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1 | INTRODUCTION

Abstract

The chemical homogeneity of single phase high-entropy AlB,-type Ti-Zr-Hf-Ta-
TM diboride (TM = Cr, V, W, Mo), as well as Ti-Zr-Hf-Mo-W solid solutions
was investigated using a new method based on the comparative examination
of information provided by electron microscopy and structural parameters. The
study of the densification behavior was accomplished, and strong correlations
among densification rate-grain coarsening-long range chemical randomization
were found. High-resolution synchrotron radiation X-ray diffraction supported
by grain-scale chemical analyses by energy dispersive spectroscopy indicated
that homogenization of the metals was incomplete, with direct impact on the
refined lattice u-strain. The chemical inhomogeneity was on the same length
scale as the grain size, which makes it hardly detectable by typical chemical
mapping using energy dispersive spectroscopy. Based on this analysis, the result-
ing u-strain broadening is not an intrinsic property of the material, but strongly
depends on its processing history.

KEYWORDS
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dispersed on degenerate sites in the crystal structure.’
With the right compositions, elements of different sizes

The “supremacy of diversity,” as recently suggested by Y.
Sun and S. Dai can be unlocked by leveraging entropy
of mixing, which is a measure of the randomness of
configurations.! For solids, higher entropy should result in
more stable compounds. In high entropy (HE) materials,
disorder is achieved by using multiple elements of simi-
lar valence/charge but dissimilar size that are randomly

distort the structures without disrupting them. Lattice dis-
tortion has been proposed to lead to interesting properties,
many of which can be beneficial.>* HE materials might
be alternatively termed multi-component, multi-principal
element, or even compositionally complex materials,” but
the high-entropy epithet has stuck in the first seminal
literature and survived to date in this area of a rapidly
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rising scientific production.* The HE materials and the
entropy stabilization effect were first investigated in metal-
lic alloys consisting of five or more metals in equimolar
proportions.® Perhaps more than 40 metals in the periodic
table of the elements could provide desirable properties,
leading to an enormous number of possible combinations
of five elements or more in equal amounts, thus promising
an immeasurable number of new materials.

Among the HE materials, HE ceramics (HECs) came
to prominence in 2015 when the entropy stabilization of
afive-element rocksalt-type equimolar (Mg, Ti,Cu,Zn,Ni)O
phase was experimentally documented.” Since then, other
classes of HECs like borides, carbides, and nitrides
attracted the attention.” Browsing through the diverse
HECs, a new group of ultrahigh temperature ceramics
(UHTCs) first published in 2016 with the synthesis and
fabrication of HE diborides,® are among the materials
being explored for a spectrum of high-tech applications
ranging from thermal/environmental barrier-coatings to
catalysts and water splitting, as well as hard and wear
resistant coatings or next generation nuclear shielding
materials.>~*? UHTCs represent a cutting-edge class of
high performing materials, having melting temperatures
above 3300 K and consisting of a small number of borides,
carbides, and nitrides of early transition metals (TMs),
such as HfB,, ZrB,, HfN, and TaC. UHTCs were proven to
be useful in wide-ranging technologies and are currently
studied as key-enabling technologies capable of withstand-
ing extreme environments that are beyond the capabilities
of existing structural materials.!? Since then, many inves-
tigators have joined the effort to discover new materials
by exploring an uncharted compositional space charac-
terized by a virtually boundless number of combinations.
The last five years have seen an extraordinary growth in
the number of papers/reviews on HECs.>*>!° Among the
new high entropy UHTCs that emerged, the borides that
contain five or more group IV-V-VI TMs in a single crys-
talline phase have attracted substantial interest. The site
occupancy of HE borides has been assumed to be random,
but the present work is the first to probe metal distribution
systematically.

While solid solutions are often assumed to result in
properties that are an average of its constituents, HE
diborides have often demonstrated enhanced properties
that exceed predictions based on linear rule-of-mixture
estimates. The most striking result pertains a well-
documented leap in hardness,''> which suggests that the
increase in chemical disorder results in deformed lattices
and the shear strains that are the key difference between
low- and HE materials. Therefore, the full randomiza-
tion of the chemical elements across all spatial scales is
of paramount importance because it distinguishes a HE
material from low-entropy and multiphase material.'?
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The assessment of the full randomization across all
scales, very often accompanied by an a priori assumption
of equimolar shares, has received little attention, suppos-
edly due to the unavailability of appropriate analytical
tools. Achieving complete randomization of the principal
metallic species in HECs strongly depends on the pro-
cessing history, in particular (but not exclusively) by the
duration of the synthesis/sintering steps at the maximum
applied temperature and pressure. In other words, the
specific combination of elements along with the exper-
imental conditions during synthesis may lead to HECs
where compositional homogeneity may not have been
achieved.

