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Abstract

In this research, near fully dense single phase bulk multicomponent transition metal
nitride (Nb,,3Ta;;3Ti;;3)N;_s has been successfully synthesized from mixed commer-
cial powders of NbN, TaN and TiN via reaction flash sintering technique. This was
performed with an applied pressure of ~ 35 MPa at 25°C under a constant DC electric
field (~24-32 V/cm). The flash event, which is the abrupt increase in current (up to
~25.2 A/mm?) and temperature, occurred without preheating. The threshold power
dissipation on the sample right before the flash is ~ 0.7 W/mm?. The formation of sin-
gle phase (Nb,3Ta;;3Ti;/;)N;_s random solid solution and its compositional uniform-
ity were confirmed by XRD and EDS, respectively. The effects of ball milling duration
and limiting current density on phase formation were studied. Simulation based on
Joule heating provides an estimate of the ultimate sample temperature of ~ 1850°C.
Vickers hardness of the obtained (Nb;;Ta;;3Ti;3)N;_51is 17.6 + 0.6 GPa, which is
comparable to similarly flash sintered ingredient binary nitrides of TaN and NbN.
TGA in air shows that the oxidation resistance of (Nb;;;Ta;3Ti;;3)N;_s is better than
that of TaN and NbN but inferior to TiN. The study demonstrates that reaction flash
sintering can be a highly efficient technique for synthesizing bulk multicomponent

ceramics for both material fundamental investigations and application development.
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structure, and fine powders.lS'22 To the best of the authors’
knowledge, no research has been reported on the synthesis of

Metal nitrides (such as TiN, TaN, and AIN) are excellent
candidates for abrasion and corrosion resistant coatings,l'3
diffusion barrier coatings,“'8 and high temperature structural
applications.” Recently multi-principle component nitrides,
especially those based on transition metals (TM), have at-
tracted significant research interest due to their excellent
hardness,l’z’s’10 superior chemical inertness,10 decent electri-
cal conductivity,11 and robust thermal stability.n'16

So far, research on synthesizing multicomponent TM ni-
tride has mainly been focused on thin film coatings, porous

dense bulk single phase multicomponent TM nitrides. In this
work, a new bulk single phase multicomponent TM nitride,
(Nb,3Ta;5Ti;3)N,_s, is synthesized by a reaction flash sin-
tering technique from three binary TM nitrides (ie, NbN, TaN
and TiN). Flash sintering, first reported by Cologna et al,? is
a sintering technique in which a green ceramic is densified
quickly under the application of an electrical field (eg, ~7.5-
1000 V/cm) at a lower surrounding temperature than other
sintering techniques.24 Various ceramic materials have been

flash sintered, including YSZ,ZS’25 ZnO,zé'28 CaCu;Ti,O 12,29
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MnC0204,30’3 ! La0_6Sr0_4C00.2Fe0_8O3,32 and other oxide-con-
taining ceramic composite materials.>>* Flash sintering has
features such as very rapid increase in sample temperature
(~1000°C/min or higher), very short sintering time (min-
utes down to even seconds), and high energy efficiency. In
addition, in flash sintering, the electrical current only passes
through the sample, and sample resistance drops dramatically
with increasing temperature, possibly due to the formation of
significantly higher concentration of defects.”**37 Chemical
reaction has also been incorporated into flash sintering to syn-
thesize and densify multicomponent materials in one step.38’3 ?
Despite the attractiveness of flash sintering, to the authors’
best knowledge, flash sintering of TM nitride has not been
reported yet, not to mention multicomponent TM nitrides.
Therefore, in this research, reaction flash sintering tech-
nique is utilized to synthesize and also densify single phase
(Nb,;3Ta;3Ti;;3)N|_s solid solution from three binary TM
nitrides in one step. Phase analysis of the obtained material
is carried out using XRD and Rietveld analysis. Sample mi-
crostructure and composition uniformity are characterized by
SEM and EDS. Properties such as hardness and oxidation re-
sistance of flash sintered (Nb,5Ta,;5Ti;,3)N,_s are also inves-
tigated. The results are compared with similarly flash sintered
individual binary TM nitrides of NbN, TaN, and TiN as well
as predictions from first principle calculations. This study is
expected to help research in the efficient and low-cost pro-
cessing of other bulk phase multicomponent (including high
entropy) ceramics such as metal carbides and borides.

2 | EXPERIMENTAL PROCEDURE

2.1 | Raw materials and processing

For this research, commercial powders of niobium nitride
(NbN, 99.5%, —325mesh, Alfa Aesar 12146), tantalum ni-
tride (TaN, 99.5%, —325mesh, Alfa Aesar 13093), and tita-
nium nitride (TiN, 99.5%, —10 um, Alfa Aesar 41556) were
utilized as the starting materials to synthesize bulk single
phase (Nb,,5Ta;;3Ti;;3)N;_s. The three nitride powders were
weighed to an equimolar proportion and mixed in a planetary
ball mill (Retsch PM 100, Retsch GmbH) using tungsten car-
bide lined aluminum jar and tungsten carbide milling media
of 10 mm diameter for different durations (eg, 10 minutes,
1 hour, 2 hours, 5 hours, and 24 hours) under dry condition in
air. The milling machine was programmed to have an inter-
mittent schedule of 10 minutes of ball milling with 1 minute
cooling for all the batches to minimize overheating and for-
mation of oxides.

The ball milled mixtures (typically ~ 120 mg) were uniax-
ially pressed at ~44 MPa in a double inserted steel die into
cylindrical pellets with diameter of 3.1 mm and thickness of
~2.5 mm. The powder compaction helps improve particle
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contacts and reduce electrical resistance; it also enhances diffu-
sion and reactions to promote solid solution formation. The av-
erage bulk density after dry pressing was ~6.0 g/cm3 (estimated
from sample weight and measured dimension) and relative den-
sity was ~62%. (The theoretical density of the uniaxially pressed
pallet is ~9.65 g/cm?, as estimated from the consideration that
it is an equimolar mixture of NbN, TaN, and TiN). The powder
compaction was conducted without any organic binder to avoid
the burnout stage before (reaction) flash sintering.

