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Ultra-high temperature ceramics (UHTCs) are refractory transition-metal carbides, nitrides, and borides with the
highest melting temperatures known materials, making them prime candidates for applications in aerospace and
hypersonic vehicles. Of the UHTCs, tantalum carbide (TaC) and hafnium carbide (HfC) feature the highest
melting temperatures. We investigated the binderless consolidation of HfC/TaC powder blends using Field
Assisted Sintering Technology (FAST). Powders consisting of 90/10, 50/50, and 10/90 vol% HfC:TaC were
sintered to high densities (>94 %). Bulk and nanomechanical, chemical, and microstructural characterization
revealed substantially greater strength, hardness, and stiffness for ternary alloys. Mechanical properties corre-
lated with physiochemical analysis indicated trace oxygen phases, solid-solution strengthening, and non-
stoichiometric carbon were the key mechanisms driving the peak property enhancement of the 50 vol% solid-
solution sample, despite lower densities. This study provides insight into optimizing the compositional design
of HfC-TaC alloys by balancing influences from solid solution strengthening and the thermodynamic effects of
oxygen/carbon stoichiometry.

1. Introduction

Materials capable of withstanding high temperatures are increas-
ingly sought after as temperature-critical applications become more
demanding, such as in hypersonic vehicles and aerospace leading edges
[1-4]. In these applications, beyond the high melting point requirement,
reliable mechanical strength is necessary to meet the needs of the harsh
thermochemical and thermomechanical operating conditions [5-8].
These operating conditions require material systems that can withstand
thermal shock-induced failure, which requires high strength, high
toughness, low coefficient of thermal expansion, and high thermal
conductivity [9-11].

The leading material candidates that meet these requirements are
ultra-high temperature ceramics (UHTCs), which are a class of materials
traditionally defined by their high melting points, generally greater than
3000 °C [12], composed of select transition metal carbides, nitrides, and
borides [13,14]. The ternary solid solution of the TaC-HfC system boasts

the highest experimentally measured melting temperatures, exceeding
3900 °C [15-18]. Furthermore, it has been predicted that tailoring the
stoichiometry of Tag gHfy »C can lead to the formation of an UHT-stable
oxide phase (HfgTaz0;7) that may reduce oxygen diffusion rates and
thus the rate of subsequent oxidation [17,19-21].

These promising attributes have prompted investigations exploring
the synthesis of TaC-HfC ternary carbides by both traditional sintering
[22,23] and melting techniques [24]. Densification of these compounds
has proven challenging, as effective sintering of most compounds
generally occurs between 50 % and 75 % of the material’s homologous
temperature [25]. Obtaining high density products with conventional
sintering processes typically requires the use of sintering additives such
as pure metals, borides, carbides, oxides, or disilicide compounds to
improve the consolidation to near theoretical density [26,27]. However,
these additives diminish the maximum operating temperature as they
introduce lower melting temperature species and may provide addi-
tional failure mechanisms from phases detrimental to operation in harsh
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Table 1
Nominal compositions of specimens studied.
HfC vol% Ta Hf C
(Wt%) (at %) (wWt%) (at %) (Wt%) (at %)
0% 93.8 % 50.0 % - 6.2 % 50.0 %
10 % 85.8 % 45.7 % 8.0 % 4.3 % 6.2 % 50.0 %
50 % 50.9 % 27.0 % 42.8 % 23.0 % 6.3 % 50.0 %
90 % 10.9 % 5.8 % 82.8 % 44.2 % 6.3 % 50.0 %
100 % - 93.7 % 50.0 % 6.3 % 50.0 %

environments. Therefore, manufacturing the aforementioned UHTCs
into components with high-density, without the use of sintering aids or
dopants, is highly desirable.