Previous studies of HE borides have assumed that
compositional homogenization was reached after synthe-
sis/sintering, that metal distribution was random across
all scales (i.e., from short to large scale range), and
that the metallic species were present in ideal equimolar
proportions.*?* Some authors acknowledged deviations
from equimolar metal ratios but have stood by the assump-
tion of overall long-range chemical homogeneity.?’~?>%
Qin M. and coworkers studied a series of dual-phase HE
UHTCs using Ti, Zr, Hf, Ta, and Nb as principal element.?’
They used scanning electron microscopy-energy disper-
sive spectroscopy (SEM-EDS) mapping to assess metallic
homogeneity at the micrometer level of a quasi-equimolar
composition (Tiy2,Zo19Nbg18Hfy19Tag19Wo.03) B,. Their
ceramics contained residual (but not negligible) amounts
of W, which was introduced during processing with WC
milling media. A homogeneous elemental distribution
was also reported by Zhang et al.>! who identified five
metallic species, although not in perfect equimolar pro-
portions, in (Tig19Z1o19Crg19Hfy,Tag »,)B,. Again Zhang
et al.”” reported a measurable deviation from equimolar-
ity (e.g., Tig1Zrg23M0g18Hf) 21 W 13B, when Cr and Ta
were replaced by Mo and W). The lack of W in the pri-
mary HE diboride matrix was due to the formation of a
(W ssMog 2371 15)B as an impurity phase, where part of
the W needed to reach a quasi-equimolar ratio got segre-
gated into the new monoboride phase. Another TM, Nb,
which is frequently used in combination with Ti, Zr, Hf,
and Ta, was shown to segregate within a microstructure of
single phase (Ti,Zr,Nb,Ta,Hf)B, solid solutions by means
of SEM-EDS elemental mapping.'#16-222>

The present study employs six dense and nominally
single phase HEB solid solutions (SS) containing five
transition metals with the intent of specifically address-
ing the long-range compositional fluctuations in the
single (Ti, Ta, Zr, Hf, TM)B,, TM = Nb/Cr/V/Mo/W, or
(Ti,Zr,Hf,Mo,W)B, phases. The HEBs have microhardness
values high enough to be considered super-hard.!! To
achieve this goal, the lattice u-strain (Lu-S) is adopted
as descriptor to quantify the long-range chemical
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homogeneity. The reason for this choice is based on
the direct relation between the average lattice parameters
expected from a specific composition and its chemical
structure. While in the case of a phase containing a single
transition metal, such as ZrB,, only a single set of lattice
parameters (that is, a and c) is expected with very narrow
peaks in the powder diffraction pattern. In contrast for
high-entropy systems, every fluctuation in the chemical
composition will give rise to a different set of lattice
parameters, which broadens the diffraction peaks. In
the present case, each crystalline grain can have such a
fluctuation around the average composition. More details
about the origin of microstrain in powder diffraction can
be found elsewhere.’® In the present study, high resolution
synchrotron radiation (SR) X-ray diffraction analysis, and
field emission SEM-EDS elemental mapping were jointly
used to establish a direct relation between larger Lu-S and
the increasing inhomogeneity of mixing of the principal
TMs. A statistical approach was implemented to study the
compositional fluctuations and detect chemical texture
as a spatial recursive arrangement due to different TM
concentrations.

2 | EXPERIMENTAL METHODS

Six different compositions were explored and labeled as
follows:

HEB-Cr: (Ti, Zr, Hf, Ta, Cr)B,

HEB-V: (Ti, Zr, Hf, Ta, V)B,

HEB-Nb: (Ti, Zr, Hf, Ta, Nb)B,

HEB-W: (Ti, Zr, Hf, Ta, W)B,

HEB-MoW: (Ti, Zr, Hf, Mo, W)B,

HEB-Mo: (Ti, Zr, Hf, Ta, Mo)B,

Powders were prepared by a two-step boro/
carbothermal reduction process as described in our
previous studies.”’ The partially reacted diboride powders
were synthesized at 1650°C. Densification was accom-
plished at 2000°C or 2100°C, for 10 min by spark plasma
sintering (SPS, DCS10, Thermal Technology) under mild
vacuum (~2 Pa) and a final applied uniaxial pressure
of 50 MPa. The materials HEB-Cr, HEB-Mo, and HEB-
MoW were densified at 2000°C, while HEB-V along with
HEB-W and HEB-Nb at 2100°C. The furnace cooled to
1000°C at 50°C/min and under a uniaxial pressure of
25 MPa and then cooled at the natural furnace rate to
room temperature. More experimental details are reported
elsewhere.!! The linear shrinkage (dL) during SPS was
analyzed by recording the displacement of the upper
punch (£0.01 mm accuracy). The linear shrinkage was
also recorded with no sample inside the graphite die (dL¢)
under the same conditions used when the die was filled

with powder: The dLq versus time baseline curves were
thus obtained and used to remove the raw dL signal that
resulted from thermal expansion of the graphite fixtures
during heating.

Densification curves were calculated from the corrected
linear shrinkage (dLp) obtained during SPS after subtract-
ing the contribution of thermal expansion (dLc) of the
graphite fixtures dL (t) = dLg(t) + dLc(t). Equation (1)
describes the corrected displacement at the end of the
second isothermal dwell:

