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ABSTRACT
Grain boundary structure and chemistry play crucial roles in determining atomic 
diffusion, grain growth, and mechanical behavior in magnesium aluminate spinel 
(MgAl2O4, spinel). The grain boundary structure and chemistry can be modified 
by doping with cations, such as Ca2+, to facilitate grain boundary segregation and 
tailor such properties. However, the nanoscale details of the segregation behavior 
of calcium and its mechanism, and hence the dopant behavior influence on the 
grain boundary mechanical properties, have not yet been clearly understood. 
In this study, the segregation behavior of Ca2+ in spinel was quantitatively ana-
lyzed by X-ray energy dispersive spectrometry (XEDS) and electron energy-loss 
spectrometry (EELS), and compared to undoped spinel. Composition profiles 
obtained from EELS spectrum-imaging datasets across grain boundaries showed 
calcium segregation at the boundary core correlated with magnesium depletion. 
Additionally, energy-loss near-edge structure (ELNES) analysis of the Mg–K edge 
indicated that changes in the bonding status of the Mg2+ sublattice occurred after 
Ca-doping. It is implied that Ca2+ cations replace Mg2+ at tetrahedral sites in 
spinel. The calcium enrichment at grain boundaries obtained through quantita-
tive XEDS analysis was in the range of 0.1–0.9 atoms/nm2 (0.03—0.26 monolay-
ers). Calcium segregation had no detrimental effect on the indentation fracture 
toughness estimated through microindentation. The fracture behavior remains 
unaltered compared to undoped spinel, presenting primarily transgranular crack-
ing. These results suggest that magnesium replacement by calcium atoms at the 
grain boundary core occurred with no compromise on the fracture toughness or 
fracture behavior, allowing it to maintain similar mechanical integrity as undoped 
spinel.
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GRAPHICAL ABSTRACT

Introduction

Polycrystalline magnesium aluminate spinel with 
near theoretical density, or simply spinel (MgAl2O4), 
is a transparent ceramic material of great interest 
for application in extreme environments where low 
density and excellent chemical, thermal, and radia-
tion resistance are required. In contrast with other 
conventional transparent ceramic materials, such 
as fused silica [1], spinel combines outstanding 
high transparency from ultraviolet to mid-infrared 
wavelengths (~ 190 nm to ~ 6000 nm) with remark-
able mechanical properties such as high hardness 
(16.5 GPa), elastic modulus (260 GPa), and flex-
ural strength (250 MPa) [2]. These properties make 

spinel attractive for fabricating transparent windows 
and domes for aircraft, submarines, and transpar-
ent armor operating in extremely harsh environ-
ments [3]. It should be noted that, for those applica-
tions, high fracture toughness is one of the critical 
requirements.

The grain boundary structure and chemistry play 
significant roles in determining the fracture tough-
ness in polycrystalline spinel, as the segregation of 
dopant atoms can affect the mechanical properties 
of the grain boundaries. In stoichiometric normal 
MgAl2O4, Mg2+ is present in tetrahedral sites with 
an ionic radius of 57 pm and Al3+ in octahedral sites 
with an ionic radius of 54 pm [4], but cationic site 
disordering and inversion can occur due to doping, 
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higher temperature or irradiation. One important 
aspect to facilitate grain boundary segregation 
instead of substitutional incorporation in the lattice 
is selecting dopants with ionic radii (ri) larger than 
host cations. For this reason, rare-earth cations, such 
as ytterbium (Yb3+, ri = 87 pm) and europium (Eu2+, 
ri = 117 pm), have been previously studied as dopants 
[4–6]. For example, Cao et al. reported increased 
fracture toughness in Yb-doped spinel [5]. The frac-
ture toughness was measured by in-situ microcan-
tilever testing of individual grain boundaries. The 
enhanced fracture toughness was attributed to the 
segregation of ytterbium in the grain boundaries. 
The presence of ytterbium in the grain boundaries 
was confirmed by direct observation of the identi-
cal grain boundaries by atomic-resolution scanning 
transmission electron microscopy (STEM) imaging. 
It was found that Yb presented a tendency to form a 
monolayer of staggered pairs at the grain boundary. 
Also, it was hypothesized that the enhanced grain 
boundary cohesion after doping could be linked to 
the formation of stronger Yb-O bonds at the inter-
face. In another study by Cui et  al., the fracture 
toughness of individual grain boundaries measured 
by microcantilever testing remained unaltered after 
Eu doping compared to undoped spinel [6]. These 
results suggest that a deeper understanding of the 
grain boundary segregation behaviors of dopant 
elements in spinel is necessary to predict the grain 
boundary mechanical properties. Additionally, more 
abundant and inexpensive dopants are preferable to 
rare-earth elements for mass-production purposes 
to utilize spinel materials in extreme environments.

One promising candidate to substitute rare-earth 
doping in spinel is calcium. Previous studies have 
reported calcium segregation at grain boundaries in 
spinel [7, 8], enhanced densification [9–11], improved 
the modulus of rupture at elevated temperatures [12], 
and increased bulk fracture toughness [13]. However, 
most of these studies focused only on the bulk micro-
structure and mechanical properties, leaving aside 
more detailed characterizations at the nanoscale, 
such as the segregation level, the position of the 
dopant atoms at grain boundaries, and the relation 
between segregation and grain boundary mechani-
cal properties. Consequently, the mechanism for 
enhanced mechanical properties has not yet been fully 
understood.

For example, in a study conducted by Kim et al. [8], 
calcium segregation at grain boundaries as well as Mg 

deficiency was confirmed by X-ray energy dispersive 
spectrometry (XEDS) analysis, but the Ca-doping level 
was not controlled, and a detailed quantitative analy-
sis of the segregation behavior was not performed. 
In another study, Chiang et al. [7] determined that 
the Al/Mg and O/Mg intensity ratios increased at 
grain boundary positions by XEDS analysis, suggest-
ing a complex space-charge layer in the vicinity of 
grain boundaries in spinel. The calcium segregation 
behaviors at grain boundaries and their influence on 
mechanical properties remain unknown.

In this study, the calcium segregation behavior at 
grain boundaries in spinel was quantitatively inves-
tigated by detailed XEDS and electron energy-loss 
spectrometry (EELS) analysis. The crack propagation 
behaviors induced by microindentation were also 
examined quantitatively through results obtained by 
electron backscattering diffraction (EBSD) analysis as 
an alternative to conventional qualitative fractogra-
phy analysis. The quantification of the EBSD results 
provided detailed insights into the fraction of trans-
granular cracking and the frequency of intergranular 
fracture events as a function of the grain boundary 
misorientation angle. The primary focus of this study 
was on the grain boundary segregation behavior and 
its effect on microhardness, fracture toughness, and 
fracture behavior. The microstructure evolution as a 
function of time, temperature, and dopant concentra-
tion was not a focus for this work.