2.2 | Flash sintering setup and parameters

All flash sintering experiments were carried out in a home-
made setup in air without any protective atmosphere.
Figure 1A,B show the schematic and engineering drawing
of the sample assembly for flash sintering. The prepressed
powder compact (eg, NbN-TaN-TiN powder mixture)
was placed in a hexagonal boron nitride (hBN) tube with
an inner diameter (ID) of 3.1 mm, outer diameter (OD) of
6.0 mm, and length of 15 mm (labeled as hBN inner tube; it
is machined out of 6.0 mm OD solid hBN rod). Two graph-
ite rods with an OD of 3.1 mm and length of 7.5 mm were
inserted into the hBN inner tube as the two electrodes con-
tacting the nitride sample, and they are labeled as Graphite
Inner Electrode. The hBN inner tube containing the powder
compact and the two 3.1-mm OD graphite inner electrodes
were together inserted into another hBN tube with an ID of
6.0 mm and OD of 12.1 mm and length of 50 mm (labeled as
hBN outer tube in the schematic). Then, two graphite outer
electrodes with 6.0 mm diameter on one side and 25.4 mm
diameter on the other side were inserted into the hBN outer
tube (with 6.0 mm ID) to provide current pathway. Finally,
in order to minimize heat loss during flash sintering and
also provide compressive constraint to the hBN outer tube
(to prevent it from cracking), all of the above (ie, sample,
hBN inner tube, hBN outer tube, together with the 3 mm di-
ameter graphite inner electrodes, and the 6.0 mm/25.4 mm
diameter graphite outer electrodes) were inserted into a
graphite tube with an ID of 12.1 mm, OD of 25.4 mm, and
length of 50 mm. Graphite is used for the outer tube be-
cause it is cheaper and easier to machine, and it handles
thermal shock better than other materials such as aluminum
oxide. Because the hBN tubes used are electrically insu-
lating, during (reaction) flash sintering, all current only
passes through the metal nitride(s) ceramic specimen and
not the outer graphite tube. A pneumatic cylinder (as shown
in Figure 1A) with input air pressure of 34 kPa and diam-
eter of ~100 mm was used to apply a constant compressive
force upon the sample assembly, which results in an aver-
age pressure of ~35 MPa upon the 3.1 mm diameter sample
(assuming negligible friction). The applied pressure helps
to maintain a stable electrical conduction path during the
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FIGURE 1

A, Schematic diagram of the (reaction) flash sintering setup containing a pneumatic cylinder, a digital indicator, and the

sample assembly. B, Engineering drawing of the (reaction) flash sintering sample assembly. C, Photo showing the setup before the flash sintering

experiment. D, Photo showing the setup during a typical flash sintering experiment. (Note that although no current passes through the outer graphite

tube, the intensive heating of the sample at the center of the assembly still caused the out graphite tube to turn red hot (temperature ~1200°C). This

needs to be managed in future through better thermal insulation and enclosure in an inert atmosphere chamber.) E, Photo of a green pellet of NbN-

TaN-TiN powder mixture before reaction flash sintering. F, Photo of a reaction flash sintered (Nb,;Ta,;;Ti;,3)N,_s sample ground and polished

slightly to show the golden metallic reflection [Color figure can be viewed at wileyonlinelibrary.com]

flash sintering process. A digital indicator (Neoteck DTI
digital dial indicator, resolution of 0.001 mm) with micro-
controller-based computer interface is mounted on the pis-
ton side of pneumatic press to monitor displacement, which
provides continuous reading about the change in sample
dimension (in this case, thickness) during flash sintering.

All flash sintering experiments were carried out at ambi-
ent temperature (ie, without preheating of the sample) using
a DC power supply (Hewlett Packard Model 6671A, 8V, 220
A). With an applied pressure of 35 MPa, upon the application
of constant DC voltage (typically 8 V or ~32 V/cm), the cur-
rent increases rapidly, resulting in the flash event—the auto
acceleration of current increase. As a result, the sample heats
up quickly, which is accompanied by rapid shrinkage. Similar
to a typical flash sintering experiment, when the current in-
creases to a preset limit value /;;,, (eg, 150, 170, and 190 A),
the power source automatically switches from voltage con-
trol to constant current mode at I;;,,. After running at I;;, for
120 seconds, the power supply switches off and the sample
assembly cools down naturally.

It should be mentioned that in this study, although the flash
sintering setup was in open air, the cylindrical nitride sam-
ple was enclosed inside the hBN tubes (inner and outer) and

sandwiched between the top and the bottom graphite electrodes,
all of which were then contained by the outer graphite tube. As
a result of such a multilayered assembly, the sample was pro-
tected from air oxidation during the (reaction) flash sintering
despite the high sample temperature, as confirmed by XRD (see
discussion later). We also want to mention that during the (re-
action) flash sintering experiments, the outer graphite tube did
become red hot (as will be discussed later in Section 3.2.3, the
temperature for the outer surface of the graphite tube was esti-
mated to be ~1200°C, based on preliminary simulation work,
see Figure 1D), which is a limitation with the present set up. We
will try to address it in the future by providing inert atmosphere
protection through containing the hot section of the assembly.

In order to estimate the ultimate sample temperature
during flash sintering, simulation was carried out using
COMSOL Multiphysics package (version-4.3). Due to the
lack of literature data on physical properties (eg, electrical
resistivity and thermal conductivity) for the starting mixture
and the final product, as a first approximation, the simulation
was performed by assuming the values for the three-metal
nitride solid solution are the same as graphite. Other param-
eters used for the simulation are presented in Table S3 in the
supporting document.
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2.3 | Material characterization

The flash sintered samples (ie, (Nb,sTa,;3Ti;;3)N;_s as well
as individual binary nitrides) were ground to remove graph-
ite from the contacting graphite electrodes using 60 grit SiC
abrasive paper and then polished. The bulk density of the sin-
tered samples was calculated from sample weight and meas-
ured dimension. A Siemens D-5000 X-ray diffractometer
with CuK,, radiation source (1 = 1.54178 A) was employed
for phase analysis. XRD pattern for Rietveld refinement was
collected on a different Bruker D8 QUEST system equipped
with a TRIUMPH curved-crystal monochromator and a Mo—
Ko fine-focus X-ray radiation (4 = 0.71073 A). Collected
2D diffraction image was integrated using FIT2D software
(version-12.012). Rietveld refinement of XRD pattern was
performed using GSAS-1 software.

Scanning electron microscopy (SEM) was conducted on a
JEOL 6330F FE-SEM (JEOL Ltd.) to examine the morphol-
ogy of initial powders and also microstructure of the sintered
pellets. Energy disperse X-Ray spectroscopy (EDS) analysis
was carried out using an UltraDry EDS Detector (Thermo
fisher) to examine sample compositional uniformity after re-
action flash sintering.

Vickers hardness was measured using a LECO LM810AT
(LECO Corporation) with a Vickers diamond indenter at
2000 gf load and a hold time of 10 seconds. The hardness
measurements were conducted according to the ASTM
C1327 standard. To minimize experimental error, multiple
measurements were taken at different locations for each spec-
imen. Thermal gravimetric analysis (TGA) was carried out
for fractured (reaction) flash sintered sample pieces using a
simultaneous thermal analyzer (SDT Q600, TA instrument)
in dry air from room temperature to 1300°C. The air flow
rate was 100 cm?/ min and the heating rate was 10°C/min.