rdF X Zp

O a0l

ey

where z; = zp + dLgax Was used to convert dLp into the
relative density rd(t), z; and zg being the thickness of the
sample, respectively, before and after sintering. dLpyax
is the corrected full excursion of the upper piston at the
end of the second isothermal dwell. The mass of powder
pressed within the two graphite pistons was assumed con-
stant during the various stages of the SPS process (heating
and dwells), while the final densification degree was set
equal to rdg. Sintered pellets, 20 mm outer diameter and
about 1.5 mm final thickness, were ground on both sides
to remove the graphite foil and any reaction layers. Then,
a thin slice was cut from each sintered pellet and halved:
one half was polished to a 0.25 um finish for electron
microscopy analyses, the second half was prepared as sam-
ple for X-ray powder diffraction (XRPD) analysis. The thin
slice was put inside a stainless-steel die (inner diameter
20 mm) and was crushed into small fragments by ham-
mering a stainless-steel piston (20 mm outer diameter)
inserted inside the die. The fragmented pieces were sieved
(400 um mesh screen). Then, a strong magnet was used
to remove any metallic debris from the fragmented pieces.
Successively, the fragments were ground more finely using
a zirconia pestle-mortar tool to reach the desired mesh size
of about 150 um. Microstructures of the sintered materi-
als were analyzed using a field emission scanning electron
microscopy (FESEM, ZEISS Zigma-Germany) with in situ
chemical analysis by energy dispersive spectroscopy (EDS,
INCA Energy 300 detector, Oxford Instruments—-UK).
The residual amounts of the unreacted reducing agents
were estimated by analyzing FESEM micrographs of pol-
ished cross sections acquired in backscattered secondary
electron (BSE) mode using computerized image analysis
program (Image Pro Plus 6, Media Cybernetics, US): at
least three micrographs per specimen were counted. The
increased intensity of the accelerated electron beam (more
than 1 pA at 15 keV of energy) enhanced the overall con-
trast and, therefore, the composition contrast. Elemental
maps were acquired through FESEM-EDS analysis: the
beam energy generally set to 20 keV unless otherwise
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stated in the text. A quantitative determination of the over-
all metal concentrations in the sintered specimens was
also accomplished using an energy dispersive X-ray fluo-
rescence spectrometer (EDXRF, mod. S2 PUMA, Bruker)
using one 20 mm diameter surface of the sintered disc.

Synchrotron radiation X-ray powder diffraction (SR-
XRPD) data of the as-pulverized materials were collected
on the high-resolution MCX beamline at the Elettra
synchrotron light-source (Trieste, Italy) with 4 = 0.7293
A (17 keV). The instrument profile was calculated using
a standard reference material (Si, SRM 640c, National
Institute of Standards and Technology) by refining the
peaks shape with the pseudo-Voigt (PV) function avail-
able in the GSAS-II suite.?® It is worth mentioning that
silicon has a null microstrain broadening and negligible
size broadening. Borosilicate capillaries (0.2-0.3 mm
diameter) were filled with the pulverized samples and the
diffraction patterns were acquired at room temperature in
Debye-Scherrer geometry on the 4-circle Huber goniome-
ter by spinning the capillary at 300 rpm. Data were then
analyzed by means of Rietveld refinement starting from
the AlB,-type structural model, space group P6/mmm.
The uniaxial Lu-S profile correction was required to accu-
rately fit the anisotropic peak broadening (PB) present in
all the six samples.

Bulk densities (rg) were measured according to the
ASTM C373 standard test method.”” Theoretical densities
(rrg) were calculated using Equation (2):

_ Z XM
" NX Vxrp

)

FtH

where Z and M are, respectively, the number of atoms in
the unit cell and their molecular weight, N is Avogadro’s
number, and Vxgrp the lattice volume of the sample
obtained from the pulverized sintered material. Vxgp was
calculated using the cell parameters obtained by Rietveld
refinement, while M was calculated using the TM contents
provided by quantitative FESEM-EDS. The boron-to-TM
atomic ratio in the six materials was assumed equal
to 2. Back-scattered electron (BSE) imaging mode was
preferred to collect SEM images and visualize individual
grains. The chemical composition (fluctuations included)
was determined through extensive FESEM-EDS elemental
mapping (MAP) acquisitions. The quantitative mapping
generated the distribution of concentration for each TM
that was present in the material: such datasets were also
used to perform a chemically related texture analysis
with a statistical approach. A detailed description of the
statistical method is reported in the Results section and
represents an important outcome of the present work.
The grain size data (mean =+1 standard deviation) were
retrieved from reference."!
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3 | RESULTS

3.1 | High-resolution SR-XRPD analyses
SR-XRPD patterns and relative Rietveld refinement of the
six as-pulverized samples are presented in Figure 1 with
a logarithmic scale to highlight the absence of minority
phases. Each pattern can be entirely described by the pres-
ence of a single hexagonal (AIB,-type) phase. The absence
of residual unindexed peaks suggests that the mechanical
pulverization of the thin slice did not produce any extrin-
sic contamination. For some of the patterns, the first three
peaks in the 2-theta range 10°-20°, respectively the 001,
100, and 101 peaks, display anisotropic broadening (i.e., in
this case, different broadening from one crystallographic
direction to the orthogonal one).

This effect is normally found in powders of crystallites
exhibiting small domain-size and/or lattice u-strain effects.
Since these two effects have different angular dependen-
cies, separation is possible, which avoids correlations in
the fitting procedure. As a result, size-broadening could
be dismissed (domains were larger than 1-2 um and had a
negligible effect on the profile), which allowed direct anal-
ysis of the lattice u-strain. The output is summarized in
Table 1.

To avoid uncontrolled correlations during the least
mean square fitting, the atomic occupancies of the TMs
were maintained at the values dictated by FESEM-EDS
analyses (see Table 2). The atomic ratios reported in Table 2
were normalized to 100% and based on averages of at least
three areas of about 102 mm2. The maximum relative
error connected to the mean atomic amounts of various
TMs does not exceed 0.5 at%.

3.2 | Microstructure

Polished surfaces were used to analyze the long-range
microstructure of the six materials. A representative BSE
micrograph for each composition is shown in Figure 2,
while in Table 3, some important characteristics of the
as-sintered materials are reported.