Experimental

Sample fabrication

High-purity spinel powder (Baikowski, S25CR) and 
Ca(NO3)2∙4H2O (99.98%, Alfa Aesar) were used to 
fabricate undoped and Ca-doped (500  ppm) spi-
nel samples. The baseline line impurity concentra-
tion in the spinel powder utilized in this study was 
determined by glow discharge mass spectrometry. 
A calcium concentration of 5.1 ppm by weight was 
observed, which is not significant compared to the 
doped Ca level. The Mg/Al ratio was nominally 1.0 
in the as-received powder. For the Ca-doped spinel 
sample, the Ca(NO3)2∙4H2O was dissolved in high-
purity ethanol. A specific amount of the calcium 
nitrate solution was added to a weighted batch of 
spinel powder to produce a suspension with a nomi-
nal doping concentration of 500 ppm of calcium by 
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mole. The suspension was then thoroughly mixed 
using a magnetic stirrer to ensure homogeneity. 
Then, the suspension was dried under a vacuum to 
remove the excess ethanol.

Both the undoped spinel and the Ca-doped spi-
nel powders were hot-pressed to near the theoreti-
cal density. A Thermal Technology LLC hot-press 
system (HP20-4560-20SS) was employed to fabricate 
the undoped and Ca-doped spinel samples. The hot-
pressing was performed under vacuum. At the start of 
the experiment the vacuum was < 30 mTorr. A preload 
of 223 kg was applied to the sample at the start of the 
run. The hot-pressing cycle consisted of simultane-
ously increasing the temperature and load at a rate 
of 10 °C/min and 15 kg/min, respectively, until maxi-
mum values of 1250 °C and 2068 kg (40 MPa) were 
reached. The dwell time at the maximum temperature 
and load was 1 h. Then, all the load was removed in 
1 min and the sample was cooled at 10 °C/min to room 
temperature.

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 part of the 
sample was utilized in this study. The center core of 
the samples was extracted after removing ~ 1 mm each 
from the top and bottom surfaces of the cylinder. Then, 
a ~ 9 × 9 mm sample core was extracted by cutting off 
the sides of the cylindrical sample. The core part of the 
hot-press samples was sectioned into multiple smaller 
parts. One part of both undoped spinel and Ca-doped 
spinel samples was left in the as-hot-pressed condition 
and utilized for further microstructure and mechani-
cal properties characterization. The remaining parts 
of the samples were annealed at 1400 °C for 24 and 
48 h in an air atmosphere using a high-purity alumina 
tube, with heating and cooling rates of 5 °C/min to 
relieve residual stresses from the hot-pressing as well 
as allowing the dopants to diffuse and reach a thermo-
dynamically stable state. The calcium doping level and 
subsequent heat treatments were selected based on 
previous studies in spinel doped with rare-earth ele-
ments where doping levels of 500 ppm were observed 
to be sufficient for affecting the microstructure and 
fracture behavior [14, 15]. Additionally, it is crucial 
to avoid secondary phase formation in studying the 
effect of calcium doping on the segregation behavior 
and mechanical properties. The segregation behavior 
of calcium atoms to the grain boundaries and its effect 
on the mechanical properties were studied in detail.

Bulk microstructure

For bulk electron microscopy observation, samples 
were mechanically polished, followed by finishing 
with a 50-nm diamond suspension. The bulk micro-
structure before and after annealing was investigated 
utilizing scanning electron microscopy (SEM) coupled 
with EBSD analysis 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 uti-
lizing an EDAX Hikari camera. EBSD data analysis 
was performed using EDAX OIM software. The analy-
sis procedure involved applying a neighbor pattern 
averaging & reindexing (NPAR) followed by a grain 
dilation with a minimum grain size of 8 pixels. For the 
grain size analysis, incomplete grains from the edges 
of the EBSD maps were ignored.

Segregation behavior

Electron transparent thin specimens were prepared 
using a Ga+ beam in a FIB instrument (Thermo/Fisher 
Scientific Scios) operated at 30 kV. Damaged layers 
on the surface of FIB-prepared thin specimens were 
gently removed by a Fischione 1040 nanomill instru-
ment at 900  eV. To determine the misorientation 
angles between grains in the thin lamella, transmis-
sion Kikuchi diffraction (TKD) analysis was performed 
using an acceleration voltage of 30 kV, a current of 26 
nA, and a step size of 50 nm. To evaluate the dopant 
segregation behavior, detailed atomic-scale charac-
terization was performed using high-angle annular 
dark-field  (HAADF)-STEM imaging in an aberration-
corrected STEM JEOL JEM-ARM200CF instrument 
operated at 200 kV. XEDS analysis using the ζ-factor 
method was carried out by a JEOL XEDS detector with 
a 100-mm2 active area in the ARM200CF to quantify 
the calcium enrichment as a function of the grain 
boundary misorientation angle extracted from the 
TKD analysis [16]. 18 different grain boundaries (a 
total of 27 measurements on-boundary and 27 meas-
urements off-boundary), as well as 3 grain interiors 
(a total of 5 measurements), were analyzed using the 
raster-scan box method. This method consisted of 
scanning the electron beam over an area of ~ 12 × 75 
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nm2 while acquiring an XEDS spectrum with a collec-
tion time of 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 bound-
ary for the off-boundary condition, and several hun-
dreds of nanometers away for the bulk measurements. 
Magnesium, aluminum, and oxygen concentrations 
were also determined for all measurements. The grain 
boundary excess of Ca ( � ex

A
 ) was determined from the 

XEDS analysis following the equation [17]:

Here, N
B
 is the number of B atoms per unit volume 

in the bulk region, Xgb

A
 and Xbk

A
 are the atomic fraction 

of dopant element A at the grain boundary and in the 
bulk region, X

B
 is the atomic fraction of element B in 

the bulk and V  and A are the interaction volume and 
the grain boundary area inside the interaction volume. 
The selection of element B in Eq. (1) is of key impor-
tance in complex oxides such as spinel where two cat-
ion sublattices (Mg2+ tetrahedral and Al3+ octahedral 
sublattices) are present. For this reason, special atten-
tion was paid to elucidating the position of calcium 
atoms at the grain boundaries.

To gain information about the elemental distribu-
tion of the different elements in the grain boundary 
vicinity EELS analysis was performed by acquir-
ing spectrum-imaging (SI) datasets through a CEOS 
energy filtering and imaging device (CEFID) equipped 
with a hybrid-pixel electron detector Dectris ELA. SI 
datasets were collected with an energy dispersion of 
1.77 eV/channel over a range of 1820 eV. A conver-
gence semi-angle (α) of 34 mrad and a collection semi-
angle (β) 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 princi-
pal component analysis (PCA) [18] in Gatan Digital 
Micrograph software to remove random noise. Sub-
sequently, quantitative analysis was performed using 
the reconstructed SI dataset using the following equa-
tion [19]:

Here, N
A

 and N
B
 are the areal densities of elements 

A and B, I
KA

(�,Δ) and I
JB
(�,Δ) are the integrated 

intensities of the characteristic edges corresponding 

(1)�
ex

A
= N

B

X
gb

A
− X

bk

A

X
B

V

A

(2)
N

A

N
B

=
I
KA
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JB
(�,Δ)

I
JB
(�,Δ)�

KA
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to elements A and B, �
KA

(�,Δ) and �
JB
(�,Δ) are the 

partial ionization cross-sections for elements A and 
B. The collection semi-angle β and integration win-
dow Δ (34.2 eV) were kept constant, and the subin-
dices K and J denote that different edge families were 
used depending on the elements A and B energy-
losses. Ca-L2,3, 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 con-
sidering statistical error following the equation [19]:

Here, ΔC
A

 is the error associated with the relative 
composition of element A, C

A
 is the relative composi-

tion in atomic percent, I
KA

 is the integrated intensity 
of the edge after background subtraction over the 
range Δ corresponding to the element A, I

bA
 is the 

integrated intensity of the background below the 
integration region of the edge, and h is a dimension-
less parameter associated with the uncertainty of the 
background extrapolation.