2.4 | First principle calculations

To provide some theoretical guidance about the target random
solid solution of (Nb,;3Ta,5Ti;;3)N,_g, first principle calcu-
lation was also carried out using the supercell approach. The
Special Quasi-Random Structure (SQS) method® is com-
monly used to model the disordered structure of metal alloys.
In this study, SQS supercell of (Nb,;;Ta,;;Ti;;3)N;_s random
multicomponent nitride containing 36 atoms (18 nitrogen
and 18 total metal atoms) was generated by using Alloy-
Theoretic Automated Toolkit (ATAT).41 Relaxed supercell
of (Nby;sTa;;3Ti|3)N;_s is shown in Figure S3. Density
functional theory (DFT) calculations were performed using
Vienna ab initio simulation package (VASP).** The gen-
eralized gradient approximation (GGA)* with the Perdew-
Burke-Ernzerhof (PBE) exchange-correlation functional®
was used to describe exchange and correlation effects.
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Electron wave functions were expanded by plane wave with
a high enough cutoff energy of 520 eV. To obtain the total
energy, Monkhorst-Pack* k-point meshes with density not
less than 1000 pra (per-reciprocal-atom) were used to sam-
ple the Brillouin zones. Both cutoff energy and k-point mesh
were tested to sufficiently achieve a high accuracy atomic
relaxation until the change in total energy was less than
0.01 meV, and all the forces on each atom were smaller than
0.01 eV/A. Generated SQS unit cell were relaxed in three
steps: (a) only the cell volume was relaxed; (b) both cell
shape and volume were relaxed; (c) atomic positions, cell
shape and volumes were allowed to relax. Final total energy
was obtained from a static calculation, shown in Table S2.
Elastic constants (ie, Young's modulus E, shear modulus
G, and bulk modulus B) of the nitride ceramics were cal-
culated by determining the Hessian matrix (matrix of the
second derivatives of the energy with respect to the atomic
positions) as it is implemented in VASP starting from ver-
sion 5.1. Six finite distortions of the lattice are performed
and the elastic constants are derived from the strain-stress
relationship from elastic tensor using script ELATE."
Values calculated using Hill method, which is considered
as average of upper (Voight) and lower (Reuss) bounds, are
reported. Because elastic constant calculation needs accu-
rate structural relaxation to a state of approximately zero
stress, more precise DFT parameters compared to a total
energy-calculation were employed.48 Specifically, for elastic
properties calculations, cutoff energy and density of k-points
mesh were increased to 700 eV and 7000 pra, respectively.

3 | RESULTS AND DISCUSSION

3.1 | Characterization of binary nitrides
and their powder mixture prior to (reaction)
flash sintering

XRD analysis (see Figure 2) shows that the as-received NbN
powder is mostly cubic phase (ICCD-PDF-4 card number
04-004-2895) with a very little amount of hexagonal phase
(ICCD-PDF-4 card number 01-089-2908); TaN contains
a mixture of at least two phases: the majority is hexagonal
TaN (ICCD-PDF-4 card number 00-039-1485) and the minor
phase matches best with TasNg (ICCD-PDF-4 card number
04-012-7243); TiN is cubic phase (ICCD-PDF-4 card num-
ber 04-002-1925). SEM (see Figure S1) shows that the parti-
cle size is large and the size distribution is broad for all three
commercial powders: <~30 um for NbN, <~45 um for TaN,
and <~20 um for TiN, respectively.

As mentioned, ball milling was used for mixing the three
binary nitride powders and also reducing the particle size.
Figure 2 also shows the XRD patterns for the equimolar mix-
ture of NbN, TaN, and TiN powders after ball milling for
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FIGURE 2 XRD patterns of the as-received commercial TiN,
NbN, TaN powder and the NbN-TaN-TiN powder mixtures after ball
milling (BM) for 10 min, 2 h, and 24 h [Color figure can be viewed at
wileyonlinelibrary.com]

10 minutes, 2 hours, and 24 hours. Longer ball milling time
leads to broadening and partial merging of the XRD peaks.
(See Table S1 for a summary of the measured full width at half
maximum (FWHM) for selected peak of each individual ingre-
dient nitride before and after 10 minutes, 2 hours and 24 hours
ball milling for mixing.) Such observations indicate loss or
crystallinity, which is attributed to the combined effects of re-
duction in particle size, incorporation of strain in the milled
material, and, possibly, (partial) mechanochemical alloying.

3.2 | Reaction flash sintering and simulation
for heat generation and distribution

3.2.1 | A representative reaction flash
sintering process

Figure 1C,D are photos of the homemade setup before and
during the reaction flash sintering experiment. During the

flash sintering process, the sample assembly within the outer
graphite tube got red hot. However, it should be emphasized
again that all current only passed through the sample and not
through the outer graphite tube because that graphite tube is
electrically isolated from both the top and bottom graphite
electrodes and the sample by the insulating hBN tubes (see
schematic in Figure 1B). The graphite tube only became hot
through heat radiation and conduction from the sample at the
center of the assembly. As mentioned earlier that the outer
graphite tube gets red hot during (reaction) flash sintering
(and possibly experiences graphite oxidation) is a limitation
for the current setup, and modification will be implemented
in future to address this issue.

Figure 1E,F are representative pictures of the NbN-TaN—
TiN powder mixture compact before and after reaction flash
sintering. As shown in Figure 1F, the sample after reaction
flash sintering was ground and polished slightly and it shows
golden metallic reflection from the surface. As stated before,
although the (reaciton) flash sintering experiments were car-
ried out in air, the samples are protected from oxidation (also
see later discussion on phase formation), presumably because
they are enclosed within the multilayer assembly made of
inert hBN tubes and graphite electrodes.

Figure 3 shows the typical reaction flash sintering pro-
cess capturing the current passing through the sample, the
displacement of the top electrode with respect to the bot-
tom electrode was measured from the digital indicator, and
the temperature measured from the inserted thermocouple
touching the hBN inner tube (ie, ~1.5 mm from the sample
surface), all as a function of time, for a Nb-Ta-Ti three-
metal nitride sample. The limiting current /;;;,, in this case
was 190 A and the applied pressure was ~35 MPa, as stated.
The flash event occurred at ambient temperature (ie, 25°C)
without any preheating as soon as the constant 8 V of DC
voltage was applied. Specifically, even for the first data point
collected at ~0.6 seconds, the measured current was already
~12 A (~1.6 A/mm?). The current then increased rapidly by
more than ~15 times to ~190A (~25.2 A/mmz) in ~30 sec-
onds. Consequently, the electrical power dissipation for the
entire sample assembly increased from 96 W at ~0.6 seconds
to 1520 W at ~30 seconds.

As a result of the high power dissipation, the sample
heated up and the measured temperature increased rapidly
(> ~500°C/min). Meanwhile, the sample experienced minor
expansion initially (up to ~20 seconds with thermocouple
reading of ~400°C) followed by rapid shrinkage, which was
associated with densification caused by Joule heating as well
as the applied external pressure (~35 MPa), as in sinter-forg-
ing.49 When current increased to the preset limit /;;,, of 190 A
(~25.2 A/mmz), the power source switched to constant cur-
rent mode and maintained at /;,,, for 120 seconds. During this
time (from ~80 to 200 seconds), the measured temperature
continued to increase but at a slower rate, while the overall
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FIGURE 3 Representative plots of current, displacement of the top electrode with respect to the bottom electrode, as well as measured

temperature versus time for a typical reaction flash sintering of the NbN-TaN-TiN equimolar powder mixture after ball milling for 2 hours.