The change of just one/two principal elements among
the TMs of the starting composition gave rise to evi-
dent differences in the final microstructures. BSE-FESEM
image analyses provided an estimate of the final amount
of porosity (p) as well as of the residual unreacted
precursors (boron carbide and carbon) used for the
boro/carbothermal reduction reactions.?” The bright con-
trast outlining a darker spot is a feature typical of an empty
pore especially when a very intense electron beam hits
the polished sample surface and enhances the so-called
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lattice u-strain; and weighted R-factor of the refinement (Ryyp)

TABLE 1
HEB-xx a(A)
Cr 3.09175(6)
A 3.08631(9)
Nb 3.10546(14)
W 3.09480(2)
MoW 3.08231(3)
Mo 3.09308(1)

TABLE 2

45

60

c ()
3.3658(1)
3.34748(9)
3.37812(11)
3.35246(3)
3.34464(3)
3.36093(2)

15

30 45
20 (deg)

Vxrp (A%)
27.864(1)
27.614(2)
28.217(2)
27.807(1)
27.519(1)
27.847(1)

60

High-resolution synchrotron radiation XRPD data and Rietveld refinements.

d/dyyo (%)
1.444(5)
0.505(3)
0.402(4)
0.319(2)
0.212(1)
0.196(1)

30 45

d/dog; (%)
2.827(25)
1.221(16)
0.938(23)
0.929(14)
0.597(6)
0.433(7)

60

Refined parameters (errors in parenthesis): cell parameters a and c; cell volume Vygp, equatorial- (8,/dy) and axial-(8,/dyg)

Ryyp (%)
7.9
114
7.7
8.8
1.2
8.8

Experimental atomic average-compositions (within 0.5% error) as determined by FESEM-EDS analyses from the average of at

least three areas of 1072 mm?. <TM> is the weighted average of the various TM at%, while M is the molecular weight expressed in atomic

mass unit (amu) and used in relation (2)

HEB-Cr

Ti, at% 19.3
Zr, at% 20.3
Hf, at% 18.5
Nb, at% —
Ta, at% 20.8
Cr, at% 19.6
Mo, at% —

V, at% =

W, at% 1.5
<TM>, at% 19.5
M, amu 132.98

HEB-V
18.7
19.9
20.7

20.5

19.1

1.0

19.6
134.38

HEB-Nb
19.0
19.7
20.5
20.1
20.1

0.6
19.4
141.42

HEB-W

19.0
21.0
18.0

20.4

21.5
20.0
158.44

HEB-MoW
18.6
21.9
18.0

HEB-Mo
18.0
19.7
20.1

19.3

20.2

2.6
19.0
143.17
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FIGURE 2 BSE-FESEM micrographs from a polished surface, taken at the same magnification. The nature of the black spots in HEB-x
(x = Nb, MoW, or Mo) is described in the main text. Residual scratches due to polishing are still visible in HEB-x1 (x1 = V, W, MoW, and Mo)

TABLE 3 SPS temperature, bulk density (1), theoretical density (rry), residual porosity (p), final relative density (rdg), residual volume

(Ry) of the unreacted B,C+C, and mean grain size (mgs) of HEBs

Trnax rg*(£0.01)  ryp(+0.005) rg/Tru P rd** Ry mgs(+1st.dev)*

°C g/cm? g/cm? % % % % um
HEB-Cr 2000 7.93 7.925 >100 n/i 100 n/i 32 +13
HEB-V 2100 7.88 7.97 98.9 ~1 99 n/i 7.7 £ 3.5
HEB-Nb 2100 8.20 8.29 98.9 ~1 99 n/i 49 + 23
HEB-W 2100 9.45 9.46 99.9 n/i 100 n/i 93 £ 35
HEB-MoW 2000 8.19 8.485 96.5 ~1 99 2.5 134 + 5.5
HEB-Mo 2000 8.22 8.445 97.3 ~1 99 1.5 159 + 7.0

n/i, not identified.
(*) from [11]; (**) rdg = 1-p.

“edge effect.” This allows for discrimination of porosity
from residual unreacted agents (RV) because the core of a
pore or a RV remains dark (compared to the surrounding)
while the perimeter of a pore acquires a bright appear-
ance. Figure S2 provides more detailed visual evidence of
the edge-effect contrast: In the same Figure S2, an example
of an FESEM-EDS elemental mapping is presented. Resid-
ual boron carbide and carbon had no measurable effects
on the outputs of the SR-XRPD analysis. However, ele-
mental FESEM-EDS analysis allowed us to determine the
atomic compositions of the sintered materials, assuming
stoichiometric boron content of the TMB, compound, with
the actual representative chemical compositions reported
in Table 2. All six chemical compositions depart slightly
from perfect equimolar mixtures in two systematic ways:
1) Ti is constantly below 20 at%; and 2) the presence of W
in trace amounts in compositions other than HEB-W and
HEB-MoW further deviates the overall composition from
equimolarity (if considered as part of the diboride SS). The

EDXRF analyses confirmed the experimental ranges of
various TMs measured by FESEM-EDS, including a deficit
of Ti, and contamination from W. With the exception of
HEB-Nb, SEM imaging (Figure 2) did not reveal evident
local segregation in any of the remaining compositions:
further long-range FESEM-EDS mapping reported in the
following sections definitively excluded the occurrence of
local segregation. Nb segregation in (Hf,Nb,Ta,Ti,Zr)B, is
well-documented.'#'%?>%, The reasons that an extra phase
was not detected in HEB-Nb through SR-XRPD analysis is
discussed below. The rry values were calculated, accord-
ing to Equation (2), using the experimental values of Vgxp
(see Table 1) and M (see Table 2). The calculated rg/rry
ratio is consistent with the final relative density (rdg) of
the as-sintered material, rdp = 1-p, when the reducing
agents, initially added to the oxide blend, were fully con-
sumed. Traces of unreacted B,C and C are still visible in
Figure 2 mainly as black elongated spots. Ceramics con-
taining Mo also contained a few percent of RV, which led to
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FIGURE 3 Relative density (rd) versus time (f) calculated
using relation (1): the second dwell was set at T; = 2000°C (curves
1,5,6) or T, = 2100°C (curves 2,3,4)

the discrepancy between rg and rty. The calculation of the
densification curves versus time was made using rdg values
reported in Table 3 as input for the final relative density.

