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ABSTRACT

The synthesis, densification behavior, and crystallographic site occupancy were investigated
for four different spinel-based ceramics, including a high-entropy spinel (Cog>Cug>Mgg>Nig >
Zng)Al0,4. Each composition was reacted to form a single phase, but analysis of X-ray
diffraction patterns revealed differences in cation site occupancy with the high-entropy spinel
being nearly fully normal. Densification behavior was investigated and showed that fully dense
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ceramics could be produced by hot pressing at temperatures as low as 1375°C for all composi-
tions. Vickers’ hardness values were at least 10 GPa for all compositions. The cations present in
the high-entropy spinel appear to have a stabilizing effect that led to nearly normal site
occupancy compared to full cation inversion behavior of nickel aluminate spinel. This is the
first report that compares cation site occupancy of a high-entropy spinel to conventional spinel

ceramics.

1. Introduction

Magnesium aluminate, MgAl,O,4, which is commonly
referred to by its mineral name of spinel, is the only
compound in the MgO-Al,O5 binary system. Interest in
magnesium aluminate spinel ceramics is driven by
properties such as high melting point (>2100°C), high
hardness (~13 GPa), resistance to chemical attack, and
the potential for optical transparency [1-3]. These
exceptional properties are what allow magnesium alu-
minate spinel ceramics to be used in applications such
as catalyst-supports, refractories, transparent armor,
and radiation tolerant ceramics [4,5]. Several methods
can be used to fabricate spinel-based ceramics, includ-
ing direct solid-state reactions, wet chemical techni-
ques, and mechanical activation techniques [6-14].

Spinel phases are also known in a variety of other
systems. For example, cobalt aluminate spinel is a well-
known pigment [15-17]. The color is impacted by the
degree of cation site inversion with the most desired
deep blue color formed when cobalt atoms are mainly
located on the tetrahedral sites (i.e. the spinel in almost
fully normal) [15]. Zinc aluminate spinel is a thermally
stable catalyst support that has been reported to have
zinc cations occupying a mixture of tetrahedral and
octahedral sites [18]. Doping of spinels with different
cations has been reported as a method for tuning
photocatalytic properties [19].

The concept of entropy stabilization has been inves-
tigated in several classes of materials [20,21], ranging

from high-entropy alloys (HEAs) [22], high-entropy car-
bides (HECs) [23], borides (HEBs) [24], and oxides
(HEOs) [25]. In 2004, Yeh [26] and Cantor [27] first
proposed the idea of HEAs and multi-principal compo-
nent alloys. Applying that concept to ceramics, Rost
was the first to show entropic stabilization of five
different cations in equimolar rations in a single-
phase oxide system, (Cog,Cug,,Mgg.2,Nig>,Zng )0
with a rock salt structure [28]. From the Rost study, it
was concluded that the local bond lengths between
the metals and oxygen varied around each cation, with
a notable distortion around the Cu-O polyhedra.

The first HEO with the spinel structure,
(Co,Cr,Fe,Mn,Ni)304 was synthesized in 2017 with the
intent to confirm that these specific cations could be
incorporated into a single spinel phase [29]. X-ray dif-
fraction (XRD) analysis indicated that a pure, single-
phase spinel material was synthesized from the con-
stituent oxides. These results were further confirmed
by energy-dispersive spectroscopy (EDS) and Raman
spectroscopy. This material proved to be a good exam-
ple for the formation of new HEO materials in that,
different structures could form, depending on the oxy-
gen partial pressure used during processing. This type
of behavior, which is so different from HEAs, opens
potential synthesis routes for HEO materials.

In the present study, the synthesis of a single-phase,
high-entropy aluminate spinel (HES) based on the
A-site cations Mg, Ni, Co, Cu, and Zn was studied.
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This combination was chosen due to the similar atomic
radii and the rock salt crystal structures from the parent
oxides for MgO, NiO, and CoO and the previous studies
showing that CuO and ZnO could be substituted into
the rock salt structure in an HEO. The ability of the
cations to be stable in the Me™? oxidation state was
also considered. The degree of cation inversion was
characterized and compared to MgAl,0,, (Mgq5,Nigs)
Al,O,4, and NiAl,O,.

