinity, it is not possible to determine the
deviation (excess or depletion) of the constituents and
dopants at the grain boundary effectively from the
EELS results. Hence, quantitative XEDS analysis using
the C-factor method was carried out in the vicinity of
several grain boundaries. The acquisition of the XEDS
spectra was carried out as a function of the grain-
boundary misorientation angle. TKD analysis on the
SEM was used to determine the misorientation angle
of all grain boundaries on the thin TEM lamella. Then,
low- and high-angle grain boundaries were selected
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Figure 9 Quantitative XEDS analysis using the {-factor method
in the vicinity of different grain boundaries, plotted as a function
of misorientation angle. The concentration of a magnesium, b
aluminum and ¢ oxygen in undoped spinel, d magnesium, e alu-
minum, f oxygen and g calcium in Ca-doped spinel and h mag-
nesium, i aluminum, j oxygen and k yttrium in Y-doped spinel
samples after annealing at 1400 °C for 48 h in N,/H,. The red
horizontal dashed lines in a-c¢, d-f and h-j represent the stoi-

for the XEDS analysis with the aim of covering a wide
range of different grain-boundary types.

Figure 9 shows the concentration of magnesium,
aluminum and oxygen for the undoped, Ca-doped
and Y-doped spinel samples as well as the concentra-
tion of calcium and yttrium on-boundary, off-bound-
ary and in the bulk positions. Remarkably good agree-
ment with the quantitative EELS analysis was found in
the case of magnesium concentration (Fig. 9a, d and h)
where all samples presented magnesium depletion at
the on-boundary position compared to the off-bound-
ary (~28 nm away from the grain boundary) and the
bulk (several hundreds of nanometers away from the
grain boundary). Additionally, aluminum excess at the
boundary position was found in the undoped and Ca-
doped spinel samples but no significant change in the
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chiometry composition of spinel (Mg: 14.3 at%, Al: 28.6 at%,
and O: 57.1 at%) and the error bars represent a 99% confidence
limit (+30). The detectability limit for calcium and yttrium
was~0.03+£0.01 at% and~0.04+0.02 at%, respectively, esti-
mated from the fluctuation of background intensities under
the Ca-K and Y-K peaks based on the criterion for a minimum
detectable peak (I > 3\/@, where [ is the peak intensity above
the background intensity B [42]) .

case of the Y-doped spinel sample (Fig. 9b, e and i).
Here it is worth noting that, for the XEDS analysis,
the box method was used consisting of scanning the
beam over an area of approximately ~ 12 x 75 nm? and
therefore subtle details in the segregation behavior
such as the “V” shape segregation behavior obtained
by EELS-SI were missed. In other words, the alu-
minum concentration at the boundary position for the
Y-doped spinel samples was averaged out in the XEDS
analysis due to the size of the scanned area, resulting
in a net zero change in the composition compared to
the off-boundary position. In the case of the oxygen
concentration (Fig. 9¢, f and j), the on-boundary posi-
tion presented slightly higher concentration than the
off-boundary and bulk positions in the undoped Ca-
doped or Y-doped spinel samples.
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Finally, the calcium and yttrium concentrations
are shown in Fig. 9g and k, respectively. The calcium
concentration ranged from ~ 0.1-0.4 at% while the
yttrium concentration was between ~ 0.4-0.7 at%. A
higher calcium concentration at grain boundaries with
high angles of misorientation was observed. On the
other hand, there is no strong correlation between the
yttrium concentration and the grain-boundary mis-
orientation angle. No calcium or yttrium was found
in the off-boundary or bulk positions considering the
minimum detectability limit of the XEDS analysis
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employed (~0.03 £0.01 at% and ~0.04 £0.02 at%,
respectively, and the errors indicate the 30 ranges).
These measurements are consistent with previous
studies that considered the solubility of calcium and
yttrium in spinel negligible or below the detectability
limit of the different analyses utilized [40, 41].