3.3 | Densification behavior

The densification curves were calculated with Equation (1)
and are plotted in Figure 3. A more detailed visualization
of the rd variation versus time of the isothermal stages is
presented in Figure S3. The comparison of densification
curves enables assessment of whether a particular combi-
nation of TMs promotes full density simply by adjusting
the peak SPS temperature (see Table 3). For HEB-Mo,
HEB-MoW, and HEB-Cr, a maximum sintering temper-
ature of 2000°C (10 min dwell applying 50 MPa) was
enough to achieve rdg >99%, while an increase of 100°C
became necessary to push HEB-V, HEB-W, and HEB-
NbD to near full density. The compositions HEB-Mo and
HEB-MoW were characterized by the fastest densification
rates and stronger grain coarsening based on the values
of mean grain size (mgs) in Table 3. Faster densification
rates reflected the ability of the specific TM combination
to diffuse, which should also favor atomic-level mixing
of all the TMs. The materials with increasingly larger
mgs, therefore, were hypothesized to have reached a bet-
ter homogenization. This trend is further supported by
the HEB-Nb composition that showed the slowest den-
sification rate, likely due to the hindrance of Nb to mix
homogeneously, which resulted in the widespread Nb
segregation that was observed (Figure 2).

3.4 | Long-range fluctuations in
chemical composition

A qualitative indication of long-range chemical fluctua-
tions (LRCF) was first observed in the BSE-FESEM images.

Image contrast is primarily due to different crystallo-
graphic orientations of grains at the surface and is defined
enough to allow for measurement of grain sizes. However,
more detailed analysis of the BSE-FESEM micrographs
shown in Figure 4 provided evidence of additional con-
trast, superimposed to the orientation contrast, that varied
with amplitude and spatial extent. Composition contrast
was barely discernible in HEB-Mo and HEB-MoW due
to its minor amplitude compared to the other materials,
so those micrographs are not displayed. Hence, FESEM-
EDS proved useful in the investigation of the long-range
chemical fluctuations that can be interpreted as a chem-
ical fluctuation due to a long-range non-ideal mixing of
all the principal TMs. To this end, chemical analysis was
conducted using FESEM-EDS elemental mapping. A com-
parative protocol was devised to rank materials possessing
different lattice u-strain as summarized in Figure 5 along
with the description below. The FESEM-EDS elemental
maps were fragmented in adjacent boxes (Q), each one
with diagonal D, chosen based on the actual mgs of
the material under investigation. The initial area (A;) of
a the FESEM-EDS elemental map, D; being its diago-
nal, was roughly estimated using the following empirical
criterion:

A; =1/2D;?,0.05 < mgs/D; < 0.1 (3)

The elemental map was thus built collecting the master
spectrum throughout the selected initial area A;. Post-
processing of the master spectrum included defining grids
of Q squared boxes (SQB), with diagonal D,

Dqo’= (V2A1)/Q )

For each material, the atomic concentrations of various
TMs were quantitatively determined by increasing Q up to
acertain limit, Qyax. The Quax value was flagged when 2
Dqmax fell below about 1 micron. Overlapping of the probe
beam excitation volumes was removed from the analysis
of the compositions of adjacent SQBs. Figure S4 provides a
graphical guidance to describe the principal steps to obtain
a quantitative elemental surface map. The consistency of
the compositional homogeneity and fluctuations were ana-
lyzed by varying Q from 1 to Qpax- The descriptor &ty is
defined as,

5TM =

and it was calculated to address the compositional devi-
ation from the weighted average (X) inside an individual
SQB, with N the number of TMs present with atomic
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FIGURE 4 BSE-FESEM micrographs from polished surfaces of HEB-TM (TM = Cr, V, or W): The dominating gray levels inside each
grain provided by the orientation effect are modulated by a minor component due to a long-range chemical variability. Micro-cracking was

also present in HEB-V and HEB-W
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FIGURE 5 Flowchart to calculate the long-range chemical fluctuation LRCF versus mgs/Dg

concentration y; (Z?I: 1¥i= 1) and relative weight
X;. Larger values of &ty variance (osry) were inter-
preted as long-range chemical fluctuations (LRCFs) with
stronger intensities, that is, higher deviation from x. The
ostm values were calculated and re-scaled as,

1

IRCF=1—- —
I +os5mm)

L0<LRCF<1  (6)

The two-fold dependance of LRCF on D and mgs was
analyzed as shown in Figure 6. LRCF was plotted as a func-
tion of mgs/D, to enable direct comparison independent
of the actual grain size. The LRCF data for all the six mate-
rials are plotted in Figure 7A. The LRCF data were further
processed by fitting them to the following power law