Field assisted sintering technology (FAST) is a manufacturing
method capable of fabricating dense parts through the application of
direct current, pressure, and high temperature. Through increased
heating rates, exceeding 100 °C/min, compared to traditional sintering
methods, FAST results in increased densification rates without accom-
panying grain growth [12,28-37]. Furthermore, FAST processes can
occur at temperatures as high as 2400 °C, allowing for the necessary
diffusion rates in combination with high compressive stresses up to
100 MPa to promote densification [38]. Previous efforts by Wolfe et al.
have shown the capability to fabricate nearly-dense tantalum carbide
(TaC), hafnium carbide (HfC), and their ternary phase (TaC-HfC) with
FAST without sintering aids [39].

In this study, HfC-TaC samples were processed via FAST across
various HfC contents under identical processing parameters, and
microstructurally analyzed using XRD and SEM-EDS. Mechanical prop-
erties of strength, stiffness, and hardness were evaluated across various
both macro and nano lengths scales by combining insights from three-
point flexure testing and nanoindentation. The solid solution ternary
HfC-TaC compositions demonstrated substantial synergistic improve-
ments for both the bulk and nanomechanical properties when compared
to properties calculated using the rule of mixtures with the TaC and HfC
endmembers. This is correlated to enhanced bonding evident from the
observed negative Vegard’s law deviations. Furthermore, it was found
that the complex interplay between thermodynamically driven changes
in carbon and oxygen stoichiometry had influenced both phase stability
and the resulting mechanical properties.

2. Experimental approach
2.1. Materials and powder processing

Tantalum carbide powder (14.5 g/cm®) with 99.5 % purity and
particle size of 1-3 pm was purchased from Stanford Advanced Materials
(Irvine, CA; lot ID: 0OC200713-10365). The hafnium carbide powder
(12.2 g/cm3) (Reade Advanced Materials, Newton, MA) had a purity of
99 % with a quoted and experimentally measured average particle
diameter between 1 pm and 3 pm [39]. Five compositions were explored
in this study: two binary 0/100 and 100/0, and three ternary solid so-
lution compositions of 10/90, 50/50, 90/10 vol% HfC:TaC (Table 1).
For the HfC-TaC mixture, a 3:1 milling media (8 mol % yttria-stabilized
zirconia, Inframat, Manchester, CT) to powder ratio was used to blend

Table 2
Number of mechanical test samples, where samples containing large, macro-
scopic defects were excluded from further analysis.

HfC vol% Full-Sized Half-Sized
Included Excluded Included Excluded
0% 1 2 5 1
10 % 3 0 6 0
50 % 3 0 6 0
90 % 2 1 4 2
100 % 3 0 6 0
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the three compositions in a Nalgene plastic jar; the powders occupied
approximately half the volume. The powders were blended in a dry
environment for 24 hours on the jar rolling mill. The milling conditions
were chosen to minimize media contamination and preserve the phase
and compositional purity of the blended powders. Powders were sepa-
rated from the media using sieves.

2.2. FAST processing

The ceramic powders were consolidated into test coupons using a
using a 25 Ton FAST system (FCT Systeme GmbH, Frankenblick, Ger-
many). The test coupons were fabricated in a 40 mm outer diameter
(OD) graphite die, where the final geometry was a 40 mm OD pellet with
a thickness of approximately 5 mm. The internal faces of the die body at
the powder-die interface were lined with graphite foil (0.38 mm) to
minimize die degradation as a result of powder reactivity with the
graphite die and to seal the powder in the assembly. All of the FAST trials
were carried out under vacuum with a base pressure between 600 and
1000 Pa. The samples were heated at a rate of 100 °C/min from room
temperature to their soak temperature of 2100 °C. Unlike previously
published work exploring various processing conditions [39], identical
processing conditions were used for all compositions to isolate compo-
sitional and microstructural effects on performance. The sintering pro-
cess was a two-step process, where soak temperatures were 2100 and
2400 °C, pressures were 55 and 30 MPa, and hold times were 30 and
20 minutes, respectively. After sintering, the samples were removed
from the die set and grit blasted with 100 grit aluminum oxide to remove
residual graphite foil. Density was measured using the Archimedes
method on a digital analytical balance (HM-202, + 0.1 mg, A&D,
Tokyo, Japan) after grit blasting, but prior to any mechanical grinding or
removal of any carbide rich surface regions on the sample due to
contamination from the graphite foil and die assembly.