The applied pressure was ~35 MPa, the initial DC voltage was 8 V (or ~32 V/cm), and there was no sample preheating. The system ran under

constant voltage mode until current reached the preset limit /;;,, of 190 A when the power supply switched to constant current mode and hold for

120 seconds. Note that because the thermocouple only touched the outside of the hBN inner tube, the measured temperature would be significantly

lower than actual sample temperature [Color figure can be viewed at wileyonlinelibrary.com]

sample appeared to expand slowly. Such expansion (at ~80-
150 seconds) does not necessarily mean the sample densifi-
cation is completed right when the power supply switches to
the constant current mode. It is possible that the shrinkage
due to densification and thermal expansion work against each
other, and the net effect during this period is slight expansion.
Finally, after ~150 seconds, the sample dimension stabilized,
meaning the sample reached full densification, while the sys-
tem also approached maximum possible temperature as deter-
mined by thermal equilibrium. Table 1 provides a summary
of major samples’ (reaction) flash sintering limiting current,
the measured relative density, and their Vickers hardness. The
(reaction) flash sintered samples show high relative density
and decent hardness, which will be discussed in detail later.

In terms of sample resistance during the reaction flash
sintering process, when the applied voltage was 8 V, at the
very beginning (~0.6 seconds), it was ~0.65 Q (8 V/12 A
minus 0.02 Q for the two 7.5 mm long, 3.1 mm diameter
graphite electrodes™). After flash, it decreased by 30 times
to ~0.021 Q under steady state (8 V/190 A minus ~0.02 Q for
the two graphite electrodes. Literature suggest that graphite
resistivity shows very small change between room tempera-
ture and 2000°C™).

Consider that the sample has a diameter of 3.1 mm and
initial thickness of ~2.5 mm, the power density (ie, power
dissipation per unit volume) on the sample at the beginning
was (12 A)2 x 0.65 ©/18.8 mm> ~5 W/mm?, and it increased
to as high as ~50 W/mm?> ((190 A)* x 0.021 ©/15.1 mm’,
since sample thickness shrinked to ~2.0 mm) after reaching

steady state. The power density is very high compared with
other rnaterials,5 ! and more discussion on the change in sam-
ple resistance and powder density in the reaction flash sinter-
ing of nitride samples will be given in the following section.

It should be mentioned that the energy consumption ap-
pears high (eg, 190 A X 8 V x 120 seconds = 182 400 J)
compared to some other reported flash sintering results. The
higher energy consumption reported here is attributed to the
fact that in the present flash sintering experiment, there is no

TABLE 1

density, and Vickers hardness for selected (reaction) flash sintered

Summary of limiting current /;,,,, measured relative

samples in this study. All samples had a diameter of ~3.1 mm and were
(reaction) flash sintered with initial DC voltage of 8 V before reaching
L. The relative density was calculated based on a theoretical density
of 8.47 gm/cm® for NbN, 15.40 gm/cm’ for TaN, and 5.40 gm/cm® for
TiN. The theoretical density for the three-metal nitride is calculated

to be 9.57 gm/cm3 based on a lattice parameter of 4.3400(3) A from

Rietveld analysis

Limiting Relative Vickers
current I;;,, density hardness
Sample (A) (%) (GPa)
190 99 17.7 £ 0.6
(Nb,5Ta,;53Ti; 5N, _s 170 94 146 £ 0.4
150 83 9.8+£0.5
NbN 190 96 16.9 + 0.5
TaN 190 95 189+1.9
TiN 190 88 132+0.4
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preheating. As aresult, a large portion (probably majority) of
generated heat in the sample is dissipated to the surrounding
parts (eg, hBN inner and outer tubes, graphite electrodes, and
graphite tube) and the environment, which are initially all at
room temperature. In comparison, in (some) other flash sin-
tering experiments involving high temperature materials such
as 3YSZ, the samples are kept at elevated temperature (eg, in-
side a furnace of ~850°C or higher) before the flash event.”
Therefore, there is naturally much more significant heat loss
for the current setup comparing with other flash sintering. In
the future research, we will modify the flash sintering setup
to try to reduce the heat loss. We will also explore more about
the effect of holding time and see if shorter hold time will
lead to adequate densification. These might help to improve
the energy efficiency for the reaction flash sintering process.

3.2.2 | Incubation stage before flash event
with lower applied DC voltage

It is noted that for the reaction flash sintering experiment
described above, the initial applied 8 V DC voltage, though
efficient to trigger the flash event in a timely fashion, might
be too high: This is because in Figure 3, there seemed to be
no incubation stage, which is typically the Ist stage with low
current and low power in flash sintering experiments before
the 2nd stage of flash or the so-called transient stage.

To better characterize and understand the onset of flash or
the transition from the 1st stage incubation to 2nd stage flash,
additional experiments had been carried out. Specifically, in
another experiment, all conditions (eg, sample type and ge-
ometry and also no preheating) were kept the same except that
the initial DC voltage applied was 6 V instead of 8 V. The
results are shown in Figure S4 of the supporting document. In
this case, the initial current (at the first point taken at ~0.6 sec-
onds) recorded was only ~0.15 A. As the voltage was ramped
up at 5 mV/s, the current increased, first very slowly till ~2A
at ~188 seconds (under ~6.94 V), then it increased almost ex-
ponentially within 4 seconds to ~80 A at ~192 seconds (under
~6.96 V, see Figure S4A,B). After that, the current still in-
creased with increasing voltage, but not as dramatically.

In terms of resistance, this second experiment shows the
sample apparent resistance was ~40 Q (6 V/0.15 A, assuming
negligible contact resistance between graphite electrodes and
the sample) at the beginning (time of ~0.6 seconds), and it de-
creased to 3.45 Q (6.94 V/2 A minus the graphite electrodes’
total resistance of ~0.02 Q) at 188 seconds. Then within just
4 seconds, the sample resistance decreased by another ~50
times to 0.067 Q (6.96 V/80 A minus the graphite electrodes’
total resistance of ~0.02 Q) at 192 seconds. The total drop in
resistance from the beginning was ~600 times. Such a large
drop in sample effective resistance is characteristic of “flash
sintering” phenomena reported in the literature.”

In terms of power density, as discussed in earlier section,
when the DC voltage applied was 8 V, the initial power density on
the sample even for the first data point (~0.6 seconds) was 5 W/
mm?, which seems too hi gh as the threshold power to trigger the
flash event.”” For the second experiment as shown in Figure S4,
at the beginning when 6 V was just applied (~0.6 seconds), the
graphite electrode resistance (estimated to be ~0.02 ) is much
lower than the sample. The power dissipation on the sample
would be (0.15 A)2 x40Q =09 W. Therefore the power den-
sity at the very beginning is 0.9 W/18.8 mm® = ~0.05 W/mm®.
Right before the flash (approximately the point at 188 seconds
with ~6.94 V and ~2 A), as stated, the sample resistance was
3.45 Q (still neglecting the contact resistance). The total power
dissipation on the sample would be (2 AP’ Xx345Q=138W.
Therefore, the critical orthreshold power density right before
flash would be 13.8 W/18.8 mm® = 0.7 W/mm”.