2. Materials and methods
2.1. Processing

Raw materials were batched to produce spinel pow-
ders with different compositions. Prior to batching,
magnesium oxide powder (=99%, Sigma-Aldrich) was
first calcined in air at 1000°C for 4 hours with a heating
rate of 10°C/min to decompose any carbonate, hydro-
xide, and/or hydroxycarbonate species to oxides. To
produce the magnesium aluminate spinel, MgAl,O,,
(MAS), calcined magnesium oxide and a-Al,Os (A16-
SG Almatis) were mixed in a one-to-one molar ratio
according to Reaction 1. Likewise, nickel aluminate
spinel, NiAl,O4 (NAS), was synthesized by mixing NiO
(78.5 wt.% Ni, Alfa Aesar) and Al,O;3 in a one-to-one
molar ratio according to Reaction 2. A mixed, nickel-
magnesium aluminate spinel, (Mggs,Nig5)Al,04,
(NMAS) was produced by mixing equimolar amounts
of calcined MgO and NiO with one molar equivalent of
a-Al,03 according to Reaction 3. To produce the high-
entropy spinel (HES), one molar equivalent of a-Al,0;
was mixed with the appropriate amounts of calcined
MgO, NiO, ZnO (99.9%, Alfa Aesar), CuO (97%, Alfa
Aesar), and Co304 (99.7%, Alfa Aesar). The target com-
position was (Cog>Cug>2MggNig» Zng5)AlL 04 based on
the stoichiometry of Reaction 4. All mixing was accom-
plished by wet ball milling with ZrO, media in acetone
for 24 h. The media to powder mass ratio was 3 to 1 in
high-density polyethylene jars.

MgO + Al,03 — MgAl,0, (1)
NiO + Al,05 — NiAl,O, 2)
0.5MgO + 0.5NiO + Al,03 — (Mg s, Nios)ALOs (3)

0.2MgO + 0.2NiO + 0.2Zn0O + 0.2CuO + 0.067C0304
+Al,03 — (Mg 5, Nig.5)Al,04 (4)

After the powders were mixed for 24 h, the slurries
were dried by rotary evaporation (Rotovapor R-124;
Buchi, Flawil, DEU). The dried powers were lightly
ground to break large agglomerates and passed
through an 80-mesh screen. After sieving, the powders
were mechanically activated (MA) by high energy ball
milling (Model No. 8000, Spex Industries, Inc.) with
a cycle of 30 min on, 15 min off, and then the final 30

min for a total 60 min of active milling. The off time was
added to minimize powder heating. Powders were
loaded into an alumina mill jar with 5 mm alumina
spherical media in increments of 12 g of powder with
a media to powder mass ratio of 3:1. The milled pow-
der mixtures were pushed through an 80-mesh screen.
At this point, the milled powder mixtures were loaded
into alumina crucibles and reacted at 1200°C for 2 h in
a box furnace (Deltech, Colorado) in static air.

Dense ceramics were prepared by reactive hot
pressing (RHP) in a 25.4 mm diameter graphite die
lined with graphite paper (0.005"; Graftech
International, Lakewood, USA) and coated with BN
(SP-108; Materion, Milwaukee, USA). A tungsten metal
sheet that was coated on both sides with BN was
placed between the graphite paper and the powder
compact to minimize interactions between the carbon
dies and the specimens. Densification data were col-
lected by measuring ram displacement using a linear
variable differential transducer (LVDT) and analyzed
using OriginLab graphical software to determine den-
sification rates as a function of time during hot press-
ing. The hot press (HP; Model HP20-3060-20; Thermal
Technology, Santa Rosa, USA) was heated under flow-
ing argon at 25°C/min to 1150°C and then 10°C/min to
1200°C with a 2-h hold at 1200°C to allow the oxide
precursors to react. After the 2-h hold, a uniaxial load
of 32 MPa was applied, and the furnace heated at
a rate of 25°C/min to 50°C below the final hold tem-
perature. It was at this point that data collection for
densification began. The furnace was then heated at
10°C/min to the final hold temperature of either
1375°C, 1450°C or 1550°C and was held for 30 min.
The furnace was allowed to cool at 10°C/min from the
final hold temperature to 1200°C, at which point the
load was removed and the furnace was allowed to cool
at its natural rate. Specimens were surface ground to
remove the tungsten sheet and any reaction layer.
A modified Archimedes method was then used to
measure the bulk density of each hot-pressed billet.
The billets were then cross-sectioned and polished to
a 0.25um finish using successively finer diamond
abrasives.