2.3. Analytical materials preparation and characterization

The outer surfaces of the ceramics were encased in a carbon-rich
layer from the graphite foil carburization at elevated temperatures,
which were removed by grinding (220 grit diamond) to expose the HfC-
TaC ceramic. The crystallinity of the sintered carbides was analyzed by
X-ray diffraction (XRD) on the grinded faces for phase analysis identi-
fication. XRD analysis (Empyrean III, Malvern Panalytical, Malvern,
United Kingdom) using Bragg-Brentano geometry was performed over a
20 range of 20-80° (0.01 °/step, 2.5 s/step). An operating voltage of
40 kV and current of 45 mA were used at a beam wavelength of 1.5406 A
(CuKa with Ni filter). Phase identification was performed using the
major intensity peaks in JADE software (MDI, Livermore, CA).

The morphologies, microstructures, planimetric grain sizes [40], and
microstructural analysis were obtained from scanning electron micro-
scope (SEM) measurements (Verios G4, ThermoFisher Scientific, Wal-
tham, MA) and energy dispersive spectroscopy (X-Max, Oxford
Instruments, Abingdon, United Kingdom). Carbon and oxygen contents
were measured with combustion-infrared absorbance [41] and inert gas
fusion [42] (IMR Test Labs, Lansing, NY). Thermodynamic modeling
with the CALPHAD (CALculation of PHAse diagrams) approach (Ther-
mo-Calc 2016b, Stockholm Sweden) with a tantalum-hafnium-carbon
database [18] was used to calculate the solubility limit of carbon in
the tantalum-hafnium matrix.

2.4. Mechanical property testing

Sintered samples were cross-sectioned using a diamond-coated
wafering blade with a diameter of 127 mm into 3 x 5 x 35 mm bars
and polished to a mirror-finish using a final 1 um diamond suspension.
Mechanical testing was conducted with an electromechanical load frame
(Model 43, MTS, Eden Prairie, MN) with a bend length of 30 mm and a
crosshead displacement rate of 0.005 mm/s, with an approximate strain
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Table 3
Calibrated Weibull parameter values for HfC-TaC samples.

HfC vol% oo (MPa) m (dimensionless)
0% 319 6.1
10 % 385 34
50 % 403 19
90 % 390 18
100 % 370 19

rateof 1 x 10~*s~L. After fracture, to increase the amount of mechanical
test data, the two fractured halves were subsequently mechanically
tested with bend lengths of 15 mm. Due to the localized nature of
fracture in a three-point bending test, there was no detectable damage
carried over from the initial fracture test in the half-sized samples.
Optical microcopy (VHX-2000, Keyence, Osaka, Japan) identified
which sample’s cross-sections contained large, macroscopic processing
defects, and those samples were excluded from further analysis. The
number of excluded samples is shown in Table 2. The remaining 6-9
strength measurements were used to estimate Weibull parameters,
fitting the distribution to the two-parameter Weibull distribution, which
assumes failure being controlled by one population of flaw size:

flo) = (E) <£> "Heikv <£>m €))

0o 0o

where m is the Weibull modulus, o the characteristic strength, V the

sample’s volume, and K a geometric factor. Weibull statistics account for

reduced strength for larger samples due to a greater probability that it

contains a large flaw. Large values of m are indicative of narrow dis-

tributions of strength, where values between 5 and 20 are typical of

engineering ceramics [43]. In three-point bending, the geometric factor,
1

K, is 1) for flaws randomly distributed across the volume [44]. The

best-fit Weibull parameters for each composition are provided in
Table 3.

To limit the effect of differences in sample sizes between full-sized
and half-sized test specimens, the Weibull distribution was used to
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convert all measured mechanical strengths (6peqsured), corresponding to
a given probability of failure, of samples with size Vygmpie to strengths of
a reference sample (o) with dimensions of 3x5x30 mm? for the same
probability of failure as:

meple 1/m
ORef = (T) OMeasured (2)
ref

The full sized-samples had similar sizes to the reference sample and
thus similar reported strengths. Although the half-sized samples were
measured (0sqmple) to have a mean strength 8 % greater than the full-
sized samples, once the size-effect was accounted for, the difference
was only 3 %.