The above threshold power density of 0.7 W/mm® still
seems higher than the typical critical values for flash sin-
tering of oxide ceramics (~0.01-0.05 W/mm®»).”" This might
be attributed to the lower resistivity for the nitride materi-
als used. Specifically, the electrical resistivity of TiN, TaN
and NbN (all reported for coatings) are summarized here:
TiN varies from 2.7 x 107 to 30 x 107 Q-cm,'**** TaN
varies from 0.1 x 107 to 1.4 x 107 Q-cm,”>® and NbN
varies from 0.5 x 107 to 60 x 107> Q.cm'!"7* depending
on preparation condition, grain size, and metal to N ratio in
the specimen. Though the values vary, they all appear much
lower than most oxides studied for flash sintering.

However, it should be mentioned that for the reaction flash
sintering experiment with 6 V DC, the effective resistivity for
the green sample compact initially (with 0.15 A initial cur-
rent) is estimated to be ~11 Q-cm, which is five to six orders
of magnitude higher than the reported binary TM nitrides’
intrinsic resistivity at room temperature. The origin for this
large gap between the low intrinsic resistivity of nitrides and
the high effective resistivity for the compacted, ball milled
mixture from the three TM nitrides is not likely due to sample
porosity (~40%) alone before reaction flash sintering. It may
be related to surface oxides covering the TM nitride powders
or other effects, and further study is required to clarify on this
important issue.

3.2.3 | Simulation for heat generation and
distribution

Because of the difficulties in measuring the actual sample
temperature during reaction flash sintering (the thermocouple
only touches the hBN inner tube and the type R thermocouple
available will melt upon reaching ~1750°C), heat generation
and temperature distribution were simulated with COMSOL
Multiphysics-4.3 package. As stated, due to the lack of lit-
erature data, the physical properties of the three-metal nitride

850807 SUOWIWOD 8AIea.D) 3|edldde ayy Aq peusenoh ae sapife O ‘8sn Jo sajn. 10} ArIqiT8uIIUO A8|IM UO (SUORIPUOD-PUB-SWLBIWI0D A8 | IM A RIq 1 BuIUO//:SANY) SUOTIPUOD Pue SWia | 8u1 88S *[202/T0/vz] uo AriqiTauliuo Ao im ‘AisAIUN IXUeUS AQ 922/ T80 /TTTT OT/I0P/WO0™A8| 1M AeIq 1 BuIU0'SDIURIe0//SdnY WOy pepeo|umod ‘6 ‘0202 ‘9T62TSST



MONDAL 7T 1 OUl’naLL‘S’“
#American Ceramic Society
(A) dgegc  (B) 2000
At 1800 EEEEEEEEE.
x10° b e
18 S Sample
1600 -
1.6 | g
s F" ............'Q.
14 o 14004 ) o’ Inner h-BN tube
° ®©
1.0 \a.; 1200 .- .‘ AAAAAAAAAAAAAAAAA
3 i A = Outside graphite tube
B § 1000 b .
] W ® A
0.8 S 800 / & A
€ | IV
(0] ,. A
06 = 600+ He 'd
0.4 400wk
z LK
Yt o x 0.2 2004/
v 119
0 1 I 1 1 1 1
0 50 100 150 200 250 300

Flash Sintering Duration (s)

FIGURE 4 A, A representative heat distribution profile for the sample assembly during the reaction flash sintering as obtained via COMSOL

simulation. It represents the condition after running under a constant voltage of 8 V for 200 seconds. B, Plot of simulated temperature versus

time for three different locations within the sample assembly during the reaction flash sintering process under 8 V constant applied DC voltage.

The black square is for the sample center; the red circle represents the position of the thermocouple tip, which is touching the outer surface of the

hBN inner tube (~1.5 mm from the sample surface); the blue triangle is for the outer surface of the graphite tube. The major parameters for the

simulation are provided in Table S3 of the supporting document [Color figure can be viewed at wileyonlinelibrary.com]

were assumed to take the values of graphite. Figure 4A shows
the simulated temperature profile after the 8 V DC voltage is
applied for 200 seconds. The maximum temperature at the
center is ~1850°C, while the temperature measured from the
thermocouple is only ~1340°C. To help understand the dif-
ference, Figure 4B shows the change of temperature versus
time at different locations within the sample assembly—at the
sample center, on the surface of the hBN inner tube where the
thermocouple tip is located, and at the outside surface of the
graphite tube. It shows that the temperature at the inner hBN
tube (red circle) is much lower than the sample center (black
square) and matches with the measured value reasonably.

Also, we would like to mention that although the melting
point for the three-metal nitride has not yet been determined,
it is expected to be slightly lower than the lowest melting
point, which is for NbN at 2573°C or 2846 K. As a first ap-
proximation, if taking 2846 K as the melting point for the
three-metal nitride, then the modelled sample peak tempera-
ture of 1850°C (see Figure 4) would be at 2123/2846 ~ 0.74
of the melting temperature. This seems reasonable for flash
sintering. In fact, such a ratio is consistent with the reported
flash sintering for 3YSZ: Its melting point is ~3000 K,
while the modeled peak temperature during 3YSZ flash sin-
tering is ~1900°C, and the ratio to melting point would be
2173/3000 ~ 0.72.7*%

3.3 | Formation of single phase
(Nb,;3Ta;;3Ti;;3)N;_s random solid solution
after reaction flash sintering

Figure 5A shows XRD of the NbN-TaN-TiN equimolar
mixture sample after 2 hours of ball milling and then reaction

flash sintering (I, = 190 A). For comparison, the XRD
patterns for the three individual binary nitrides after going
through similar flash sintering (same I;;,, of 190 A) are also
plotted. As mentioned, before flash sintering, the as-received
TiN was pure cubic phase, NbN was cubic phase with a very
little amount of hexagonal phase, but the as-received nominal
“TaN” (from Alfa Aesar) was in fact a mixture of hexagonal
TaN and a significant amount of TasNy phase. After flash
sintering, NbN and TiN remain as cubic phase (ICCD-PDF-4
card number 04-004-2895 for NbN and 04-002-1925 for
TiN), while the TaN sample converts to a mixture of cubic
TaN,_, and hexagonal TaNs; phases (ICCD-PDF-4 card
number 04-014-0112 and 04-015-0291, respectively). For
the three-metal nitrides equimolar mixture sample, after reac-
tion flash sintering, the XRD pattern suggests a single phase
with the rock salt structure (like TiN) without any detectable
secondary phase or superstructure reflections. The diffraction
peaks are narrow, free of shoulders, and the lattice parameter
calculated is 4.33(5) A. Figure 5B shows a zoomed-in section
for the (200) peak of the reaction flash sintered three-metal
nitrides. The positions for the three individual binary nitrides
(assuming cubic phase) are also labeled. The (200) peak for
the three-metal nitride is located in between the peaks for the
individual nitrides. These results indicate clearly the three bi-
nary nitrides form a complete random solid solution, presum-
ably (Nb,5Ta,;3Ti;;3)N,_; after the reaction flash sintering.
Rietveld refinement (see Figure S2) for the (Nb,;Ta,5Ti;;3)
N, _; random solid solution sample shows a single lattice param-
eter of 4.34003) A with a nitrogen atom site occupancy value
refined as 0.83(2). (The R,,, value from the GSAS software is
0.0141.) This means in the formula for the three-metal nitride,
S ~ 0.17, or ~17% of nitrogen sites are vacant in the NaCl-
structured (Nb,3Ta;5Ti;3)N,_; after the reaction flash sintering.
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FIGURE 5
of (Nb;3Ta;;3Ti;;3)N;_; random solid solution from equimolar TaN,
NbN, and TiN mixture, as well as individual NbN, TaN, and TiN.