The high dynamic range of the Dectris ELA detec-
tor allowed for the acquisition of the highly intense 
zero-loss peak (ZLP) simultaneously with the low-
intensity edges signals in a single spectrum with-
out saturation. This enabled the calculation of the 
relative thickness of the specimen using the log-ratio 
method [19]:

Here, t is the specimen thickness, � is the plas-
mon mean free path at 200 kV in spinel, I is the total 
intensity of the spectrum, and I

0
 is the zero-loss peak 

intensity extracted from the SI dataset using a fitted 
logarithm tail model with a fit range of 4—6 eV. The 
t∕� 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.

(3)ΔC
A
= C

A

3

√

I
KA

+ hI
bA

I
KA

(4)h =
I
bA

+ 3

√

I
bA

I
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(5)t∕� = ln

(

I

I
0

)
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Energy-loss near-edge structure (ELNES) analysis 
was performed in the vicinity of different grain bound-
aries in undoped and Ca-doped spinel to study the 
effect of calcium doping on the bonding state. For the 
ELNES analysis, the raster-scan box method was uti-
lized which consisted of scanning the electron beam 
over an area of ~ 2 × 18 nm2 while collecting a series of 
30 EELS spectra with a dwell time of 1 s per spectrum. 
Then, the spectra were added together to enhance the 
signal-to-noise ratio and resolve subtle changes in the 
ELNES. An energy dispersion of 512 eV was used for 
the ELNES analysis (0.5 eV/pixel). The energy reso-
lution measured as the full width at half maximum 
(FWHM) of the ZLP at the center of the ELA camera 
without a specimen was ~ 1.3 eV. Three series of spec-
tra were recorded by shifting the spectrum position 
changing the liner drift tube (LT) voltage of the spec-
trometer to capture the ZLP (LT offset = 0 eV), Ca-L2,3, 
and O-K edges (LT offset = 515 eV) and Mg–K and 
Al-K edges (LT offset = 1500 eV). The ELNES analysis 
was performed on- and off-boundary. Subsequently, 
the different spectra were background subtracted 
using a power-law function, and the intensity was 
normalized by integrating the intensity in the con-
tinuum region (O: 607–657 eV, Mg: 1380–1430 eV and 
Al: 1635–1685 eV). Then, a qualitative analysis of the 
ELNES changes was performed to evaluate the effect 
of Ca doping.

Bulk mechanical properties

To determine both the effect of Ca-doping and anneal-
ing on the bulk mechanical properties, microindenta-
tion hardness measurements were performed follow-
ing the ASTM-C1327-15 standard (an applied load 
of 1 kg, a dwell time of 10 s and a minimum of 30 
indentations per sample) using a LECO LM 248AT 
microhardness tester [20]. The fracture toughness 
was determined using the Vickers indentation frac-
ture (VIF) method using the following equation [21]:

where Kc is the indentation fracture toughness, E is 
the elastic modulus (260 GPa [2]), Hv is the Vickers 
microhardness, P is the applied load during indenta-
tion, and c is the measured length of the cracks that 
emanate from the tips of the residual Vickers indenta-
tion marks. Only indentations with 4 straight primary 

(6)K
c
= 0.018

(

E

H
v

)

1∕2(
P

c
3∕2

)

cracks were used for the fracture toughness determi-
nation. Indentations with secondary 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. NPAR followed 
by a grain dilation using EDAX OIM software was 
applied. A partition on the image quality was per-
formed by removing the pixels from the crack regions 
without clear Kikuchi patterns. Subsequently, quanti-
tative analysis was performed on the obtained EBSD 
maps from crack regions to determine the fraction of 
transgranular and intergranular cracking. For this, 
EBSD maps were converted to a grayscale and ana-
lyzed using Digital Micrograph software. A script was 
implemented that consisted of a 2-point comparison 
on both sides of the crack. Points with similar colors 
(or similar gray levels after conversion) on both sides 
of the crack were assigned as transgranular, whereas 
points with different colors were considered intergran-
ular. This 2-point comparison was repeated along the 
whole length of the crack and the fraction of trans-
granular points was calculated.

To validate the results using the Digital Micrograph 
script, a similar process was performed using EDAX 
OIM software by manually selecting sets of points 
on both sides of the cracks. A minimum of about 200 
grains per sample were analyzed. Cracks passing 
through grains with misorientation angles below 3 
degrees were considered transgranular. Therefore, the 
fraction of transgranular cracking is simply the num-
ber of points with transgranular crack divided by the 
total number of points analyzed. Subsequently, a nor-
malization to account for differences in crack length 
and grain size was performed using the equation:

Here n
tg

 is the normalized number of transgranular 
grains along the crack path, l is the total crack length 
and d is the average grain size of the sample. Addition-
ally, information regarding the grains that presented 
intergranular fracture was extracted by recording the 
misorientation angle on both sides of the crack and 
compared to the misorientation angle distribution 
from the bulk calculated using the method described 

(7)n
tg
= transgranular length fraction*

l

d
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by Saylor et al. [22]. Finally, the distribution of coinci-
dent site lattice (CSL) grain boundaries with intergran-
ular cracking was extracted from the crack regions.

Results

Bulk microstructure

Figure 1 shows the grain size distribution maps of 
as-hot-pressed undoped and Ca-doped spinel sam-
ples as well as annealed samples at 1400 °C for 48 h, 
obtained by EBSD analysis. Both undoped and Ca-
doped spinel samples had similar grain size dis-
tributions in the as-hot-pressed conditions. After 
annealing, the overall grain size distributions were 
broadly similar for undoped and Ca-doped samples 

as well. The average grain size for Ca-doped spinel 
(700 nm) was slightly smaller than that for undoped 
spinel (870 nm). Additionally, a very small num-
ber of abnormally large grains were sporadically 
observed in a few locations in the Ca-doped spinel 
sample after annealing (see supplementary note 1). 
The total area of the large grains was estimated to be 
less than 5%. Although these abnormally large grains 
might have an influence on the segregation behav-
ior of the more prominent population with a smaller 
grain size, their volume was insignificant to affect the 
mechanical properties (microhardness, indentation 
fracture toughness and crack propagation behavior) 
of interest for this study. Note that microindentation 
was performed in normal grain size regions to avoid 
any influence from abnormal grain growth. There-
fore, they were not included in this study.

Figure 1   Results of EBSD analysis of undoped spinel a as-hot-
pressed and b after annealing at 1400 °C for 48 h and Ca-doped 
spinel d as-hot-pressed and e after annealing at 1400 °C for 48 h. 
The grain size distributions for undoped and Ca-doped spinel 

samples are also shown in c and f, respectively. The dark solid 
lines in all the EBSD maps represent the reconstructed grain 
boundaries obtained from the OIM software.
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Ca segregation behavior at grain boundaries

Figure 2 shows a representative HAADF-STEM image 
of a grain boundary in Ca-doped spinel close to an 
edge-on condition. Due to the relatively low atomic 
number difference between Ca (Z = 20) and host cati-
ons Mg (Z = 12) and Al (Z = 13), no enhanced intensity 
was found at the grain boundary indicative of calcium 
segregation. Additionally, no secondary phases were 
observed in any of the grain boundaries analyzed. For 
this reason, XEDS quantitative analysis was employed 
to confirm the segregation behavior of calcium atoms 
at grain boundaries.