3

LRCF = AX <%>2 . @)
Dq

The goodness of fit values, R2, were >99.5%. The param-
eter A was fitted and then plotted versus the average lattice
p-strain <Lu-S> in Figure 7B. The increasing magnitude,

A, matches the experimental increase in <Lu-S>, defined
as:

L/,{S:l(zad+ 6d)’ @®

3 \dwo  don

providing a concise description for the LRCF versus <Lu-
S> trend. In Figures 8 and 9, respectively, the chemical
fluctuations in HEB-Cr and HEB-MoW are shown as
example of a material with an enhanced or a limited <Lu-
S>. The range over which a variability in the chemical
composition appears to be significant turns out to be the
same as the grain size, despite differences in orientation
of adjacent grains. The compositional fluctuations become
negligible when the composition is averaged over areas
encompassing dozens of grains.

As a result, the mean values obtained summing up all
the data of a single elemental map, as is typically pre-
sented as support of chemical homogeneity of high entropy
ceramics, do not differ appreciably from the average values
reported in Table 2. The range of the mgs/D, ratio from
about 0.05 to 0.5 was unable to differentiate the chemi-
cal fluctuations because the selected length D exceeded
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FIGURE 6 Long-range chemical fluctuations (LRCF) versus mgs/Dg in HEB-V and HEB-MoW as examples showing the Q-Dg, pairs
(cfr. Equation (1)) for each experimental point: the DQ unit in um is omitted for Q >1. The average lattice u-strains <Lu-S> are also indicated
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FIGURE 7 (A)Linearization of the long-range chemical fluctuation (LRCF) data versus mgs/Dg according to the power law LRCF = A
(mgs/ DQ)3/ 2; (B) the A parameter versus average lattice u-strain <Lu-S>
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FIGURE 8 Quantitative mapping of HEB-Cr with the atomic percent qry, of various metals (TM) versus linear dimension (x,y) of the
mapped area, 2qry = 100%. The corresponding &y descriptor is shown: note that it has a different colored palette than the TM constituents
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Quantitative mapping of HEB-MoW with the atomic percent (qry;) of various metals (TM) versus linear dimension (x,y) of

the mapped area, qry = 100%. The corresponding &y descriptor is shown: note that it has a different colored palette than the TM

constituents

the spatial range over which such fluctuations were signif-
icant. When the length scale of the chemical analysis is less
than the size of the individual grains, that is, mgs/ D ratios
of 1 and higher, the chemical inhomogeneities are more
evident. For a certain value of mgs/Dq, higher values of
LRCEF reflect the occurrence, on average, of an enhanced
chemical variability inside individual grains. In addition,
the ranking of these materials based on increasing <Lu-S>
matches the order established by LRCF.

3.5 | Long-range chemical texture

In the former section, “Long-range fluctuations in chem-
ical composition” were presented as a method to measure
chemical homogeneity and enable correlation of the long-
range chemical fluctuations (determined by MAPS) to the
lattice u-strain detected by SR-XRPD. The LRCF values
shown in Figure 7A are derived from weighted averages
of the TM concentrations, but the spatial arrangements
of the SQBs, which segment the squared area A; in a
regular grid, have no influence over the calculated LRCF.
Hence, the overall chemical texture describing a spatial
recursive arrangement of the long-range chemical fluctu-
ations is inevitably lost from the analysis. For the actual
microstructure, chemical texture can provide information
on how frequently the amplitude of the long-range “chem-
ical disorder” varies across a predetermined lengthscale.

A statistical approach inspired by the Haralick method
and its impact on the texture analysis was implemented
to investigate the chemical related texture.’’ In general,
Haralick’s texture features are calculated from a gray level
co-occurrence matrix (GLCM), a matrix that counts the
co-occurrence of neighboring gray levels in an image. The
GLCM is a square matrix whose dimension is determined
by unreplicated gray levels inside a region of interest. In
the present case, the input data to build the co-occurrence
matrix were not gray levels of an image, but the o1y values
obtained from the quantitative MAPS. Examples of MAPS
were already plotted in Figures 8 and 9 while more case
studies are documented in Supporting Information. The
drm data carry the information into the co-occurrence
matrix of the chemical fluctuations (CFCM), if the overall
chemical compositions of adjacent areas of a region of
interest do not differ appreciably. The Haralick’s texture
descriptor C,

k k

c. .
’ 211]'2::11+(i—j)2 ®

is known as the second order inverse difference momen-
tum and typically measures the texture homogeneity over
k values, in the present case the unreplicated &1y values
extracted from the MAP. The CFCM brings information
about the probability ¢;; that two SQBs have the same or
dissimilar &ty. The highest ¢;; value along the diagonal
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of the CFCM reveals the most recursive dry value shared
by a pair of adjacent SQBs. As with the analysis described
in the long-range chemical fluctuations section, the
descriptor RC,

1
=1—-( —— < <
RC, =1 <1_C2>,O_RCZ_1 (10)

is a reformulation of C,: RC, approaching unity (i.e., C,
tending to 0) is mainly due to the (very low) probability
that ¢;; along the CFCM diagonal would encounter two
adjacent SQBs with the same dty. The probability of
co-occurrence ¢;; cannot be extracted from the dry maps
without first having predefined a position operator P;
and its displacement vector d = (d,d,). In Figure S4,
the action of the position operator on d(x,y) is shown:
the position operator P; is described by a displacement
vector d = (1,1) in the 0° or 90° directions. As long as
P; is defined, the frequency of SQB pairs separated by d
having chemical disorder dry;,; and Sty;,; can be counted.
The CFCM has dimension k2, where k is the number
of unreplicated distinct 6ty values isolated in the MAP.
The decisional flow to produce a CFCM matrix is better
explained in Figure S6. Maintaining the same operator P,
but relaxing the difference between two unique &1y values
by imposing a less stringent damping (i.e., increasing the
rounding), the ¢;; probabilities along the diagonal of the
CFCM get higher. This operation of damping the differ-
ence between unreplicated oty values has a direct impact
on the magnitude k? of the CFCM matrix, and therefore
on the Haralick’s texture output. The RC, descriptor was
calculated according to the following steps.