All samples were ball milled for 2 h and then (reaction) flash sintered
with the same limiting current /;;;, of 190 A. B, Zoom-in for the (200)
diffraction peak of reaction flash sintered (Nb,;;Ta,;3Ti;;3)N,_s with

A, XRD patterns of (reaction) flash sintered samples

the positions for the three ingredient binary cubic nitrides also labeled
[Color figure can be viewed at wileyonlinelibrary.com]

On the other hand, as will be shown later, the results of the re-
finement for nitrogen vacancies are in good agreement with that
obtained by thermogravimetric (TGA) oxidation experiment.
According to the Ta—N phase diagram,60 below ~1750°C,
the most stable form of near stoichiometric TaN is hexago-
nal, while above 2000°C, the cubic phase is more stable; in

between, mixed phases of cubic and hexagonal might appear
depending on temperature and the exact stoichiometry. In
comparison, the stable crystal structure of TiN®! and NbN®
are cubic within a larger composition/temperature range. The
observation of the three-metal nitride of (Nb,;;Ta,3Ti;;3)N;_s
taking the cubic NaCl structure indicates the stabilization for
the Ta component, possibly from the combined effects of both
enthalpy and entropy stabilization, as discussed later.

3.4 | Influence of ball milling
time and limiting current on single phase
(Nb1/3TaI/3Ti1/3)N1_5 formation

In this study, the influences of processing parameters such
as ball milling time and limiting current are also studied. In
particular, Figure 6A shows XRD patterns for the three ni-
tride equimolar mixture samples after different times of ball
milling (10 minutes, 1 hour, 2 hours, 5 hours, and 24 hours)
followed by reaction flash sintering with initial DC voltage
of 8 V and a limiting current /;;,, of 170 A (current density of
~22.5 A/mm?) and hold at I;;,, for 120 seconds. The results
show that 2 hours of ball milling seems optimal: shorter mill-
ing time such as 10 minutes and 1 hour leads to asymmetry
in XRD peaks indicating incomplete solid solution forma-
tion, while longer milling time such as 5 hours and 24 hours
leads to contamination, as evidenced by the minor diffrac-
tion peak corresponding to metallic tungsten (red arrow in
Figure 6A), which originated from the WC grinding media
used. Therefore, 2 hours of ball milling time was selected for
subsequent experiments in this work.

The effect of limiting current /;;,, on the formation of sin-
gle phase (Nb,5Ta,;5Ti;;3)N;_s solid solution was also studied.
For this, the NbN-TaN-TiN equimolar mixture was first ball
milled for 2 hours and then reaction flash sintered under a con-
stant voltage of 8 V with different limiting currents. Figure 6B
shows the XRD patterns of the post reaction flash sintering
samples with [;;,, of 150, 170, and 190 A and constant hold
of 120 seconds at I;;,,. When [;;,, = 150 A (current density of
19.9 A/mmz), XRD peaks are wide and have shoulders, indi-
cating solid solution formation was not yet complete. When
L, = 170 A (or 22.5 A/mm?), XRD peaks become narrower
and the peak shoulders disappear, which signifies that a com-
plete single phase solid solution is formed. When [;,, further
increases to 190 A (or 25.2 A/mmz), the XRD peaks become
even narrower: For example, the full width at half maximum
(FWHM) of the (111) peak decreases from 0.42° for the 170 A
sample to 0.36° for the 190 A sample, suggesting further grain
growth at a higher sintering current. Naturally, higher limiting
current leads to higher sintering temperature, which facilitates
the formation of complete solid solution. As will be discussed
later, higher limiting current also promotes greater densifica-
tion. Because of all these, a limiting current of 190 A is used
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FIGURE 6 XRD patterns of flash
sintered (Nb,;;Ta;3Ti;3)N;_s samples
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for the rest of the work. (Note that although the maximum cur-
rent output for the HP 6671A power supply is 220 A, current
higher than 190 A (25.2 A/mm?) was not explored in order
to avoid excessive degradation of the sample assembly—it is
currently exposed to air and would experience oxidation in the
(reaction) flash sintering experiments. See Figure 1D).

3.5 | Microstructure and composition
homogeneity for (reaction) flash
sintered samples

SEM images of the polished surfaces for reaction flash sin-
tered (Nb,3Ta,;3Ti;;3)N,_s with different limiting current of
170 A (22.5 A/mm?) and 190 A (25.2 A/mm?) are shown in
Figure 7A,B. Naturally, densification improves with higher
current (density), as evidenced by reduced pore size and fre-
quency in the 190 A sample versus the 170 A sample.

Figure 7C,D show SEM images of fractured surfaces for
the sample sintered at 190 A. The sample appears dense, but
there seems to be nonuniformity in the sample's microstruc-
ture: large grains of ~10-20 pm are observed near the sur-
face of the sample (see Figure 7D), whereas the core contains
smaller grains of ~2-5 um (see Figure 7C). EDS on polished
surface of the reaction flash sintered (Nb,;Ta;;3Ti;;3)N;_s
sample reveals no indication of elemental clustering at the
micron level, as shown in Figure 7E-H.

To compare with the three-metal nitride (Nb,;5Ta;;sTi,3)
N,_s» SEM images of the fractured surfaces of similarly
flash sintered NbN, TaN, and TiN samples (all with lim-
iting current of 190 A) are shown in Figure 8. Both NbN
(Figure 8A) and TaN (Figure 8B) reveal very dense micro-
structure with grains larger than ~20 pm. The fractured sur-
face of TiN (Figure 8C) also appears dense but with much
smaller ~2-5 um grains.

The observation of larger grains near the sample surface
and smaller grains at the sample core suggests surface conduc-
tion effect, ie, the current density at the surface of the nitride
sample might well be larger than the core during the (reaction)
flash sintering. However, due to experimental limitation, we
could not measure what fraction of current passes from the

2 theta ()

sample surface versus from the core. The current modeling
as discussed also did not take such surface conduction effect
into account. In addition, it is realized that the grain size of
the flash sintered (Nb;;Ta;;3Ti;;3)N;_s (with 120 seconds of
hold at the limiting current 190 A) near the surface is rather
large. This might be due to the fact that the reaction flash sin-
tering process has not been optimized, meaning the grain size
might be smaller with shorter soaking or hold time. Therefore,
measuring and modeling the surface conduction effect for the
three nitride powder mixture and more systematic study on
the effect of hold time during reaction flash sintering on grain
growth will be among the directions for our future research.

3.6 | Properties of reaction flash sintered
(Nby;3Tay3Ti;3)N; 5

Measurement of hardness and characterization of the oxida-
tion resistance were conducted on the reaction flash sintered
(Nb,sTa,;3Ti;;3)N;_s and compared with similarly flash sin-
tered NbN, TaN, and TiN as well as literature. The results are
presented and discussed here.