A more thorough measurement of the segregation
behavior of calcium, yttrium and host cations alu-
minum and magnesium was performed deconvoluting
the boundary inclination, beam-broadening and thick-
ness effects. The XEDS measurements were quantified
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Figure 10 Elemental deviations of magnesium and aluminum
at grain boundaries in a-b undoped, c-d Ca-doped and f-g
Y-doped spinel samples after annealing at 1400 °C for 48 h in
N,/H,, respectively. Calcium and yttrium excess are shown in e
and h, respectively. The error bars represent a 99% confidence
limit (+30). The detectability limit of calcium and yttrium

was~0.03+0.01 at% (0.07+0.02 atoms/nm?) and~0.04+0.02
at% (0.11+0.06) atoms/nm?), respectively, estimated from the
fluctuation of background intensities under the Ca-K and Y-K
peaks based on the criterium for a minimum detectable peak
> 3\/@, where [/ is the peak intensity above the background
B [42].
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in terms of grain-boundary excess or depletion and
thus, the results can be readily compared with other
such measurements.

Figure 10 shows the elemental deviations of
magnesium and aluminum at grain boundaries in
undoped, Ca-doped and Y-doped spinel as well as
the calcium and yttrium excess, calculated using
Eq. (1). Here, the number of monolayers was cal-
culated assuming a (111) plane since this was the
most frequent grain-boundary plane as shown in
Fig. 2. In the undoped spinel (Fig. 10a and b), the
magnesium depletion was quantified in the range
of ~0.5-4.5 atoms/nm? (~ 0.2-1.3 monolayers), while
the aluminum excess was in the range from ~ 0-4.5
atoms/nm? (~ 0-0.8 monolayers). Here it is worth
noting that the magnesium depletion and aluminum
excess might be distributed over more than one mon-
olayer in the vicinity of the grain boundary due to
the formation of a space-charge layer with a width
of a few nanometers [18, 43-45]. Line scans shown in
Fig. 8 indicated that for grain boundaries near edge-
on conditions, the main features of the non-stoichi-
ometry are restricted to a width of <6 nm. Therefore,
the raster-scan box used in the XEDS analysis with
a width of ~ 12 nm is considered to include the vast
majority of the localized changes in composition at
the grain boundaries.

Figure 11 Representative

(a) Undoped Spinel

SEM images of cracks intro-
duced by Vickers micro-
hardness indentations in a
undoped, b Ca-doped and ¢
Y-doped spinel samples after
annealing at 1400 °C for 48 h
in N,/H,. More significant
crack deflections (more tortu-
ous path) can be observed in
the Ca- and Y-doped spinel
samples compared to the
undoped condition.
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For the Ca-doped spinel sample, the magnesium
depletion was ~ 0.5-2.5 atoms/nm? (~ 0.2-0.8 mon-
olayers) and the aluminum excess was ~ 0.1-1.5
atoms/nm? (~ 0.02-0.3 monolayers). It has been pre-
viously demonstrated by the research group that cal-
cium preferentially substitutes magnesium at grain
boundaries in Ca-doped spinel [25]. For this reason,
the calculation of calcium excess was performed
assuming calcium simply replaces magnesium at the
grain boundary, given an excess of ~ 0.1-0.8 atoms/
nm? (~ 0.03-0.23 monolayers).

In the case of Y-doped spinel, the magnesium deple-
tion was in the range of ~ 0.2-0.5 atoms/nm? (~ 0.5-1.5
monolayers). The aluminum deviation ranged from
an excess of ~ 1.3 atoms/nm? (~ 0.25 monolayers) to a
depletion of ~ 1.1 atoms/nm? (~ 0.2 monolayers). On
average, the aluminum deviation in the Y-doped spec-
imen was ~ 0 atoms/nm?, accounting for the depletion
at the boundary core and the excess in the surrounding
area. Direct observations by HAADF-STEM imaging
(Fig. 4) and quantitative EELS mapping (Fig. 7) indi-
cated that yttrium preferentially occupies aluminum
sites at the grain-boundary position. Therefore, for
the calculation of yttrium excess, it was assumed that
yttrium simply replaces aluminum. In that case, the
yttrium excess was in the range of ~ 1.1-2.4 atoms/nm?
(~0.2-0.45 monolayers).