The XEDS quantitative results were coupled with 
the misorientation angles between grains determined 
from the TKD maps of the FIB lamella (See supple-
mentary note 2). Figure 3 shows the concentration 
of calcium, magnesium, aluminum, and oxygen as 
a function of the misorientation angle of the grain 
boundary analyzed on- and off-boundary as well as 
in the bulk. Calcium segregation was observed in all 
18 grain boundaries analyzed in this study and limited 

Figure  2   A representative HAADF-STEM image of a grain 
boundary in Ca-doped spinel after annealing for 48 h at 1400 °C 
showing the absence of secondary phases. Calcium segregation 
at grain boundaries was not visible due to low atomic number dif-
ference versus magnesium and aluminum.

Figure 3   Concentration of 
a calcium, b magnesium, 
c aluminum, and d oxygen 
obtained from quantitative 
XEDS analysis using the 
ζ-factor method in the vicin-
ity of different grain bounda-
ries, plotted as a function of 
misorientation angle. The red 
horizontal dashed lines in 
(a-d) represent the stoichio-
metric 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 (± 3σ). The 
detectability limit for calcium 
was ~ 0.03 ± 0.02 at%, 
estimated from the fluctua-
tion of background intensities 
under the Ca-Kα peakased on 
the criterium for a minimum 
detectable peak ( I > 3

√

2B , 
where I is the peak intensity 
above the background B [24].
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to the on-boundary position, as shown in Fig. 3a. Pre-
vious studies have shown that the amount of CaO in 
solid solution with spinel was negligible (below the 
detectability limit of 0.3 wt%) in samples quenched 
in air from a temperature as high as 1650 °C [23]. In 
this study, no calcium signal was detected in the bulk 
or off-boundary positions based on the minimum 
detection limit of the XEDS analysis employed in this 
study of ~ 0.03 ± 0.02 at% (~ 0.06 ± 0.03 wt%). There-
fore, the amount of Ca in bulk regions in the spinel 
sample annealed at 1400 °C for 48 h and subsequently 
cooled at a rate of 5 °C/min is considered negligible as 
well. Additionally, the magnesium concentration was 
lower in the boundary compared to the off-boundary 
position (~ 28 nm away from the boundary) and the 
bulk (center of the grain). Conversely, the aluminum 

concentration was higher in the boundary compared 
to bulk measurements but did not show a significant 
difference with the off-boundary position. Also, the 
oxygen concentrations remained unaltered on and off 
the boundary compared to the bulk. (For detailed sta-
tistical analysis see supplementary note 3).

To better understand the spatial distribution of the 
different elements, EELS-SI datasets were collected 
in the vicinity of grain boundaries in undoped and 
Ca-doped spinel. Figure 4 shows the EELS quantita-
tive analysis for undoped spinel. Figure 4a shows the 
HAADF-STEM image acquired simultaneously with 
the SI. The dark regions in the HAADF image indi-
cate that some beam damage has occurred, but these 
regions did not affect the quantitative results as they 
are mainly located away from boundary position. 

Figure  4   a A HAADF-STEM image acquired simultaneously 
with an EELS-SI in the vicinity of a grain boundary in the 
undoped spinel after annealing at 1400  °C for 48  h. b Relative 
specimen thickness and c a representative EELS spectrum used 
for the quantitative analysis of the concentration maps corre-

sponding to d Mg–K, e Al -K, and f O-K ionization edges. The 
black dashed lines in the lookup table in (d-f) correspond to the 
composition of stoichiometric spinel (Mg: 14.3 at%, Al: 28.6 
at%, and O: 57.1 at%).

16870



J Mater Sci (2024) 59:16862–16883	

Figure 4b shows the variation in relative thickness 
throughout the analyzed area. Since the obtained val-
ues of t/λ were below 1, no plural scattering deconvo-
lution was applied prior to the quantitative analysis. 
Figure 4c shows a representative EELS spectrum in a 
semi-logarithmic plot where the high dynamic range 
of the detector enabled the acquisition of the high-
intensity ZLP together with less intense Mg–K and 
Al-K edges. The undoped spinel specimen exhibited 
a clear magnesium deficiency at the grain boundary 
(Fig. 4d) as well as aluminum (Fig. 4e) and oxygen 
(Fig. 4f) excess. This change in composition (non-stoi-
chiometry) in the grain boundary vicinity indicates the 

presence of a space-charge layer in undoped spinel, as 
reported in previous studies [7, 25–28].

Figure 5 shows the results obtained from an EELS-
SI dataset taken from the vicinity of a grain boundary 
in Ca-doped spinel. Figure 5a shows a HAADF-STEM 
image acquired simultaneously with the EELS-SI 
dataset. The dark regions in the HAADF image indi-
cate that some beam damage has occurred as well, 
but this damage is restricted only to the bottom right 
of the map and it is believed to have not affected the 
quantitative analysis, especially at the grain bound-
ary position. Since the relative specimen thickness 
t/λ shown in Fig. 5b is below 1, no plural scattering 

Figure  5   a A HAADF-STEM image acquired simultaneously 
with an EELS-SI in the vicinity of a grain boundary in Ca-doped 
spinel after annealing at 1400 °C for 48 h. b Relative specimen 
thickness and c a representative EELS spectrum used for the 
quantitative analysis of the concentration maps corresponding 

to d Ca-L2,3, e Mg–K, f Al -K, and g O-K ionization edges. The 
black dashed lines in the lookup tables in (e–g) correspond to 
the composition of stoichiometric spinel (Mg: 14.3 at%, Al: 28.6 
at%, and O: 57.1 at%).
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deconvolution was applied prior to the quantita-
tive analysis. Figure 5c shows a representative EELS 
spectrum from the grain boundary region where O-K, 
Ca-L2,3, Mg–K, and Al-K edges are shown. From the 
composition maps obtained by the EELS quantifica-
tion, clear calcium segregation (Fig. 5d), as well as 
magnesium depletion (Fig. 5e) along the grain bound-
ary, were observed. The calcium and magnesium con-
centrations seem to be correlated since the top region 
of the grain boundary with higher calcium concentra-
tion shows a more considerable magnesium deple-
tion compared to the bottom half. This inhomogeneity 
in the calcium concentration within the same grain 
boundary could be a consequence of the different fac-
ets on the top and bottom sections of the grain bound-
ary, i.e., different grain boundary characters (GBCs). 
The distinct GBC between the top and bottom section 
is expected as the grain boundary changes its direc-
tion with respect to the adjacent grains forming the 
boundary. This would create different grain boundary 
planes and, therefore, different free volumes available 
for calcium atoms to segregate at the grain boundary.