3.6.1 | Hardness and comparison with first
principle calculation

Measured Vickers hardness of the reaction flash sintered
(Nb;3Ta;3Ti;3)N;_s as well as the three individual binary
nitrides are shown in Figure 9. The average hardness for
(Nb,sTa;;3Ti 3)N;_5 is 17.6 + 0.6 GPa, which is compa-
rable to the hardness measured for similarly flash sintered
NDN (17.0 + 0.5 GPa) and TaN (19.0 + 1.9 GPa) but signifi-
cantly higher than flash sintered TiN (13.2 + 0.4 GPa). The
measured Vickers hardness of the three flash sintered binary
nitrides are consistent with previously reported values: ie,
~13-35 GPa for NbN®*% and TaN®"* and ~12-25 GPa for
TiN,”*7 considering the variations in the types of samples
(eg, thin film or bulk material) and the synthesis processes.
As stated before, in order to provide some theoretical
insight about the three-metal nitride (solid solution), first
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FIGURE 7

SEM micrographs (A-D) and EDS elemental maps (E-H) for the three-metal nitride (Nb,3Ta,3Ti,,3)N,_s after reaction flash

sintering: (A) and (B) are for the polished surfaces of the samples obtained with limiting current /;;,, of 170 A (or 22.5 A/mmz) (A) and 190 A (or
25.2 A/mm?) (B), respectively; (C) and (D) are for the fractured surfaces of a sample with /;;, of 190 A showing nonuniformity with region of

smaller grains in the sample core (C) and region of larger grains near the sample surface (D); (E)-(H) are SEM and corresponding EDS elemental

maps from polished surface for a sample with I;;;, of 190 A [Color figure can be viewed at wileyonlinelibrary.com]

principle calculation has also been carried out in this study.
The calculated unit cell volumes of (Nb,,3Ta;;5Ti;3)N,_s as
well as the three individual binary nitrides and the corre-
sponding total energy per formula unit are given in Table S2
of the supporting document. The unit cell volume values are
in good agreement with the previous experimental and theo-
retical results.
The mixing enthalpy AH,;, is defined as usual:
AH,; =E ((Nb,3Ta, ;3Ti; ;3) N;_;) —1/3E (NbN)

—1/3E(TaN) —1/3E (TiN),

where E((Nb,,3Ta;;sTi;;3)N;_s), EINbN), E(TaN) and E(TiN)
denote, respectively, the calculated relaxed total energies per
formula unit for the (Nb,;Ta,;3Ti;;3)N;_s random solid solu-
tion and the three individual binary nitrides, respectively.
AH,;, was calculated to be —6.02 kJ/mol. A negative enthalpy
of mixing together with increased entropy due to mixing nat-
urally favors the thermodynamic stability of the single phase
(Nb,5Ta;5Ti; 3)N,_s random solid solution with respect to the
individual binary nitrides.

Calculated bulk modulus (B), Young's modulus (E), and
shear modulus (G) of the three individual binary nitrides

FIGURE 8 SEM images for fractured
surfaces of flash sintered (A) NbN, (B) TaN,
and (C) TiN samples. For all three samples,
the limiting current /;;,, is the same of 190 A
(or 25.2 A/mm?)

and their equimolar random solid solution Nb,;3Ta;;3Ti;/3)
N, _; are plotted in Figure 10 together with values reported
in the literature (both experimental and theoretical, if
available). Note that mechanical properties of cubic TiN
and NbN are well studied and many data points are avail-
able. However, for cubic TaN, which is normally stable
only above 1800 K or as a thin film at ambient tempera-
ture, very limited experimental results are available.”%
Nevertheless, as seen in Figure 10, despite large scattering
of the elastic moduli from different sources, both G and E
seem to decrease with increasing atomic number from Ti
to Nb to Ta, while B shows the opposite trend. The calcu-
lated elastic moduli for (Nb,,;Ta;;3Ti;;;)N,_s is close to
NbN and also the average values calculated by the simple
rule of mixture.

With the calculated moduli values, theoretical Vickers
harness was calculated by using the Chen's model,” which
gives H, = 2(*G)*38-3, where « is the Pugh ratio defined
as k = G/B. Figure 11 compares the calculated and exper-
imental Vickers hardness for the three individual binary
nitride as well as (Nb,;3Ta;sTi;;3)N;_s. Data from the liter-
ature, both experimental and calculated if available, are also
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shown for comparison. The hardness values measured in this T T

study are significantly higher than the predicted values for
(Nb,;3Ta;;5Ti;;3)N;_s as well as NbN and TaN. On the other
hand, the measured hardness for flash sintered TiN is much
lower than both the predicted value from first principle calcu-
lation and also literature data.

The reason for the lower measured TiN hardness than pre-
dicted is attributed to the lower relative density (~88%, see
Table 1) for the flash sintered TiN sample. Such an explana-
tion is also consistent with the observed higher porosity for TiN
compared to other samples, as shown in Figure 8. The reason
for the higher measured hardness than prediction for the (re-
action) flash sintered (Nb,;Ta,;3Ti;;3)N,_s as well as TaN and
NbN might be related to the intrinsic uncertainty in the DFT
calculation. Another hypothesis for the higher measured hard-
ness is that it might be due to the nitrogen deficiency in the
(reaction) flash sintered samples: Point defects such as vacan-
cies are reported to help pin down dislocations generated during
the indentation and increase the hardness. As discussed before,
Rietveld analysis shows that (Nb,;Ta;;Ti;;3)N,_s seems to
have nitrogen deficiency of ~17%. In addition, weight gain in
the oxidation tests (to be discussed in the next section) for TaN
and NDbN also seems to suggest some nitrogen deficiency after
flash sintering. More research will be needed in future to pro-
vide further verification and understanding of such gaps.

3.6.2 | Oxidation resistance

TGA from room temperature to 1300°C in air for pieces bro-
ken off from (reaction) flash sintered (Nb,;Ta;;;Ti;;3)N|_s
as well as the three individual binary nitride samples are
plotted in Figure 12. Qualitatively, the oxidation resistance

T T
TaN  Nb;;Taq3TiysN, 5

FIGURE 10 Calculated elastic moduli (bulk modulus B,
Young's modulus E, and shear modulus G) for NbN, TaN, and TiN,

as well as (Nb,;3Ta,;3Ti;3)N,_s. Reported experimental and calculated
values for the three binary nitrides in the literature are also shown

for comparison. The numbered points in the graph are referring to
different references as below: 1-8 are from Ref. [84-91], 9 from Ref.
[71], 10-11 from Ref. [63,64], 12-25 from Ref. [92-104], 26 from Ref.
[68], and 27 from Ref. [67]. Note that nano-indentation measurement
in this study on (Nb,;sTa,5Ti;;3)N,_s gives reduced Young's modulus
E, of 318 GPa. Assuming Poison ratio v for (Nb,;;Ta,;3Ti;5)N,_s is
0.30, E is estimated to be ~349 GPa, which is close to the predicted
value [Color figure can be viewed at wileyonlinelibrary.com]

of (Nb,;3Ta;;3Ti;;3)N,_s random solid solution is better than
TaN and NDbN, as evidenced by the higher onset temperature
for weight gain in air: ~850°C for (Nb;;Ta,;3Ti;;3)N;_s vs
~750°C for TaN and ~600°C for NbN. When compared with
TiN, below ~850°C, (Nb,,;Ta,;3Ti;;3)N;_s behaves similar to
TiN. Above 850°C, the oxidation resistance of TiN appears
better than (Nb,;Ta;;sTi;;3)N;_s, as evidenced by TiN’s
higher onset oxidation temperature (~1100°C) and also lower
relative weight gain.