2.2. Characterization

Reacted powders were ground and passed through an
80-mesh screen prior to X-ray diffraction analysis (XRD;
X'Pert Pro, PANalytical, Almelo, NLD) using Ni-filtered
Cu-Ka radiation. Phase analysis was performed by
Rietveld refinement (RIQAS4, Materials Data
Incorporated, Livermore, USA). Lattice parameters
determined using Rietveld refinement of XRD data
were used to calculate the theoretical density of the
HES material assuming a cubic crystal structure and
a space group number of F43m. Rietveld refinement
was also used to estimate occupancies for the various



cation sites to determine the amount of inversion (i.e.
occupancy of B sites such as Al by A site cations such as
Mg). With this reference, a degree of inversion of 0.5
indicates a fully inverted spinel in which all of the
A sites are occupied by Al cations. An initial refinement
was performed for each material to get close to the site
occupancy values for each material. Once that was
done, refinements were performed by inputting spe-
cific occupancy values to determine where the site
occupancy and fit error values converged. Precursor
powders were analyzed for specific surface area (SSA)
using the Brunauer-Emmett-Teller (BET) method
(NOVA 2000e; Quantachrome Instruments, Boynton
Beach, FL). Equivalent particle size was calculated by
assuming that particles had a spherical shape.
Calculated true densities (p) of each powder were
also used in the calculation:

6
d= SSA - p (5)
Morphologies of both precursor and reacted powders
were examined by scanning electron microscopy (SEM;
Raith eLine, Raith GmbH, Islandia, New York). Powders
were coated with a conductive Au/Pd layer before
placing into SEM. Microhardness (H,) was measured
with a Vickers’ diamond indenter (Duramin-5, Struers,
Cleveland, OH), with 10 indents performed for each
reported value. Phase analysis of polished sections of
hot-pressed billets was performed using XRD. Grain
size was measured using electron backscatter diffrac-
tion and image analysis (EBSD, Channel 5 software,
Oxford Instruments) in SEM (Helios Nanolab 600, FEI)

MAS

Intensity (A.U.)

10 20 30 40 50 60 70 80 90
2-Theta Degrees

NMAS

Intensity (A.U.)

...............................

10 20 30 40 50 60 70 80 90
2-Theta Degrees
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by counting at least 1000 grains per composition.
Grains were traced using GIMP photo editing software
and grain sizes were analyzed for Feret's diameter
using ImageJ.

3. Results and discussion

Heating to 1200°C produced crystalline MAS. Analysis
of the XRD pattern (Figure 1) revealed that the speci-
men contained a single spinel phase and all peaks
indexed to MAS with no other peaks present. The
lattice parameter obtained for the MAS material was
8.08410 + 0.00004 A based on the Rietveld refinement
fit (Table 1). The calculated true density using the
nominal composition and the measured lattice para-
meter was 3.58 g/cm?, which agrees with previous
reports [30]. Table 2 summarizes the XRD information
with peak location and relative intensities. These peak
locations and relative intensities matched most favor-
ably with PDF# 74-1132 for MgAl,O,.

Heating the NAS and NMAS materials to 1200°C
produced crystalline materials with the spinel struc-
ture. Analysis of the XRD patterns (Figure 1) revealed
that the specimens were each composed of a single
spinel phase. The NAS pattern matched most closely
with PDF# 78-1601. Each peak was indexed for NAS
and NMAS, with peak positions and relative intensities
presented in Table 1. The lattice parameters from the
Rietveld refinements were 8.04839 + 0.00005 A for NAS
and 8.06751 +0.00004 A for NMAS. The theoretical
densities calculated from the measured unit cell para-
meters and the nominal compositions were 4.50 g/cm?