Crack Deflections

Crack Deflections

Crack Deflections
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Bulk mechanical properties and fracture
behavior

The fracture behavior of the spinel samples was inves-
tigated by analyzing the cracks induced by Vickers
indentation. SEM micrographs of a set of representa-
tive cracks for the undoped, Ca-doped and Y-doped
spinel are presented in Fig. 11. The crack propagated
from left to right in the image for all the cracks pre-
sented in Fig. 11. A small section of the Vickers inden-
tation mark can be seen on the left side of the SEM
images in Fig. 11. The cracks primarily emanated
from the 4 corners of the residual Vickers indentation
marks, but secondary cracks were also observed. Fig-
ure 11a shows a representative crack in the undoped
spinel sample where the crack path is primarily
straight with minor crack deflections near the crack
tip as indicated by red arrows. In the case of Ca-doped

Figure 12 Sets of SEM
image (top) and a cor-
responding EBSD map
(bottom) for a undoped, b
Ca-doped and ¢ Y-doped
spinel showing crack
propagation behaviors after
annealing at 1400 °C for

48 h in N,/H, The magnified
view in ¢ shows a region of
the crack where consecutive
crack deflections at the grain
boundaries occurred.

r——

SEM

EBSD

SEM

EBSD

SEM

EBSD

(a) Undoped Spinel

spinel (Fig. 11b), more crack deflections can be seen
along the crack path. For the Y-doped spinel sample
(Fig. 11c), more pronounced crack deflections (more
tortuous path) can be seen as indicated by arrows.
The average crack length for the undoped spinel was
77.8 +1.1 um, which decreased to 74.1 + 1.1 pm for Ca-
doped spinel and further decreased to 73.6 +1.0 um
for Y-doped spinel (error corresponding to a 99%
confidence level). Despite some electron channeling
contrast that allows visualizing some of the grains
along the crack trajectory, it is not easy to differenti-
ate between regions of the crack with transgranular or
intergranular fracture. For this reason, EBSD analysis
in the vicinity of the cracks was carried out to obtain
a better insight into the crack propagation behavior.
Figure 12 shows the results of SEM/EBSD analyses
performed in the vicinity of cracks for the undoped,
Ca-doped and Y-doped spinel samples. For this

001 101
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Figure 13 Summary of mechanical properties measurements » ( )
100

showing a percentage of transgranular fracture, b Vickers micro- Undoped Spinel
hardness and c¢ indentation fracture toughness for undoped, Ca- Ca-doped Spinel
doped and Y-doped spinel in the as-hot-pressed and after anneal- 9 - Y-doped Spinel
ing conditions. Mechanical properties for Ca-doped spinel in the o 80r
as-hot-press condition extracted from [25]. § T

©

S 60t :

5 7
analysis, cracks with spallation were excluded. The Ei
EBSD analysis revealed that the fracture behavior g 40r
for all samples was a mixture of intergranular and 2
transgranular cracking. The Y-doped spinel sample E 20
presented evidence of crack bridging, as seen in the
SEM image of Fig. 12c (dotted black box). A magnified

view of the same region but in the EBSD analysis of As Hot-Pressed After Annealing
Fig. 12c shows how this crack bridging is followed by 48 h at 1400 °C
intergranular cracking and more significant changes (b)

in the crack trajectory occurred when the crack was

deflected by the grain boundaries. However, some 1700 [Mean +1SD Un dopeld Spinel
minor crack deflections also occurred at grain bounda- 1650 @ | Mean*3SD Ca-doped Spinel|
ries between two adjacent grains with transgranular s Mean B2 Y-doped Spinel