The calcium excess and magnesium depletion are 
in good agreement with the quantitative analysis by 
XEDS in Fig. 3. This is in line with Fig. 3a where cal-
cium segregation (at%) on the boundary is high at 
~ 30–50 degree misorientation angle and low at other 
angles. However, aluminum and oxygen excess were 
also found in the grain boundary. The discrepancy 
could be related to the size of the analyzed area in 
the XEDS analysis compared to the EELS analysis. 
For the XEDS analysis, relatively large boxes (~ 12 × 75 
nm2) were set for on- and off-boundary conditions. 
Thus, the aluminum and oxygen concentrations were 
rather averaged out within the box and fine variations 
between the on- and off-boundary positions were not 
detected. In the case of the EELS-SI dataset, a com-
plete spectrum is acquired at every pixel position with 
sub-nanometer step size. This allowed for the detec-
tion of more subtle composition variations at the grain 
boundary with a high spatial resolution that reduced 
the contribution from the matrix. Even for the XEDS 
analysis, a 1D line-profile acquisition may be essen-
tial instead of the box acquisition approach in order to 
observe subtle changes in the aluminum and oxygen 
compositions.

To better visualize the spatial distribution of the 
different elements in the grain boundary vicinity, 
concentration profiles from the regions indicated by 
boxes in Figs. 4 and 5 constructed by integrating the 

concentration maps perpendicular to the grain bound-
ary are shown in Fig. 6. In the case of undoped spinel 
(Fig. 6a), a clear magnesium depletion is observed at 
the grain boundary accompanied by aluminum and 
oxygen excess. The concentration profiles for cal-
cium and magnesium in Ca-doped spinel had simi-
lar shapes, as presented in Fig. 6b. Conversely, the 
concentration profile corresponding to aluminum 
appeared broader than that of calcium and magne-
sium. A spatial resolution of 2.2 ± 0.2 nm was calcu-
lated using the ζ-factor method assuming a Gauss-
ian beam-broadening model and taking into account 
the determined thickness value for the same grain 
boundary shown in Fig. 6b. This spatial resolution 
can explain the width of calcium peak of around 2 nm 
(FWTM: full width at tenth maximum, which contains 
90% of incident electrons). Therefore, calcium segrega-
tion can be still assumed to be restricted to the grain 
boundary core.

Qualitative ELNES analysis was conducted to deter-
mine if the addition of Ca affected the state of bonding 
of the different species at the grain boundary position. 
To directly compare the undoped spinel and the Ca-
doped spinel specimens, the spatial difference method 
was used to sample areas with similar t/λ to minimize 
any effect from plural scattering. Figure 7 shows the 
ELNES analysis in the vicinity of a grain boundary 
in undoped spinel specimen (top) and Ca-doped spi-
nel (bottom). The spectra were recorded on- and off-
boundary, normalized in the continuum regions, and 
then the difference between the off- and on-boundary 
conditions was calculated. The relative thickness in the 
vicinity of the grain boundary position for undoped 
spinel was ~ 0.4 t/λ, while the relative thickness for 
Ca-doped spinel was ~ 0.6 t/λ. Therefore, no signifi-
cant changes in the ELNES due to thickness effects are 
expected to occur. Figure 7a shows the ELNES for the 
Mg–K edge for undoped spinel where two principal 
peaks labeled as A and B and two pre-peaks labeled as 
A’ and A” can be distinguished. The main difference 
between the on- and off-boundary conditions is the 
relative peak intensity, where the on-boundary ELNES 
presented lower intensity than the off-boundary con-
ditions. Figure 7b shows the ELNES for the Al-K edge 
with 3 main peaks identified as A, B, and C. In this 
case, there are no significant changes in the ELNES 
between the on- and off-boundary analysis, as evi-
denced by a relatively flat difference plot. Figure 7c 
shows the ELNES corresponding to the O-K edge 
where 4 main peaks A, B, C, and D were identified, 
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as well as a pre-peak A’. The main difference between 
the on- and off-boundary conditions is the intensity of 
the A and A’ peaks: The A peak has a slightly higher 

intensity off-boundary, and the A’ has a slightly higher 
intensity on-boundary. The shape and number of 
peaks of the ELNES of these 3 elements are in good 

Figure 6   Concentration pro-
files extracted from the box 
regions indicated in Figs. 4 
and 5 for a undoped spinel 
and b Ca-doped spinel. The 
error bars represent a 99% 
confidence limit (± 3σ), and 
the horizontal dashed lines 
correspond to the stoichio-
metric composition of spinel 
(Mg: 14.3 at%, Al: 28.6 at%, 
and O: 57.1 at%).

Figure 7   Comparison of ELNES in terms of a Mg–K, b Al-K, 
c O-K edges in undoped spinel as well as d Ca-L2,3, e Mg–K, f 
Al-K and g O-K edges in Ca-doped spinel. A power-law back-

ground subtraction was applied to all edges, and the intensities 
were normalized from 1380–1430 eV for Mg, 1635–1685 for Al, 
and 607–657 eV for O, respectively.
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agreement with previous results for undoped spinel 
[29].

In the case of Ca-doped spinel, Fig. 7d shows the 
Ca-L2,3 signal on the boundary position. Moreover, no 
signal was found off the boundary, which indicated 
that Ca concentration in the matrix, if any, is below 
the detectability limit for the EELS analysis. Figure 7e 
shows the Mg–K ELNES for on- and off-boundary 
locations. The intensity of the on-boundary condi-
tions is lower compared to off-boundary, similar to the 
undoped spinel condition. The main difference in the 
Mg–K ELNES between on- and off- boundary is the 
intensity of A’ pre-peak, which significantly decreases 
at the grain boundary position. This might indicate 
that Ca incorporation into the grain boundary could 
influence the bonding status of Mg atoms. However, a 
more quantitative analysis is required with theoretical 
estimation to assess if these changes could be linked 
to changes in the grain boundary cohesion. Figure 7f 
shows the ELNES for Al-K edge where the intensity 
did not change significantly between on- and off-
boundary. Finally, Fig. 7g shows the ELNES for the 
O-K edge, where the main difference is found around 
the A and A’ peaks.

Bulk mechanical properties and fracture 
behavior

Figure 8a shows a representative indentation mark 
produced by Vickers microhardness testing. The 
microhardness of undoped and Ca-doped spinel sam-
ples calculated from the indentations are presented in 
Fig. 8b. The indentation fracture toughness calculated 
from the cracks extending from the indentation cor-
ners is presented in Fig. 8c. It should be mentioned 
that the actual values of fracture toughness from Vick-
ers indentation are not reliable and cannot be used in 
place of single-edge-precracked-beam (SEPB) values 
(ASTM C1421), but these may be useful for relative 
comparison [30]. The decrease in microhardness in 
the annealed samples is simply due to the grain sizes, 
i.e., grain growth during annealing. Additionally, Ca-
doped spinel had a higher microhardness compared 

Figure  8   a Representative residual indentation mark produced 
by Vickers microhardness testing. b Vickers microhardness and 
c indentation fracture toughness of undoped and Ca-doped spinel 
as a function of annealing time at 1400 °C. Predicted microhard-
ness values from the Hall–Petch relation in b were obtained using 
the expression reported elsewhere [31] for spinel.

▸
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to undoped spinel. An analysis of the hardness fol-
lowing the Hall–Petch relation was performed. The 
results indicated that the expected hardness values 
based on the average grain size obtained by EBSD 
analysis are consistently closer to the measured val-
ues for Ca-doped spinel compared to the undoped 
spinel. In contrast, the fracture toughness is lower for 
Ca-doped spinel than that for the undoped spinel in 
the as-hot-pressed condition. However, the fracture 
toughness of Ca-doped spinel remains almost constant 
after annealing, while there is a decrease in the case of 
undoped spinel.