NAS

Intensity {A.U.)

10 20 30 40 50 60 70 80 90
2-Theta Degrees

HES

Intensity (A.U.)
x

10 20 30 40 50 60 70 80 90
2-Theta Degrees

Figure 1. XRD patterns and Rietveld fits for (a) MAS, (b) NAS, (c) NMAS, and (d) HES.
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Table 1. Indexed peaks of the four spinel materials.

Designation MAS NAS NMAS HES

Peak Position Relative Peak Position Relative Peak Position Relative Peak Position Relative
Plane (26°) Intensity (%) (26°) Intensity (%) (26°) Intensity (%) (26°) Intensity (%)
m 19.0 335 19.1 19.6 19.0 27.7 19.0 3.5
220 313 354 314 21.2 313 244 313 454
311 36.9 100 37.0 100 36.9 100 36.9 100.0
222 38.6 23 38.7 1.5 432 1.3 — —
400 448 53.7 45.0 53.6 449 52.0 448 23.2
331 — — 493 1.6 49.2 0.7 49.1 1.2
422 55.7 75 559 6.4 55.8 6.5 55.7 134
511 59.4 33.2 59.6 28.5 59.5 30.4 59.4 36.5
440 65.2 543 65.6 61.7 65.4 57.8 65.3 51.0
531 68.6 2.0 69.0 2.3 68.8 2.6 — —
442 — — — — — — — —
620 741 1.8 74.5 2.1 74.3 2.0 741 4.1
533 774 6.6 77.7 8.1 77.5 74 774 8.1
622 784 0.8 78.8 2.7 78.6 1.4 78.4 1.6
444 82.6 43 83.1 54 82.8 438 82.7 24
551 85.8 1.4 86.3 0.8 86.0 1.3 85.9 0.6

Table 2. Atomic positions, occupancies, lattice parameters and reliability factors for Rietveld refinement of MAS,

NAS, NMAS and HES.

Atoms Site X Y z Occupancy
MAS (Fd-3m), Ryp= 5.63%R,= 2.90%,Rgr0g5=2.81%

Mg1 8a 1/8 1/8 1/8 1.0
Al 8a 1/8 1/8 1/8 0
Mg2 16d 1/2 1/2 1/2 0
Al2 16d 1/2 1/2 172 1.0
0 32e 0.256 0.256 0.256 1.0
NAS (Fd-3m),Ryp= 2.90%,R, =1.61%, Rgragq=3.85%

Ni1 8a 1/8 1/8 1/8 2
Al 8a 1/8 1/8 1/8 8
Ni2 16d 1/2 172 1/2 4
Al2 16d 1/2 1/2 1/2 6
(o] 32e 0.256 0.256 0.256 1.0
NMAS (Fd-3m),Ry,= 3.19%,R,, = 1.78%,Rgrag4=6.02%

Ni1/Mg1 8a 1/8 1/8 1/8 0
Al 8a 1/8 1/8 1/8 1.0
Ni2/Mg2 16d 1/2 172 1/2 5
Al2 16d 1/2 1/2 1/2 5
0 32e 0.256 0.256 0.256 1.0
HES (Fd-3m),Ryp,= 4.27%R, = 1.60%Rgragq=7.56%

Ni1/Mg1/Zn1/Cu1/Co1 8a 1/8 1/8 1/8 1.0
Al 8a 1/8 1/8 1/8 0
Ni2/Mg2/Zn2/Cu2/Co2 16d 1/2 172 172 0
Al2 16d 1/2 1/2 1/2 1.0
0 32e 0.256 0.256 0.256 1.0

for NAS and 4.03 g/cm? for NMAS. The calculated value
for NAS agrees with the accepted density of 4.51 g/cm?®
and the density for NMAS is consistent with the com-
position since lighter Mg atoms replace half of the Ni
atoms in the structure.