>
T
fractures (Fig. 3S). Additionally, the Y-doped spinel o 1600 1
sample presented more secondary cracks emanat- 2
. . . 5 1550 ]
ing from the corners of the indentation marks than 5
undoped and Ca-doped spinel. '§ 1500 | ]
Figure 13 shows the summary of the mechanical é
properties of all the samples in the as-hot-pressed and o 1450 —%H |
after annealing. First, Fig. 13a shows the percentage % 1400 - i
of the total crack length corresponding to transgranu- >
lar grains. The fraction of transgranular cracking was 1350 - 1
determlﬁed b}'l measuring the .length of grains with the As Hot-Pressed After Annealing
same orientation (same color in the IPF maps) on both 48 h at 1400 °C

sides of the crack normalized by the total length of
the crack using EBSD analysis. The indentation cracks
propagated transgranularly for 40% to 55% of the
crack length in the as-hot-pressed undoped and doped
samples. After annealing, the transgranular fracture
increased, being very similar for undoped (69.1 +5.5%)
and Y-doped spinel (71.5+2.2%) and slightly lower for
Ca-doped spinel (63.4 +7.5%) (error bars correspond-
ing to a 95% confidence level). The Vickers microhard-
ness results (Fig. 13b) indicated that the microhardness
decreased after annealing for all samples. Figure 13c
shows that the indentation fracture toughness of the
Ca- and Y-doped samples increased after annealing.
Additionally, the fracture toughness of the Ca- and
Y-doped samples is higher than in the undoped condi-
tions, especially after annealing (Fig. 13c).
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Figure 14 Summary of elemental deviations (excess or deple-
tion) of a magnesium and b aluminum at grain boundaries
in undoped, Ca-doped, and Y-doped spinel after annealing at
1400 °C for 48 h in N,/H,.

Discussion

Calcium and yttrium segregations at grain bound-
aries in spinel were confirmed by EELS and XEDS
analysis of individual grain boundaries. No second-
ary phases, additional impurities or intergranular
films were detected in any of the grain boundaries
analyzed in this study. Thus, the changes in the
grain-boundary character distribution, the impact
on the fracture behavior and the increase in indenta-
tion fracture toughness can be considered primarily
due to the segregation of calcium and yttrium atoms

at the grain boundaries. This isolated effect of seg-
regation provides a key opportunity to thoroughly
discuss new insights into how grain-boundary seg-
regation, a phenomenon at the nanoscale, affects the
mechanical properties at the microscale in spinel, as
detailed below.

Effect of calcium and yttrium segregation
on the grain-boundary character distribution

Figure 1 shows that calcium doping reduced the grain
growth rate compared to undoped spinel. Similar
grain growth suppression has been observed in Ca-
doped spinel samples where smaller grain sizes com-
pared to undoped spinel can be explained as a solute
drag effect [20, 25]. Yttrium doping had no significant
effect on the average grain size compared to undoped
spinel. This is in good agreement with a previous
study by Zubrzycka and coworkers where the crys-
tallite size was very similar with and without yttrium
doping [46]. A systematic study involving heat treat-
ments at different temperature/time conditions could
provide clearer insight into the effect of calcium and
yttrium segregation on grain growth behavior. This
research was focused on the grain-boundary seg-
regation behavior of calcium and yttrium and their
effect on microhardness, fracture toughness and crack
propagation behavior. Hence a study of grain growth
effects was not pursued.

Figure 1 shows that no significant grain-orientation
texture was found in the EBSD analysis for any of the
samples, irrespective of doping condition or anneal-
ing treatment. Also, Fig. 2(d—f) shows that calcium
and yttrium segregation at grain boundaries had no
significant impact on the GBPD irrespective of misori-
entation. It was found that all samples after annealing
tended to form grain boundaries terminating in {111}
planes. However, calcium and yttrium segregations
in spinel grain boundaries had a great impact on the
GBCD, as shown in Fig. 2(g—i). Over a wide range
of misorientation angles about the [111] axis (from
20 to 60°), two main trends were identified. Ca- and
Y-doped spinel samples presented a higher frequency
of tilt boundaries, and a lower frequency of pure twist
boundaries, compared to undoped spinel.