Figure 9 shows SEM images and corresponding 
EBSD maps along the cracks that emanate from the 
corners of the indentation marks after Vickers micro-
hardness testing for undoped and Ca-doped spinel 
samples. The SEM images revealed that the undoped 
samples had higher porosity than the Ca-doped spi-
nel (Fig. 4S). The lower microhardness observed in the 
undoped samples compared to Hall–Petch calcula-
tions and measurements for Ca-doped spinel could be 
a consequence of the higher porosity [32]. The cracks 
were relatively straight without noticeable branching. 
The EBSD maps showed regions along the crack where 
both transgranular and intergranular fractures were 
observed. It was difficult to distinguish the differences 
in fracture behavior from the EBSD maps obtained 
around the cracks. For this reason, a more thorough 

quantitative analysis of the crack propagation behav-
ior was measured from the EBSD maps in terms of 
the relative transgranular fracture to the intergranular 
fracture.

Figure 10a shows a representative EBSD map in the 
vicinity of a crack in the undoped spinel sample with 
regions presenting transgranular and intergranular 
cracking propagations as indicated by arrows. Fig-
ure 10b shows the normalized number of transgranu-
lar grains along the crack path for both undoped and 
Ca-doped spinel samples before and after annealing. 
It was found that transgranular fracture was slightly 
less prevalent than intergranular fracture after anneal-
ing for each sample. Additionally, the samples after 
annealing showed a slightly higher number of trans-
granular fractured grains in Ca-doped spinel, which 
indicates that the grain boundary strength is preserved 
after calcium segregation to the grain boundaries 
as higher transgranular fracture indicates stronger 
grain boundaries than grain center (better grain-grain 
bonding).

Besides the transgranular fracture behavior, the 
grains that suffered intergranular fracture contain 
valuable information regarding the propensity of cer-
tain grain boundary types to fracture with a higher fre-
quency. Figure 11a-b shows the misorientation angles 
of those grains from the crack regions that experienced 
intergranular fracture for undoped and Ca-doped 

Figure 9   Two sets of a SEM image (top) and a corresponding EBSD map (bottom) of a undoped spinel and b Ca-doped spinel crack 
propagation behaviors after annealing at 1400 °C for 48 h.
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spinel samples after annealing, together with the mis-
orientation angle distributions from the bulk. Both 
undoped and Ca-doped spinel samples presented a 
random distribution of grain boundary misorienta-
tions in the bulk and no preferential texture was evi-
dent. The misorientation angle of grain boundaries 
with intergranular cracking also follows a random 
distribution, and preferential cracking only occurred 
at low angles compared to the bulk. Figure 11c shows 
a more detailed characterization of the intergranular 
fracture as a function of the sigma value (Σ) of the 
coincidence site lattice (CSL) model. It is worth noting 
that CSL grain boundaries only account for ~ 8 percent 
of all the boundaries that suffered intergranular frac-
ture, and the vast majority can be referred to as ran-
dom grain boundaries. Low sigma grain boundaries 
such as Σ7 and Σ11 show less propensity to fracture 

in Ca-doped spinel, and this behavior is reversed for 
Σ23 and Σ29.

To summarize the intergranular fracture behav-
ior analysis, Fig. 12 shows the normalized fraction 
of low(3-10)-, medium(10-45)- and high(45-63)-angle 
grain boundaries found along the crack path (inter-
granular cracking) for undoped and Ca-doped spinel 
samples compared to the bulk. A higher frequency 
of low- and medium-angle grain boundaries were 
found along the crack as compared to the bulk in the 
undoped and Ca-doped spinel samples (Figs. 12a, b). 
At high misorientation angles, the fraction of grains 
with intergranular cracking is slightly lower in the 
crack compared to the bulk in both undoped and Ca-
doped spinel.

Discussion

Segregation behavior of calcium in spinel

The microstructures in the hot-pressed and annealed 
conditions for Ca-doped spinel samples were very 
similar to those in the undoped samples. The as-hot-
pressed undoped spinel had higher porosity than 
Ca-doped spinel (~ 2.4% vs 0.2%), but after annealing 
the difference was reduced (~ 1.0% and 0.2%, respec-
tively). The average grain size of the Ca-doped spinel 
sample was slightly smaller than that for undoped 
spinel (the difference was 700 nm vs 870 nm). The 
smaller grain size in the Ca-doped spinel sample indi-
cates that calcium segregation to the grain bounda-
ries might have limited the diffusion processes along 
(and across) the grain boundaries due to solute drag, 
ultimately affecting the grain growth. For confirma-
tion, however, much longer annealing times at 1400 °C 
are required to observe additional grain growth and 
accentuate the effects of calcium segregation on the 
diffusion, presumably leading to a more discernable 
grain size difference. Additionally, a very small frac-
tion of abnormally large grains (< 5%) was observed in 
the Ca-doped samples after annealing at 1400 °C for 
48 h. A longer annealing time will also aid the devel-
opment of the distinctive large grain size population in 
Ca-doped samples. The occurrence of abnormal grain 
growth might indicate the initiation of more promi-
nent changes in the grain boundary plane and char-
acter distributions. Similar results have been found in 
Eu-doped spinel, where abnormal grain growth has 
been previously reported [15, 33]. Because of the small 

Figure  10   a Representative EBSD map consists of both trans-
granular and intergranular crack propagations, indicated by 
arrows. b Frequency of transgranular grains in the crack regions 
for undoped and Ca-doped spinel samples before and after 
annealing at 1400  °C for 48  h. The normalization factor for b 
considers the ratio of average crack length and grain size.
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fraction of this large grain size population, any appro-
priate statistically significant evaluation is not possi-
ble from the current results. Therefore, the segregation 
behavior of this second grain size population and its 
effect on the mechanical properties requires further 
investigation.

The quantitative XEDS analysis showed that cal-
cium segregation was found in all 18 grain bounda-
ries for Ca-doped spinel. These results are reason-
able considering the larger ionic size of Ca2+ cations 
(ri = 100  pm) as compared to the Mg2+ (ri = 57 and 
72 pm in the tetrahedral and octahedral sites, respec-
tively) and Al3+ (ri = 39 and 54 pm in the tetrahedral 
and octahedral sites, respectively) [4]. This difference 
in the ionic radii implied that the calcium segregation 
was limited to the boundary core, where cations with 
large ionic size difference can be accommodated by 
the larger free volume available at the boundary com-
pared to the bulk. The magnesium concentration at 

the boundary was systematically lower than the bulk 
(and the off-boundary locations). The aluminum con-
centration was higher on the boundary compared to 
the bulk. The magnesium to aluminum concentration 
ratio (Mg/Al) in normal stoichiometric spinel is 0.5. 
Based on the quantitative analysis shown in Fig. 3, the 
Mg/Al ratio varied from 0.485 ± 0.013 in the bulk to 
0.478 ± 0.04 in the off-boundary position and finally 
to 0.448 ± 0.04 at the grain boundary position for Ca-
doped spinel (all measurements with a 99% confidence 
limit (± 3σ)), which confirm the presence on non-stoi-
chiometry at grain boundaries for the Ca-doped spinel 
sample.