1. For each material, an outer perimeter of a MAP with
area A; was chosen so that dozens of individual SQBs,
on average, fell well inside the grains, that is, 1.4 <
mgs/Dq < 1.6.

2. The area A; was the target of FESEM-EDS data acqui-
sition where only one master spectrum was collected.

3. The area A; was segmented in a grid of 225 SQBs (Q =
225): For each SQB, a dp); value was calculated and a
dataset of 225 o1y values was produced.

4. The link between o\, of each SQB and their position
inside the area A; was recorded.

When the as calculated &ty values were processed with
no rounding, the corresponding CFCM generally showed
values of k of 200 or even higher, while the RC, descrip-
tor, calculated without any &1\ relaxation, converged to
a value indicating a global lack of chemical homogene-
ity smoothness (i.e., RC, = 1, cfr. Figure 10A). Increasing
the relaxation of the &y values from 107 to 0.1, that is,
relaxing the difference between dry; and &y pairs, k
decreased significantly for increasing the damping (cfr.

Figure 10A). The RC, values calculated for increasing
rounding (see Figure 10B) show that the materials hav-
ing less average lattice u-strain exhibit a steeper decay
of homogeneity smoothness RC,. A thorough discussion
of the consequences coming up the texture analysis is
referred to the next section. The long-range chemical anal-
yses of HEB-Nb provided meaningless results due to Nb
clustering. Hence, HEB-Nb was excluded from Figures 7
and 10.

4 | DISCUSSION

The experimental data and the analytical relationships pre-
sented in the Results section support the conjecture that
the chemical inhomogeneity of TMs in AlB,-type high
entropy single phase diboride solid solutions can be mea-
sured. Inhomogeneity is a result of fluctuations in the
concentrations of TMs on the sub-micrometric scale that
cannot be detected when the overall chemical composition
is calculated across dozens of grains. The present experi-
mental work also proves that this chemical variation that
was quantified using precise collection of local chemical
data by EDS can also be directly evaluated on a bulk sample
using the lattice u—strain measured with high-resolution
XRPD. In addition, the RC, descriptor, used to classify the
chemical texture intensity (see Figure 10), also ranks the
chemical homogeneity of these HEBs with the order estab-
lished by the average lattice u-strain determined using
SR-XRPD.

The spatial homogeneity of the principal TM species
was examined at long (i.e., tenths of micrometers), or short
(i.e., some tenths of nanometers) range. Possible effects
of such a chemical inhomogeneity on properties (e.g.,
mechanical properties) was not assessed in the present
study but is a topic worthy of future research. To date, only
a few dedicated works®'* have addressed the chemical
homogeneity at short range in high entropy materials.
These studies concluded that the arrangement of the prin-
cipal elements was homogeneous and random. Rost et al.
explored entropy-stabilized oxides in the (Mg, Co, Ni, Cu,
Zn) O cubic system and through rigorous analysis medi-
ated by X-ray diffraction, extended X-ray absorption fine
structure (EXAFS) and scanning transmission electron
microscopy (STEM)-EDS concluded that the cations were
uniformly dispersed.” B. Jiang et.al. studied high-entropy-
stabilized chalcogenides with thermoelectric performance
and conducted high-angle annular dark field (HAADF)
and atomic X-ray EDS analysis using STEM at different
scales and in different areas to investigate the homo-
geneity, finding that the distribution of all elements was
homogeneous from the micrometer to nanometer scales.*
In the same work, the authors claimed that, although
XRD analysis showed the macroscopic existence of lattice
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FIGURE 10 Variation of the k value of unreplicated ), values isolated in the map of 225 SQBs (A), and smoothness of the chemical

homogeneity (RC,) varying the damping from 10~ to 0.1 of the &y, data. The material’s legend reminds the average lattice u-strain

strains, the type and statistical/spatial distributions were
not able to be discerned. Atom probe tomography (APT)
was used by Chellai et al.*” to investigate the homogeneity
of high-entropy oxide nanopowders, confirming that
the cations were distributed homogeneously at atomic
level. Unfortunately, no prior work has examined the
homogeneity of TMs in high entropy borides.

To address this lack of knowledge, the present work
systematically tackled the subject of the chemical dis-
tribution of TMs using a combination of FESEM-EDS
analysis and measurement of the lattice u-strain. While
u-strain provides average information about the lattice
disomogeneities occurring in the whole (bulk) sam-
ple and for X-rays is particularly ascribed to the TMs
(rather than lighter elements), analytical FESEM-EDS
with sufficient spatial resolution typically probes chem-
ical homogeneity at scales of a few tenths of microns.
Conventional FESEM-EDS chemical analysis can thus
supply compositional information at the microscale within
single grains, but it does not provide information at
the nanoscale such as the local chemical environ-
ment or local lattice distortions around the individual
anions/cations. This problem can be addressed, in part,
using X-ray absorption spectroscopy (XAS) in the near-
edge region (XANES). For example, Fracchia et al.**
reported the chemical homogeneity and purity of a sin-
gle phase (Co,Mg,Mn,Ni,Zn)(Al,Co,Cr,Fe,Mn),0, spinel
ceramic (space group Fd3m) through a combination of
X-ray diffraction, high resolution transmission electron
microscopy, and energy dispersive X-ray spectroscopy. One
notable outcome was the confirmation of a partial degree
of inversion in the spinel structure from analysis of the
pre-edge XAS peaks from all of the cations.