It could be argued that the free volume available
in the twist and tilt boundaries and the ability to
accommodate the larger dopant atoms within these
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spaces is the key driving force for the changes in the
GBCDs. Pure tilt boundaries are exclusively formed
by edge dislocations while pure twist boundaries are
formed by screw dislocations [47]. Edge dislocations
have larger excess free volumes compared to screw
dislocations [48]. The most thermodynamically sta-
ble configuration for the larger yttrium and calcium
cations in spinel grain boundaries is where the elastic
strain is minimal. The larger excess free volume at tilt
boundaries compared to twist boundaries facilitates
the accommodation of larger yttrium (r;=90 pm [16])
and calcium (r;=100 pm [16]) cations at grain bounda-
ries in spinel. Therefore, dopants can induce the for-
mation of more tilt boundaries as compared to twist
boundaries to minimize the elastic strain energy at the
interface. Thus, the prevalence of the tilt boundaries
in the annealed doped samples was considered to be
a result of energy minimization during annealing due
to calcium and yttrium segregation.

During annealing, calcium and yttrium promote
the formation of tilt boundaries as the grain-bound-
ary energy of those boundaries is expected to decrease
after segregation. Consequently, the area fraction of
tilt boundaries grows allowing the accommodation
of even more excess dopants, at the expense of less
energetically favorable twist boundaries that can
accommodate far less excess dopant. The changes in
the population of grain boundaries with the [111] rota-
tion axis occurred over a wide range of misorientation
angles. However, the reason why this phenomenon is
accentuated in the A(n160°/[111]) population of grain
boundaries is because of the highly symmetric ¥.3 CSL
grain boundary. The symmetry of the X3 grain bound-
ary is such that the atoms at the interface occupy posi-
tions where the first nearest neighbors resemble those
in the bulk, allowing almost no free space for segrega-
tion to occur [49].

The overall effect of the calcium and yttrium segre-
gation on the population of grain boundaries with the
[111] rotation axis is that the boundary anisotropy was
considerably reduced. An inverse correlation between
the frequency of grain boundaries in a specific popula-
tion and the grain-boundary energy has been found by
Saylor et al. [50]. Therefore, it is reasonable to expect
that the grain-boundary energy anisotropy was also
reduced after calcium and yttrium doping compared
to undoped spinel for grain boundaries with the [111]
rotation axis.
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Segregation behavior of calcium and yttrium
atoms in spinel

All grain boundaries analyzed in this study for the Ca-
and Y-doped spinel samples presented segregation
of the corresponding dopants. There is an important
component of the segregation driving force arising
from the elastic strain due to the ionic size mismatch
between dopants and host cations [51]. The ionic radii
of the dopant cations are 100 pm for Ca** and 90 pm
for Y**, compared to 57 pm for Mg* in tetrahedral sites
and 53 pm for AI** in octahedral sites. [16]. Therefore,
this ionic radius mismatch, together with a reduction
of the grain-boundary energy [52], contributed to the
grain-boundary segregation of calcium and yttrium
in spinel.

All the spinels, doped and undoped, exhibited
non-stoichiometry of cations at the grain boundary.
For undoped spinel, a depletion of magnesium and
excess aluminum (Mg:Al ratio < 1) was observed. This
is consistent with previous studies where magnesium
depletion and aluminum excess were found at the
grain boundaries [44, 53]. Therefore, the segregation
behavior for the undoped spinel was used as a refer-
ence point for the discussion of calcium and yttrium
segregation behaviors. Additionally, the discussion of
the segregation behavior will be mainly focused on the
changes in the cation sublattices, leaving aside the oxy-
gen sublattice, since calcium and yttrium are expected
to either occupy magnesium or aluminum sites at the
grain boundary.