For nanomechanical property characterization, nanoindentation
with a Berkovich tip (Hysitron TI-980, Bruker, Billerica, MA) was per-
formed on the relative centers of mounted and polished HfC-TaC cross-
sections. For high resolution indentations, indents were spaced in a 5x5
square grids with 5 pm spacing with 5 mN load for each sample. The
loading profiles for the indents were quasi-static (QS) trapezoids, with 5-
second loading/unloading times and 2-second hold times, where the
hardness was measured using the Oliver-Pharr method [45]. In addition,
these quasi-static trapezoid profiles were subsequently scanned with
in-situ scanning probe microscopy (SPM) to confirm the validity of the
nanoindents. An additional set of indents with analogous parameters
(15x15 spaced 5 pm at 5mN, 0.5-0.2-0.5 s profile) was applied using
the accelerated-property mapping (XPM) mode and complemented the
quasi-static (QS) mode results to confirm observed trends. Between each
sample, fused quartz calibrations and tip cleanings were routinely per-
formed. After collection, all measured hardness values and
force-displacement loading/unloading curves were screened for defects
and outliers (i.e., curve discontinuities or abnormal profiles) before
further analysis. The reduced modulus, which removes the compliance
of the indenter tip from the stiffness measured by nanoindentation, was
calculated using an indenter elastic modulus of the 1140 GPa and
Poisson ratio of 0.07, and the Poisson ratio of the samples were obtained
from density functional theory (DFT) simulations performed by Kim
et al. [45,46].
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Fig. 1. X-ray diffraction comparison of the (a) surface region and (b) cross-sectional region of HfC-TaC FAST sintered pellets, and (c) schematic of surface and cross-

sectional regions used for XRD.
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Table 4

Measured oxygen and carbon content, from inert gas fusion and combustion-
infrared absorbance, in terms of atomic fraction. The designed compositions
are in parentheses. The tantalum and hafnium fractions were calculated as at the
remaining mass (not carbon or oxygen), at the sample’s nominal ratio.

HfC vol% Ta Hf C (0]
0% 49.80 % 0.00 % 49.96 % 0.24 %
(50.0 %) (0.00 %) (50.00 %) (0.00 %)
10 % 45.49 % 4.33 % 48.88 % 1.32%
(45.67 %) (4.33 %) (50.00 %) (0.00 %)
50 % 25.65 % 21.86 % 47.90 % 4.60 %
(26.99 %) (23.01 %) (50.00 %) (0.00 %)
90 % 5.51 % 42.27 % 45.03 % 7.19 %
(5.77 %) (44.23 %) (50.00 %) (0.00 %)
100 % 0.00 % 46.81 % 43.54 % 9.65 %
(0.00 %) (50.00 %) (50.00 %) (0.00 %)
a)12% 109%
= 10% | ., 1 106%
X o
[=) K3
et ‘.0.
o/ L o 0
S 8% 103%
c .
o I " Carbon-Rich
S 6% 100%
© Carbon-Poor
L
o 4% 97%
8
X
O 29t —@— Oxide Wt% 94%
-+ C:Metal Ratio (%)
0% 91%
0|o Olo Ole Olo 0\0
Q 2% « 1% A

HfC (Vol%)

C:Metal Ratio (%)

3. Results and discussion
3.1. Characterization

X-ray diffraction measurements of the processed HfC-TaC ternary
alloys are shown near the surface (Fig. 1a) and for a cross-section
(Fig. 1b), and verify the presence of predominantly single phase solid
solutions. A schematic of the two surfaces is shown in Fig. 1c. Increasing
HIC content leads to smaller peak angles associated with larger lattice
parameters from the incorporation of Hf atoms. Trace hafnia from the
hafnium carbide source powder was detected in the blended mixtures
for both regions, while no TayC or TayOs peaks were detected. The
changes in peak height and breadth are indicative of differences in
crystallinity of these regions, possibly caused by differences in crystallite
size, texture, stoichiometry, or defect concentration.