Heating to 1200°C was sufficient to produce
a nominally phase pure high-entropy spinel. Analysis
of the XRD pattern (Figure 1) shows that the specimen
contained a single phase that could be indexed to the
spinel structure with no additional peaks present. The
calculated lattice parameter was 8.08307 +0.00004 A

with an estimated true density of 4.33 g/cm?. The posi-
tions of the peaks present in the HES material matched
well pattern predicted for the modified spinel structure
containing Mg, Ni, Zn, Cu, and Co.

Rietveld refinement was used to estimate the site
occupancies of the cations in the spinel structure for
the various powders. Table 2 lists the atomic positions,
initial site occupancy assumptions, and reliability fac-
tors for the Rietveld refinements while Table 3 sum-
marizes the site occupancies from the best fits along
with predicted lattice parameters and true densities for

Table 3. Summary of Rietveld refinement results of the spinel powders.

Designation Degree of Inversion a-axis measured (A) Theoretical Density (g/cm?)
MAS 0.0 8.084 = 0.00004 3.58
NAS 04 8.048 + 0.00005 4.50
NMAS 0.5 8.068 + 0.00004 403
HES 0.0 8.083 = 0.00004 433




each composition. Rietveld refinement of XRD data
was unable to provide unambiguous site occupancy
for MAS because the X-ray scattering cross sections of
Mg and Al are similar (i.e. 12 for Mg and 13 for Al). The
degree of site inversion for MAS typically ranges from
0.1 to 0.5, depending on processing routes [31,32]. For
example, our previous study found that mixed MgAl,
0,4 powders had inversion parameters that decreased
from 0.19 for powder heated to 1200°C to 0.13 after
heating to 1500°C [33]. In contrast, NAS is an inverse
spinel that typically has Al atoms occupying all of the
tetrahedral lattice sites and Ni atoms occupying half of
the octahedral lattice sites. The other half of the octa-
hedral sites are filled by Al atoms. Fit error values of
about 5% or less were found for simulations that
assumed full inversion for NAS and NMAS. Based on
the Rietveld refinement and the varying peak intensi-
ties, NMAS and NAS appear to have a high degree of
inversion (i.e. they are nearly fully inverted with values
approaching 0.5 that indicate that half of the B sites are
occupied by A cations). In contrast, HES appears to
have a very low degree of inversion. Apparently, the
presence of multiple divalent cations (Mg, Ni, Zn, Cu,
and Co) promotes the formation of a normal spinel in
which the divalent cations occupy nearly all of the
A sites in the lattice resulting in a very low degree of
cation inversion.

Mechanical activation reduced the starting particle
sizes of the powders and homogenized the constitu-
ents. Table 4 summarizes the specific surface area (SSA)
for milled and unmilled precursor powders along with
equivalent particle sizes calculated from SSA. The SSA
of each of the powders increased significantly after
milling. Each starting (i.e. mixed) powder had
a surface area of approximately 6 m?/g and the surface
areas increased for the milled powders to the range of
7.0-7.5 m?/g, which is an increase in SSA of approxi-
mately 20%. Examining powder morphology showed
that the most noticeable difference between unmilled
and milled powders was the absence of micron-sized
particles in the milled powders (Figure 2). The circle in
Figure 2(a) highlights a large particle that was ~1 umin
diameter in the unmilled powder. Similar large parti-
cles were commonly observed in mixed powders, but
none were found in milled powders. Other than the
presence of a small fraction of large particles, the
starting powders appeared to be sub-micron in size

JOURNAL OF ASIAN CERAMIC SOCIETIES . 5

Figure 2. SEM micrographs of (a) as-mixed (b) milled HES
powders after annealing at 1200°C for 2 hours. The red circle
highlights a larger particle present in the mixed material that
is largely missing from the milled powder.

with an irregular polygon shape and did not change
appreciably after milling. These observations match
with the measured SSA as seen in Table 4. Hence,
mechanical activation led to reduction in the number
of large particles, which presumably increased the
reactivity of the material that enabled formation of
single-phase ceramics of the desired compositions.
Densification curves for the milled HES at three
different temperatures are shown in Figure 3. All speci-
mens reached >98% relative density as summarized in
Table 5. The specimen hot pressed at 1375°C reached
full density during the isothermal hold, but the other
two reached full density well before the final hold
temperature was reached. It should be noted that the
specimen with the largest initial densification rate was
the specimen sintered at 1375°C, which was a rate of

Table 4. Specific surface area and theoretical particle size of unreacted prepared powders.