There are only a handful of previous studies in
spinel where the exact position of dopant atoms at
grain boundaries has been determined. For instance,
in Eu-doped spinel, there is a tendency of europium to
occupy aluminum sites in spinel [15, 17]. Another case
is Yb-doped spinel where ytterbium forms staggered
pairs at the grain boundary occupying both magne-
sium tetrahedral and aluminum octahedral sites [8].
These two dopant elements have different effects on
the grain-boundary fracture toughness and therefore
it is of great interest to determine the exact position of
calcium and yttrium atoms at grain boundaries to have
a better understanding of their effects on the mechani-
cal properties.

In the case of Y-doped spinel, Y?* preferentially
occupies AI’* octahedral sites at grain boundaries in
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spinel as can be directly seen by HAADF-STEM imag-
ing (Fig. 4). Quantitative analysis by EELS-SI (Fig. 5)
revealed that there was preferential aluminum seg-
regation at grain boundaries in the undoped spinel
sample after annealing at 1400 °C for 48 h in N,/H,.
Hence, it is reasonable to expect competition at the
grain-boundary core between segregating Y** cations
and host AI** cations. This grain-boundary segrega-
tion competition is exemplified in Fig. 7, where the
segregation of yttrium at grain boundaries causes
aluminum atoms to migrate away from the grain-
boundary core. The migration of aluminum away
from the boundary is reasonable considering the large
ionic radius of Y®* cations, making the incorporation
of yttrium in the lattice thermodynamically unstable
due to the large elastic strain.

In the case of Ca-doped spinel, direct observation
of calcium atoms by HAADF-STEM imaging was
not very straightforward due to the relatively lower
atomic number difference between calcium and
host cations. Instead, EELS-SI results indicated that
calcium segregation at grain boundaries occurred.
Additionally, magnesium depletion and aluminum
excess at the grain boundary were present, similar to
the undoped spinel. This segregation behavior is also
consistent with previous studies on Ca-doped spinel
[18]. Regarding the position of the calcium atoms at
the grain boundaries, calcium atoms occupying alu-
minum sites would introduce additional elastic strain
to the grain boundary since aluminum is already
found in excess. Therefore, the most plausible option
is that calcium simply replaces magnesium atoms at
the boundary. A similar conclusion has been drawn
in a previous study on Ca-doped spinel annealed at
1400 °C for 48 h in an air atmosphere [25].

The calcium excess presented a tendency to increase
with the misorientation angle, while the yttrium excess
remained almost constant. The reason for the anisot-
ropy in the grain-boundary segregation of calcium
could be related to the larger ionic radius of calcium
(100 pm [16]) compared to yttrium (90 pm [16]). Cal-
cium can be more easily accommodated at high-angle
grain boundaries where, in general, more excess free
volume is available for segregation. Yttrium, with a
smaller ionic radius, can more easily fit at the grain
boundaries of all misorientation angles. However,
a larger number of grain boundaries analyzed by
XEDS are necessary to draw clearer conclusive trends
between the ionic radius and the anisotropy in the
grain-boundary segregation in spinel.

The quantitative XEDS results were in very good
agreement with the EELS-SI analysis. The non-stoichi-
ometry at grain boundaries was quantified in terms of
elemental deviations, either depletion or excess at the
grain boundaries, not only for the dopant atoms but
also for host cations (Fig. 10). To summarize the results
from Fig. 10, the average values of elemental devia-
tions for magnesium and aluminum at grain bounda-
ries in undoped, Ca-doped and Y-doped spinel are
shown in Fig. 14. Ca-doped spinel was characterized
by a slight decrease in the magnesium depletion and
the aluminum excess compared to the undoped spinel.
Y-doped spinel had a more significant reduction in
the aluminum excess compared to Ca-doped spinel, as
shown in Fig. 14. The analysis of elemental deviation
in this study evidence how segregation of dopants at
grain boundaries in spinel affects the local composi-
tion of host cations, modifying the non-stoichiometry
at the interfaces.