The measured maximum weight gain during TGA in air
for sintered NbN is 25.8% after the sample weight reaches
plateau. This is slightly higher than the expected value of
~24.3% for complete oxidation of stoichiometric NbN to
Nb,Os and N,. In fact, based on the measured weight gain
value, the flash sintered sample should have a nominal com-
position of NbNj, ¢, which is reasonable given the possibility
of nitrogen deficiency in the Nb-N system and the high tem-
perature reached during flash sintering.
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For TaN, the measured peak weight gain (at ~1150°C)
is 19.5%. This is much higher than the expected value of
~13.3% for complete oxidation of stoichiometric TaN to
Ta,O5 and N2.75’76 (Under such assumption of complete ni-
trogen release, the 19.5% weight gain would indicate a very
large nitrogen deficiency of ~70% in the flash sintered TaN,
which appears too low considering XRD analysis of the
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FIGURE 11 Experimental and calculated Vickers hardness

of NbN, TaN, and TiN, as well as (Nb,,;Ta,;3Ti,,3)N,_;. Literature
reported hardness values, if available, are also shown for comparison.
The points in the graph referred as 1-8 are from Ref. [84-91], 9 from
Ref. [71], 10-11 from Ref. [63,64], 12-25 from Ref. [92-104], 26
from Ref. [68], and 27 from Ref. [67] [Color figure can be viewed at
wileyonlinelibrary.com]
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flash sintered TaN showing it is actually a mixture of TaNj, 5
and TaN, see Figure 5A). Nevertheless, flash sintered TaN,
shows multi-stage oxidation: In the first stage oxidation at
lower temperature up to ~850°C, the product might be TaON,
without release of any gaseous compound.77 Upon further in-
crease in temperature to ~1000°C and above, TaON, oxidizes
further and eventually converts to Ta,Os, which is confirmed
by XRD (see discussion later). In terms of morphology, both
NbN and TaN oxidation products look like agglomerated
loose powders. This is attributed to the large volume expan-
sion in the conversion from nitrides to oxides.

In comparison, the weight gain in TGA oxidation of flash
sintered TiN is only ~6% at 1300°C, which is much lower
than the calculated value of ~29.1% for complete TiN con-
version to TiO, or the value of 25.8% for TiN conversion to
TiON. This indicates the oxidation of flash sintered TiN is
rather slow. After the TGA oxidation of TiN up to 1300°C,
the oxide layer appears as a dense, continuous coating over
the bulk remaining TiN, as shown in Figure 12B, which is
expected to reduce the oxidation rate.

The TGA oxidation of the (Nb,;Ta,;sTi;;3)N;_s solid
solution results in a total weight gain of ~12.5% at
1300°C. The expected weight gain for complete oxidation
of (Nby;Ta;;3Ti;3)N;_s to individual binary oxides (e,
Nb,Os, Ta,0s, and TiO,) is 22.2%. The lower than expected
weight gain signifies improved oxidation resistance for
(Nb,5Ta3Ti;/3)N;_s over NbN and TaN, but still not as good
as TiN. The SEM image of the surface of (Nb;;Ta;;5Ti;3)
N,_; after TGA oxidation (see Figure 12C) shows a fine
grainy structure, which appears not as smooth and dense as
the coating over oxidized TiN.

XRD shows that the oxidation products of flash sintered TaN
and NbN are Ta,0O5 and Nb,Os respectively (Figure 13B,0),
which has melting temperature of 1872 and 1512 °C, respec-
tively. ™ Whereas (Nb,;Ta,;Ti;;;)N,_s, upon TGA ox-
idation (Figure 13A), yields Ti(NbTa)O, the solid solution
between TiNb,O; (ICCD-PDF-4 no. 00-039-1407, melt-
ing temperature 1497°C) and TiTa,O; (ICCD-PDF-4 no.

FIGURE 12 A, TGA in air from
room temperature to 1300°C for fractured
pieces from (reaction) flash sintered
(Nby;3Ta;;3Ti;3)N;_s, NbN, TaN, and TiN
samples. B and C, are SEM images of the
surface for TiN (B) and (Nb;,3Ta;;3Ti;/3)
N,_5 (C) after TGA oxidation [Color figure
can be viewed at wileyonlinelibrary.com]
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FIGURE 13 XRD patterns for oxidation products (1300°C
TGA in air) for (reaction) flash sintered (A) (Nb,sTa;;3Ti;,3)N_s
(B) TaN, and (C) NbN. After oxidation, (Nb,,3Ta;;Ti;;;)N,_s turned
into complex Ti-Ta-Nb oxide(s) (Ti(NbTa)O,), TaN turned into
Ta,0s, and NbN turned into Nb,Os [Color figure can be viewed at
wileyonlinelibrary.com]

01-084-8891, melting temperature 1661°C).3'%3 Whether
the lowered melting point for the oxidation products from
(Nb,;3Ta;3Tiy3)N, _s or other effects helped improve the oxi-
dation resistance for (Nb,,;Ta,;3Ti;;3)N|_s over binary nitrides
of NbN or TaN needs to be studied in future.

4 | CONCLUSIONS

In conclusion, a new bulk single phase three-metal nitride
of (Nb,;sTa;;5Ti;;3)N|_s has been successfully synthesized
through reaction flash sintering from a ball milled equimolar
mixture of commercial NbN, TaN, and TiN powders. Reaction
flash sintering was carried out at 25°C under applied pressure
of ~35 MPa and low initial DC electrical field (~24 to 32 V/
cm). Without preheating, flash occurred with quick increase
of current density up to ~ 25.2 A/mm’. The samples’ effec-
tive resistance dropped by 600 times or more in the process,
while the threshold power dissipation right before the flash
event was ~0.7 W/mm® and increased up to ~50 W/mm?® when

Jjournal =

i American Ceramic Society

reaching the steady state. XRD shows that the product takes
the cubic rock salt structure, while SEM and EDS show that
the product has relative density above 99% and uniformity in
distribution of elements. (Nb,5Ta,;3Ti;;3)N,_s gives hardness
comparable to similarly flash sintered binary nitrides such as
NbBN and TaN. Oxidation resistance of (Nb,;;Ta,;3Ti;;;)N;_s,
in terms of TGA weight gain and onset temperature, is better
than TaN and NbN, but not as good as TiN. The study may
also serve as the foundation for use of reaction flash sinter-
ing for the development of other multicomponent (including
high entropy) ceramics in future. Future study in both experi-
ments and theoretical modeling are required for better control
and understanding of the reaction flash sintering process and
properties of the resulting materials, including investigation
of the effect of surface conduction, determination of sample
nitrogen deficiency with greater confidence, and process op-
timization for reduced heat loss, higher energy efficiency,
and finer grain structure, etc.
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the Supporting Information section.
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