Designation Type SSA (mz/g) SSA % Increase Theoretical Particle Size (um)
MAS Unmilled 58 22 0.29
Milled 7.0 0.24
NAS Unmilled 5.6 52 0.24
Milled 8.5 0.16
NMAS Unmilled 59 20 0.25
Milled 7.1 0.21
HES Unmilled 6.0 23 0.23
Milled 7.4 0.19
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Figure 3. Relative density as a function of sintering time for HES powders. The sintering time begins when pressure was applied to
the powder compacts. The arrows denote when the compacts reached the final sintering temperature.

Table 5. Densification rates and final densities for the three hot-pressed HES specimens.

Hold Temperature (°C)

Initial Densification Rate (min~")

Bulk Density (g/cm?) Relative Density (%)

1375 6.2
1450 38
1550 4.3

4.27 £ 0.01 98.6 + 0.2
4.25 +0.01 98.0 £0.2
4.29 = 0.01 99.0 £ 0.1

6.2min"" as determined from the slope of the densifi-
cation curve in Figure 3. The other two specimens had
initial densification rates of 2.8 min~' for sintering at
1450°C and 4.3 min~" for sintering at 1550°C. Despite
these differences in initial densification rates, all speci-
mens reached relative densities of more than 98%
based on the bulk density determined by Archimedes
method and the theoretical density calculated from

the measured
compositions.
Microhardness was measured for the hot-pressed
materials at loads of 4.90 N and 9.81 N. These results
along with the measured grain sizes are reported in
Table 6 and a representative indentation can be seen
in Figure 4. The indents were valid with no spalling
noted and radial-median cracks appearing from the

lattice parameters and nominal

Table 6. Vickers hardness values and grain sizes for hot pressed HES samples.

Sintering Temperature (°C) Load (N) H, (GPa) Grain Size (um)
1375 4.90 141 £ 05 54
9.81 140 £ 0.5
1450 4.90 148 £ 0.4 5.4
9.81 133 £ 0.6
1550 4.90 144 £ 04 7.6
9.81 132 £0.2

Figure 4. a) Representative vickers indent of the hot-pressed HES material sintered at 1375°C, b) representative image of grain size

boundaries in HES material.



corners. The sample sintered at 1375°C had nearly
the same hardness at each load with H, of 14.1+0.5
GPa at 490 N and 14.0+£0.5 GPa at 9.81 N. The
sample prepared at 1450°C had a hardness of 14.8
+ 0.4 GPa at 4.90 N and 13.3+0.6 GPa at 9.8 N. The
sample sintered at 1550°C had similar hardness
values calculated for each load with H, of 14.4+0.4
GPa at 490 N and 13.2+£0.2 GPa 9.81 N. The values
reported in the present study are comparable to
previous reports such as Haney [34], who reported
hardness values of 14.1 GPa for transparent MAS
with a grain size of ~250 um.

4. Conclusions

The densification, site occupancy, and hardness of
a high-entropy spinel were reported. A spinel with
the nominal composition of (Cog,>Cug,Mgg,Nig.»
Zng)Al,04 and three other spinel materials were
synthesized. The NAS and NMAS materials were nearly
fully inverse spinels whereas the HES had a low degree
of inversion. Mechanical activation increased the SSA
of the powders by about 25% due to elimination of
large particles from the mixture. Vickers' hardness
values of the HES were all around 14 GPa, which is
higher than hardness values reported for MAS at the
same load. The research presented here demonstrates
a robust method for the synthesis and densification of
spinel and high-entropy oxide materials. In addition,
the effect of multiple cations appears to drive the
system toward the formation of normal spinel in
which the divalent cations are on the A sites in the
spinel lattice.
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