Effect of calcium and yttrium doping
on the mechanical properties in spinel

It is worth noting that all samples presented very
similar porosity levels. Also, previous studies have
found that changes in grain size of up to~30 pum
(much greater than grain-size differences in this
study of only ~ 300 nm) had no significant effect on
the fracture toughness measurements of spinel [54].
As the porosity and grain-size differences being ruled
out, the main discussion will be focused on the dif-
ferences in the segregation behavior of calcium and
yttrium compared to undoped spinel and their effect
on the mechanical properties. Figure 2 shows that cal-
cium and yttrium doping increase the fraction of tilt
boundaries compared to undoped spinel. However,
to determine whether tilt boundaries have higher
fracture toughness compared to twist boundaries and
potentially increase the bulk fracture toughness or not,
micromechanical testing of individual grain bounda-
ries is essential.

Crack deflections appeared to be more prominent in
the Ca-doped spinel sample compared to the undoped
spinel, and even more pronounced for the Y-doped
spinel, as shown in Fig. 11. However, SEM images in
Fig. 11 only provide qualitative insights into the frac-
ture behavior. For this reason, the frequency of crack
deflections was quantified and normalized by the
total crack length. Crack deflections were considered
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as changes in the trajectory of the crack. Crack deflec-
tions occurred every 7.5 um (95% confidence inter-
val is +2.7 um) for undoped spinel, 6.5 pum (95%
confidence interval is + 0.9 pm) for Ca-doped spinel
and 5.5 pum (95% confidence interval is + 1.7 um) for
Y-doped spinel. A critical review of the EBSD maps
revealed that some of the crack deflections occurred
due to intergranular cracking, while other deflec-
tions corresponded to changes in the crack path after
encountering a grain boundary between two adjacent
grains with transgranular fracture (Fig. 3S). Both inter-
granular and transgranular fractures contributed to
the tortuosity of the crack path.

The percentage of transgranular fracture for the
undoped and Y-doped samples after annealing was
very similar, as shown in Fig. 13a. Only the Ca-doped
spinel sample after annealing presented a slightly
lower percentage of transgranular fraction that could
be related to the slightly smaller average grain size
(860 nm for Ca-doped vs 1160 nm and 1180 nm for
undoped and Y-doped spinel, respectively). The effect
of grain size on the transgranular fracture can be more
clearly seen when comparing any of the samples in
the as-hot-pressed condition with the samples after
annealing. Because of the smaller grain size, samples
in the as-hot-pressed condition have a higher den-
sity of grain boundaries and consequently, a higher
probability of the crack path encountering a grain
boundary. As a result, the fraction of intergranular
fracture was higher in the samples after hot-pressing
(in which the grain sizes were smaller) as compared
to the annealed samples. Transgranular fracture was
more dominant than intergranular fracture in all
the samples after annealing (~ 70% of the crack path
length). Moreover, there was a decrease in the micro-
hardness after annealing for all samples compared to

the as-hot-pressed conditions due to grain growth, as
shown in Fig. 13b.

Calcium and yttrium doping increased the inden-
tation fracture toughness for the samples after
annealing, as indicated in Fig. 13c. As mentioned
earlier, crack deflections were more frequent in
samples doped with calcium and yttrium resulting
in a more tortuous crack propagation path in these
samples. Thus, the enhanced indentation fracture
toughness in calcium and yttrium was mainly due
to the tortuous crack propagation path. Despite most
crack deflections being associated with intergranular
fracture in undoped and doped samples (81%-88%
of the total number of deflections), Ca- and Y-doped
samples presented no significant predominance of
intergranular fracture when compared to undoped
spinel (Table 1). Crack deflections have a toughen-
ing effect as they are responsible for a reduction in
the stresses and strains experienced by the crack tip,
impairing the crack propagation [55, 56]. Evidence
of these toughening mechanisms has been found by
Kueck et al. on Y- and Yb-doped SiC, where the seg-
regation of yttrium and ytterbium at grain bounda-
ries was a determinant factor for the occurrence of
intergranular cracking associated with an enhanced
fracture toughness [57].