The EELS results provided a more refined view of 
the concentration profile of the different constituent 
elements in the vicinity of the grain boundary. The 
spatial resolution for the EELS analysis was approxi-
mately ~ 2 nm (much better lateral resolution than the 
XEDS analysis where a box size of 12 × 75 nm2 was 

Figure 11   Histograms of the 
distribution of misorienta-
tion angles of grains in the 
bulk and grain that suffered 
intergranular fracture in a 
undoped and b Ca-doped spi-
nel samples after annealing at 
1400 °C for 48 h. c Distribu-
tion of coincident site lattice 
(CSL) grain boundaries along 
the crack path for undoped 
and Ca-doped spinel samples 
after annealing at 1400 °C for 
48 h. The histograms in a and 
b corresponding to the bulk 
were calculated from grain 
boundary segments extracted 
from the EBSD maps using 
the analysis procedure 
described by Saylor et al. 
[22]. The histograms cor-
responding to grain bounda-
ries along the cracks were 
normalized by removing the 
contribution of transgranular 
fractured grains. The misori-
entation angle bin size is 2°.
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used to acquire the spectra). The EELS results in Fig. 6 
showed that more subtle differences in composition 
were found at grain boundary cores of undoped and 
Ca-doped spinel compared to the XEDS analysis. Non-
stoichiometry in the bulk [34, 35], as well as in the 
vicinity of grain boundaries [7, 25–28], has been pre-
viously studied in spinel using relative quantitative 
analysis. However, most of these studies focused on 
undoped specimens. There is a general agreement in 
the published literature on spinel that the Mg/Al and 
the Mg/O ratios decrease at the grain boundaries while 
the O/Al ratio remains constant. The observations in 
this current research are in good agreement with the 
literature as can be implied from the concentration 
profiles in Fig. 6. Additionally, the space-charge layer 

(and consequently the segregation behavior) of host 
ions in spinel can be dependent on the MgO/Al2O3 
ratio of the bulk. Accurately determining this compo-
sition ratio is not trivial, especially for samples with 
slight deviations from stoichiometry. However, the 
quantification of the EELS data was in good agree-
ment with the XEDS-quantified results. In both cases, 
the Mg/Al ratio decreased at the grain boundary core 
compared to the bulk.

The changes in the Mg–K edge ELNES spectra 
provided additional evidence that more significant 
changes in the bonding state occurred in the mag-
nesium sublattice at the grain boundaries. In Fig. 7e, 
a considerable change in the intensity of the A’ pre-
peak at the grain boundary core in the Ca-doped spi-
nel specimen can be observed, which is not observed 
in undoped spinel. However, a thorough theoretical-
based analysis is necessary to investigate the effect of 
calcium on the Mg–K edge ELNES further. Addition-
ally, no chemical shift in the O-K edge was found at 
grain boundaries in Ca-doped spinel based on the 
maximum energy resolution achieved in the ELNES 
analysis. In a study by Ikuhara et al. [36], it was dem-
onstrated that SiO2 doping can produce a chemical 
shift in the O-K edge at grain boundaries in tetragonal 
zirconia polycrystal, which can be linked to a bond-
ing strengthening effect that explained the enhanced 
superplastic behavior of this ceramic material. There-
fore, no chemical shift in the O-K edge for Ca-doped 
spinel sample suggests that the oxygen bonding sta-
tus is not significantly affected by the Ca doping. It 
is worth noting that no evidence of grain boundary 
embrittlement was found according to the fracture 
behavior analysis.

Based on the observations by quantitative XEDS 
and EELS analysis, it is implied that Ca2+ cations 
replace Mg2+ atoms at tetrahedral sites in Ca-doped 
spinel, as shown in Fig. 13a. Several arguments can be 
put forward to justify this inference. First, the EELS 
analysis shown in Figs. 5d, e indicated that regions 
of the same boundary with higher calcium concentra-
tion presented more significant magnesium depletion. 
In contrast, the aluminum concentration is slightly 
higher in Ca-doped spinel compared to undoped 
spinel (Figs. 4e and 5f). Therefore, calcium and mag-
nesium concentrations are correlated to each other. 
Second, aluminum excess was found in the vicinity of 
the boundary (Fig. 5f), which indicates that calcium 
substituting aluminum is unlikely. This behavior 
can also be explained by the large difference in ionic 

Figure 12   Normalized frequency of grain boundary types with 
respect to the misorientation angles in the bulk and along the 
crack path for a undoped and b Ca-doped spinel samples.
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radius for octahedral site between Ca2+ (100 pm) and 
Al3+ (54 pm) which is beyond the 15% allowed limit 
per Hume-Rothery rules. Third, the concentration pro-
files for magnesium and calcium in Fig. 6b presented 
similar shapes, while the aluminum concentration 
appeared broader, which can be the direct evidence 
that the magnesium and calcium concentrations are 
correlated to each other. Fourth, calcium cation (with 
a 2 + valence state) can occupy Mg2+ sites while main-
taining the same ionization state 2 + . Therefore, no 
additional structural defects need to be created by 

replacing magnesium atoms with calcium, i.e., main-
taining the charge neutrality and a minimum energy 
penalty for the segregation process. Finally, the most 
significant changes in the bonding state at the grain 
boundary were found in the Mg–K edge of the ELNES 
for Ca-doped spinel (Fig. 7e), which suggests that cal-
cium segregation could be linked to such changes.

As presented in Fig. 3a, the measured calcium con-
centration will vary with specimen thickness, the inci-
dent electron probe size, grain boundary inclination, 
etc. Consequently, the calcium concentration values 
do not provide a quantitative insight into the grain 
boundary enrichment. For this reason, the calcium 
excess at grain boundaries (or the grain boundary 
enrichment) was calculated. Based on the observations 
by quantitative XEDS and EELS analysis, it is implied 
that Ca2+ cations replace Mg2+ cations at tetrahedral 
sites in spinel, as discussed above. Therefore, the cal-
cium excess Γex

Ca
 can be calculated by specifying Eq. (1) 

as follows:

Here, N
Mg

 is 15.1 Mg atoms per nm3 in spinel [37], 

and Xgb

Ca
 is the atomic fraction of calcium at the grain 

boundary obtained by quantitative XEDS analysis 
through the ζ-factor method (Fig.  3a), Xbk

Ca
 is con-

sidered as 0 since no calcium was found in the off-
boundary positions or the bulk considering the mini-
mum detectability limit of the quantitative analysis 
(approximate 0.03 ± 0.02 at% for calcium using the 
Ca-Kα peak), and X

Mg
 is the atomic fraction of mag-

nesium in the off-boundary position). Additionally, a 
(111) boundary plane with a magnesium occupancy of 
3.5 atoms/nm2 was assumed for calculating the num-
ber of monolayers as shown in Fig. 13a. The selection 
of the boundary planes was based on previous studies 
in spinel that indicated that {111} is the most prevalent 
set of grain boundary planes [38].