Most HEB studies have dealt with starting composi-
tions with equimolar ratios of the TMs and have assumed
that the HEBs maintained the nominal composition after
synthesis and sintering. However, a few have reported
chemical compositions that deviate from equimolarity. To

the best of our knowledge, none argued that fluctuations
in the long-range chemical composition were present after
sintering, without producing coherent clustering or phase
separation (i.e., identifying a second phase). In this respect,
Nb (i.e., HEB-Nb) may or not be a special case. The den-
sification curves in Figure 3 demonstrate that Nb reduces
mobility in the system compared to the other TMs (Ti, Ta,
Zr, and Hf), which inhibited densification of the HEB-Nb
and produced microstructures with long-range clustering
(see Figure 2) that were obvious in SEM analysis. Rietveld
refinement of high-resolution SR-XRPD pattern did not
reveal the presence of a second (clustered) phase, which
led to the conclusion that any Nb- segregation within the
main (Ti,Ta,Nb,Zr,Hf)B, solid solution was either below
the detection threshold of SR-XRPD (i.e., less than 0.5 wt%)
or had the same lattice parameters as the dominant phase.
Unfortunately, the statistical method to track the chemi-
cal texture could not be applied because the requirement
of single phase was not fulfilled for HEB-Nb. More details
about the non-uniformity of Nb and other TMs in HEB-Nb
is shared in Supporting information. Apart from HEB-Nb,
the other materials listed in Table 1 were found to consist
of a single phase with mean grain sizes ranging from about
3 um (HEB-Cr) up to 16 um (HEB-Mo). This allowed us to
apply the above-described FESEM-EDS chemical analysis
based on measurement of dozens of grains. The corre-
lation between increasing chemical fluctuations (osty)
and larger average lattice u-strains suggests a relationship
between the two characteristics. Two different sintering
temperatures, 2100°C and 2000°C, were selectively applied
to two sub-groups of compositions to: i) obtain a single-
phase material; ii) reach near full density; and iii) limit
grain coarsening. This approach produced dense and sin-
gle phase sintered AlB,-type solid solutions, some of which
had chemical inhomogeneity that manifested itself as
subtle rippling of the relative contents of various TMs ran-
domly varying around the average values. The sensitivity
and resolution of SR-XRPD together with FESEM-EDS
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mapping were able to capture these features. The chemi-
cal inhomogeneity and its final extent are not an intrinsic
property of the material, but mainly result from the pro-
cessing history, which suggests that the route to synthesize
the starting mixed diboride powders may influence the
final chemical homogeneity of the sintered material. The
powder mixtures used for SPS listed in Table 1, for instance,
were produced by boro/carbothermal reduction of mixed
oxides.!" The result was mixtures of different diboride
solid solutions, the sinterability of which depended on the
purity, composition, and particle size distribution. In the
present case, compositions that could be fully densified
at 2000°C (i.e., HEB-Mo and HEB-MoW) had enhanced
mobility of the TMs and were chemically homogeneous.
As a result, lattice u-strain (see Table 1) and LRCF val-
ues (see Figure 7) were the lowest among the as-sintered
materials. Conversely for the HEB-Cr composition, a ter-
minal dwell of 10 min at 2000°C was sufficient for full
densification but did not produce a homogeneous distribu-
tion of TMs. As a result, HEB-Cr had the largest <Lu-S>
coupled to the strongest long-range chemical fluctuations
(o5TM)-

The texture analysis, obtained by processing the dis-
tributions of dry;, were further proof of chemical fluc-
tuations. Not only these fluctuations exist, but they pos-
sess specific intensities and vary across the grains. More
extreme sintering conditions, for example, by extending
the isothermal dwell at 2100°C or increasing the peak tem-
perature, will likely decrease the chemical fluctuations and
randomize the long-range mixing of the TMs. The present
work provides a non-destructive analytical tool to detect
and determine the degree of randomization of the principal
species used to produce complex multi-element crystalline
phases and can be easily extended to other classes of HE
ceramic materials.

5 | CONCLUSION

The chemical homogeneity in high-entropy ceramics
was investigated for the AlB,-type class of multi-metal
diborides. The combination of high-resolution powder
diffraction profile analysis and SEM-EDS elemental map-
ping enabled the disclosure of the chemical distribution
of transition metals within the single grains and across
larger areas. In the investigated samples, lattice u-strain
which originates from a non-negligible distribution of cell
parameters across microscopic distances, positively cor-
relates with the chemical distribution of transition metal
species found by elemental mapping. In particular, larger
lattice u-strain values matched with the increasing inho-
mogeneity in the SEM-EDS elemental maps, and this
variation was quantified empirically. Those compositions
that exhibited faster densification rates also displayed the

highest degree of randomization, minimizing the final
lattice u—strain. The method presented herein can be
broadly applied to other classes of chemically-disordered
crystalline materials.
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