In complex oxides such as spinel where 2 differ-
ent cation sublattices exist, the elemental deviation
of host cations must be also verified when discuss-
ing the grain-boundary cohesion. The aggravation of
the non-stoichiometric composition at grain bounda-
ries after doping, especially an excessive depletion
of one or both host cations, could lead to weaker
boundaries due to dangling bonds at the interface.
As can be seen in Fig. 14a, the magnesium deple-
tion is reduced after calcium doping compared to
the undoped spinel. Additionally, yttrium doping

Table 1 Summary of crack length, crack deflection frequency and deflections associated with inter/transgranular cracking for undoped,
Ca-doped and Y-doped spinel after annealing at 1400 °C for 48 h in N,/H,

Crack length (um Crack deflection frequency Deflections associated with Deflections associated
(99% confidence (Deflections/ um (95% confidence intergranular fracture (%) with transgranular fracture
level)) level)) (%)

Undoped Spinel  77.8 (= 1.1) 7.5 (x2.7) 83 17

Ca-doped spinel 74.1 (+=1.1) 6.5 (+£0.9) 88 12

Y-doped spinel ~ 73.6 (+1.0) 5.5(x1.7) 81 19

@ Springer



] Mater Sci (2025) 60:1826-1852 1849

decreases the aluminum excess at the grain bound-
ary (Fig. 14a), but no significant depletion of magne-
sium or aluminum is observed at grain boundaries.
Therefore, the mechanical integrity of grain bounda-
ries is not compromised by excessive depletion of
host cations, supporting the observation that no pref-
erential intergranular fracture was found in Ca- and
Y-doped samples compared to the undoped spinel
condition. However, a thorough investigation of the
grain-boundary strength and fracture toughness of
individual grain boundaries coupled with quantita-
tive XEDS and EELS analysis is necessary to directly
correlate the segregation behaviors of calcium and
yttrium and the mechanical properties of a particular
grain boundary in spinel.

Conclusions

The effect of calcium and yttrium doping on the
grain-boundary segregation behavior, fracture
behavior, and bulk mechanical properties in spinel
was quantitatively assessed in this study. The main
insights derived from this work can be summarized
as follows:

(1) The grain-boundary plane distributions of the
doped and undoped samples after annealing
were very similar. A slightly higher tendency
for grain boundaries terminating in {111} planes
was observed in all cases and more so for yttrium
doped spinel. The population of grain-boundary
planes with rotations about the [111] axis in Ca-
and Y-doped samples were distinct compared
to undoped spinel. In undoped spinel, the fre-
quency of twist boundaries about the [111] axis
was significantly dominant as compared to the
tilt boundaries. In contrast, pure twist bounda-
ries were found less frequently, and pure tilt
boundaries were more prominent after calcium
and yttrium doping compared to undoped spinel.
This decrease in grain-boundary plane anisotropy
can be attributed to the larger excess free volume
of tilt boundaries compared to twist boundaries,
allowing the accommodation of large calcium and
yttrium cations at the boundary.

(2) Detailed quantitative spectrometry analysis by
EELS and XEDS indicated that Ca®" cations pref-
erentially occupy Mg?" sites, while Y** preferen-
tially replaces AI’* at grain boundaries in spinel.

Direct observations of individual yttrium atoms
at the grain boundaries confirmed the substitu-
tion of A% by Y3 Additionally, the maximum
segregation levels observed were 0.8 + 0.1 calcium
atoms/nm? (0.23 + 0.03 monolayers) and 2.4 +0.06
yttrium atoms/nm? (0.45 +0.11 monolayers),
respectively.

(3) Both calcium and yttrium doping effectively
increased the indentation fracture toughness of
spinel compared to the undoped condition. The
enhanced fracture toughness was attributed to
more prominent crack deflections and a more tor-
tuous crack path in the Ca- and Y-doped samples
compared to the undoped spinel.
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