The lattice parameters, calculated from the 5 peaks between 20° to
80° 20 are shown in Fig. 2a as a function of HfC content, and are
compared to those calculated by Vegard’s mixing law. Although the
near-surface lattice parameters closely follow those expected by
Vegard’s law, the cross-sections show a systematically negative

b)100%

< 80%

X

©

= 60%

=

w0

S 40%

[

=

)

= 20% —&@— Measured

«==- k== Nominal

0%
0010 r)faob 600‘0 1‘.)Ol° ,\nglo

HfC (Vol%)

Fig. 3. (a) Oxide weight fraction (left-axis) and ratio of carbon to metal in the (Ta,Hf)C rocksalt phase (right-axis). (b) In the matrix, the hafnium fraction is lower

than anticipated due to the preferential formation of hafnia to tantalum oxide.
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deviation. Compared to DFT calculations from Kim et al. [46], the lattice
parameters are smaller for all compositions. This difference may be
attributed to both non-stoichiometric carbon and to the presence of
contaminants such as oxygen, both of which reduce the lattice param-
eter [47,48].

The differences between the measured lattice parameters and
Vegard’s law are shown in Fig. 2b. The difference, suggesting stronger
bonding, is greatest for 50TaC-50HfC, and is significantly greater for the
cross-section than near the surface. The smaller lattice parameters near
the surface compared to those of the cross-section are attributed to
differences in oxygen content and carbon vacancies; as previously
mentioned, carbon vacancies and dissolved oxygen are known to con-
tract the lattice. Because the sample surface is directly in contact with
graphite, the greater extent of carburization for the surface relative to
the bulk cross-section led to annihilation of carbon vacancies with
diffusing carbon atoms and reduced oxygen content with COy evolution.
Hence, regional anion variations caused by the carbon foil in FAST lead
to variations in lattice spacing.

The measured carbon and oxygen contents, using combustion-
infrared absorbance and inert gas fusion, for samples after fabrication

90TaC-10HfC

Fig. 5. SEM cross-sectional micrographs for a-b) TaC, c-d) 90TaC-10HfC, e-f) 50TaC-50HfC, g-h) 10TaC-90HfC, and i-j) HfC samples.
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are shown in Table 4. With increasing HfC ratio, the oxygen content
increases. Hafnium has a stronger affinity to oxygen than tantalum, and
therefore all samples contain hafnia except for the pure tantalum sam-
ple. If all the oxygen is trapped in stoichiometric oxide phases (HfO2 and
Tay0s), the weight fraction of oxides is shown in Fig. 3a, and it increases
from 0.2 wt% to 11.2 wt% from TaC to HfC. Therefore, for HfC con-
taining samples, the presence of HfO, is a key secondary phase. After
accounting for the metal trapped in the oxide phases, the carbon-to-
metal ratio is shown on the right-hand axis of Fig. 3a. For composi-
tions containing mostly TaC, the ratio is near 1:1, whereas the sample is
carbon-rich for samples with high HfC content. The greatest carbon-to-
metal ratio exists for the intermediate TaC-HfC composition, where the

ratio of carbon to metal not trapped in an oxide phase is 1.06:1.
Although the rocksalt phase in the TaC-HfC system can be stable with
sub-stoichiometric carbon, when the carbon-to-metal ratio exceeds
unity, free carbon is thermodynamically favorable.

Because HfO, preferentially forms to TayOs, and because neither
XRD nor EDS suggested the presence of HfgTa20;7, the (Ta,Hf)C rocksalt
phase contained less hafnium than intended. When hafnium in the oxide
phase is excluded, the remaining hafnium fraction of metallic species in
the (Ta,Hf)C phase is shown in Fig. 3b. The difference between the
measured and designed hafnium content is minimal, never exceeding 3
%.