Quantitative XEDS analysis through the ζ-factor 
method shown in Fig. 13b indicated that the calcium 
excess was in the range of ~ 0.1—0.9 atoms/nm2, cor-
responding to a maximum coverage of ~ 0.26 monolay-
ers. Additionally, the detectability limit for calcium 
was about ~ 0.06 Ca atoms/nm2 dashed blue line in 
Fig. 13b, which confirms that all grain boundaries 
analyzed presented calcium segregation above the 
detectability limit. The grain boundary segregation 

(8)�
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Ca
= N

Mg

X
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X
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Figure 13   a Schematic spinel structure showing the position of 
Ca2+ cations at Mg2+ tetrahedral sites. The spinel structure was 
simulated using VESTA software and the (111) planes is shown 
in cyan [39]. b Calcium excess at grain boundaries in Ca-doped 
spinel obtained by quantitative XEDS analysis using the ζ-factor 
method based on the results shown in Fig. 3. The off-boundary 
condition corresponds to a distance away from the grain bound-
ary of ~  28  nm and the bulk condition corresponds to grain 
interior several hundreds of nanometers away from the grain 
boundary. A (111) boundary plane was assumed to calculate 
the number of monolayers. The error bars represent a 99% con-
fidence limit (± 3σ), and the detectability limit for calcium was 
0.03 ± 0.02 at%, equivalent to ~ 0.06 atoms/nm2.
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behavior might have a strong dependency on other 
grain boundary characteristics such as boundary 
plane, tilt/twist character, and ultimately the free vol-
ume at the interface available for dopants to segregate, 
which were not determined in this study.

Effect of Ca‑doping on the mechanical 
properties in spinel

The internal stresses developed due to the synthe-
sis of the samples by hot-pressing were most likely 
relieved on annealing for 48 h at 1400 °C. These inter-
nal stresses can affect the mechanical properties, so 
that the effect of the calcium segregation could have 
been masked. Hence, the discussion will be focused 
on those samples annealed for 48 h to perform a more 
reliable comparative study.

The indentation fracture toughness was nearly simi-
lar for the samples annealed for 48 h at 1400 °C (Fig. 8), 
which could indicate that Ca2+ cations occupying Mg2+ 
sites in the grain boundaries had no significant detri-
mental effect on the bulk fracture toughness. However, 
microcantilever bend tests of individual grain bounda-
ries are necessary to directly correlate the calcium seg-
regation behavior with the grain boundary mechanical 
properties [5, 6]. Alternatively, the accurate KIc values 
can be compared with results from mechanical testing 
with SEPB [40].

Regarding the crack propagation behavior, the 
normalized number of transgranular fracture events 
per crack was slightly higher after doping with cal-
cium compared to undoped spinel (Fig. 10b). Both 
undoped and Ca-doped spinel presented cracks with 
a mixture of intergranular and transgranular fractures. 
The quantitative EBSD analysis showed that the frac-
ture behavior was predominantly transgranular, with 
more than 60% of the total crack length propagating 
through the grains. Ceramic materials can present dif-
ferent fracture behaviors based on the average grain 
size. Nanocrystalline ceramics are characterized by a 
predominant intergranular fracture behavior (cracks 
propagating through the grain boundaries), as exem-
plified by Bokov and co-workers in yttria-stabilized 
zirconia with an average grain size of ~ 20 nm [41]. 
Conversely, coarse-grain microstructures, in the order 
of tens or hundreds of micrometers, present mainly 
transgranular fracture [42]. Spinel materials with 
medium grain sizes used in this study (undoped: 
870 nm and Ca-doped: 700 nm) can be expected to 
be in a transition zone between these two fracture 

behaviors. Therefore, it is reasonable to obtain a mix-
ture of intergranular and transgranular fracture modes 
in this study. Using a quantitative EBSD analysis was 
crucial to provide additional insights regarding the 
individual contributions of these two fracture modes, 
as opposed to qualitative fractography analysis.

A simulation work by Zhou et al. has demonstrated 
that, for a material with a similar average grain size, 
the fracture behavior can also be linked to the grain 
boundary fracture toughness and grain interior frac-
ture toughness [43]. When the ratio of grain boundary 
to grain interior fracture toughness is between 0.72—
0.82, the authors found that cracks propagated with a 
mixture behavior of intergranular and transgranular 
fracture. The crack mode became fully transgranular 
only when the grain boundary fracture toughness 
increased with respect to the grain interior. This high-
lights the potential of controlling the fracture behavior 
by enhancing the grain boundary fracture toughness 
through grain boundary segregation.

The misorientation angle distributions in the bulk 
and along the crack for grains with intergranular frac-
ture were similar for both samples, with and with-
out Ca-doping (Fig. 11). Any tendency for a specific 
grain boundary to present intergranular fracture will 
appear as a higher number fraction compared to the 
same grain boundary in the bulk. This study found 
that the misorientation angle of grains contributing to 
intergranular crack path follows a similar distribution 
for undoped and Ca-doped spinel without any prefer-
ence for specific orientations. In both cases the distri-
butions approached the bulk distribution. Therefore, 
it was concluded that calcium doping did not lead to 
preferential grain boundary embrittlement.

Conclusion

The effect of 500 ppm of calcium doping on the seg-
regation behavior and fracture response in spinel was 
quantitatively analyzed. The main findings through 
this study can be summarized as follows:

•	 Quantitative EELS analysis revealed magnesium 
depletion and aluminum excess at grain bounda-
ries, which suggests that Ca2+ cations most likely 
occupy Mg2+ tetrahedral sites at grain boundaries. 
This observation is supported by similar concen-
tration profile shapes obtained by EELS-SI data-
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sets and the same 2 + ionization state for both 
magnesium and calcium cations.

•	 Qualitative ELNES analysis revealed differences 
between the grain boundary core and the vicin-
ity of the grain boundary (~ 1 nm away from the 
grain boundary) for the Mg–K edge in Ca-doped 
spinel, which indicated that changes in the bond-
ing status for the magnesium sublattice were 
observed at the boundary core after calcium dop-
ing as compared to the undoped spinel. Further 
quantitative analysis with theoretical assistance is 
necessary to conclude whether these changes can 
be attributed to changes in the grain boundary 
cohesion.

•	 Calcium segregation at grain boundaries in spi-
nel was quantified by XEDS analysis, showing no 
strong dependency on the misorientation angle. 
Quantitative analysis using the ζ-factor method 
revealed levels of calcium segregation in all grain 
boundaries analyzed, ranging from ~ 0.1 to 0.9 
atoms/nm2 (0.03—0.26 monolayers).

•	 EBSD analysis of the microstructures around the 
crack paths revealed that calcium doping did not 
detrimentally affect the number of transgranular 
cracking events compared to undoped spinel. 
Additionally, no preferential intergranular crack-
ing at specific misorientation angles was observed 
in the Ca-doped spinel compared to the undoped 
condition.

•	 After 48 h of annealing, the undoped and Ca-
doped spinel samples showed similar fracture 
toughness. This suggests that the incorporation 
of Ca2+ cations in the grain boundaries occupy-
ing Mg2+ sites did not negatively affect the bulk 
fracture toughness. However, further mechanical 
characterizations of individual grain boundaries 
are necessary to directly correlate the calcium 
segregation behavior with the grain boundary 
mechanical properties.

•	 The findings of this study provided new quantita-
tive insights into how phenomena at the nanoscale, 
such as the segregation behavior of doping atoms, 
are closely related to the mechanical response at 
the microscale, such as microhardness, indenta-
tion fracture toughness, and fracture behavior. The 
unique combination of advanced electron micros-
copy techniques and detailed quantitative fracture 
behavior by EBSD can lead to a more predictable 
way of selecting dopant atoms for enhanced prop-
erties in spinel, such as high fracture toughness.
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