The Archimedes density and the dense area fraction calculated from

Fig. 7. HIC cross-sectional fracture surface micrographs with (a) SEM, (b) O elemental mapping, (c) C elemental mapping, and (d) Hf elemental mapping.
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SEM micrographs are shown in Fig. 4. For the Archimedes method, the
density of the fully-dense ternary compounds was assumed to be a linear
combination of the end members. Discrepancies between the Archi-
medes and SEM density measurements may be attributed to the presence
of oxides and carbon rich surface of the pellet prior to mechanical
grinding and removal. The TaC endmember is approximately fully dense
(>99 %), while the HfC endmember is the second densest, but is
considerably lower than TaC. The presence of oxides limits the densifi-
cation rate for HfC-containing members [49].

The relative density is lower for the ternary alloys compared to the
endmembers. Because all samples were fabricated using the same time-
temperature history, this can be attributed to the sluggish diffusion ef-
fects of stronger interactions in the lattice, as previously observed with
the negative deviations from Vegard’s law in Fig. 2, and from the

90TaC-10HfC ¢

~
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presence of oxide species [49].

The cross-sectional microstructures are shown in Fig. 5. The pure
TaC sample (Fig. 5a-b) is nearly dense, containing only scattered, cir-
cular pores inside grains, and no secondary phases are visible in the SEM
micrographs or XRD (Fig. 1).

At 1720 °C, which is considerably below the processing temperature,
Tay0s5 reacts with TaC to produce TayC and carbon monoxide [50].
However, in the XRD patterns (Fig. 1), no trace amounts of TayC were
detected; Ta;C may be challenging to detect, because upon cooling
below 1100 °C, it undergoes metastable transformations [51]. There-
fore, any oxygen present in the material prior to processing is eliminated
under typical FAST processing parameters.

In Fig. 6a, the maximum carbon-to-metal ratio is shown as a function
of HfC volume fraction and temperature. For pure TaC, during cooling,
the solubility of carbon increases. The rate of change of carbon-to-metal
ratio with respect to temperature is shown in Fig. 6b. For pure TaC, the
rate is negative, indicative of a driving force for the rocksalt TaC phase
to absorb carbon upon cooling. The measured C:Ta ratio is nearly unity
(Fig. 3a), and SEM did not reveal any free carbon at grain boundaries.
Therefore, without significant secondary phases or carbon at grain
boundaries, the TaC samples were nearly pure.

For the HfC sample (Fig. 5i-j), the microstructure contains long pores
that occupy 4 % of the cross-sectional area (Fig. 4). The pores are
characteristic of intermediate sintering, where densification is not
complete and pores are located at triple boundaries. Additionally, HfO»
particles are found at grain boundaries. HfO; does not decompose or
melt until 2800 °C [52], which exceeds the maximum processing tem-
perature of 2400 °C in this study; therefore, unlike the TaC samples
studied, the oxygen in the HfC-containing samples remained during
processing. For the HfC sample, during the cooling process, the solubi-
lity of carbon in the matrix decreases, resulting in a driving force for free
carbon to deposit at grain boundaries (Fig. 6b). This is evident in the
high carbon concentration for pores when imaged in EDS in Fig. 7; with
a C:M ratio of 1.04 (Fig. 3b), free carbon is thermodynamically stable.

For the ternary compositions, the porosity is between 4 % and 6 %

Fig. 9. SEM micrographs of fracture surface for (a) TaC, (b) 90TaC-10HfC, (c) 50TaC-50HfC, (d) 10TaC-90HfC, and (e) HfC samples.
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(Fig. 4), and pore morphologies are typical of the intermediate stage of
sintering. No HfTay017 peaks were found in the XRD patterns (Fig. 1).
As the concentration approached equal amounts of TaC to HfC, the
driving force for carbon expulsion is greatest (Fig. 6b).

The mean grain sizes are compared in Fig. 8. The HfC-containing
compositions have slightly larger grains than the TaC endmember,
which is denser and contains less oxygen. This is consistent with reports
of increased grain coarsening rate at the expense of densification due to
the presence of oxygen [49]. The grain sizes for the ternary compositions
are similar to those of the HfC endmember.

SEM micrographs of the fracture surfaces are shown in Fig. 9. For the
TaC endmember (Fig. 9a), the fracture mode is intergranular. The HfC
endmember’s fracture surface contains both transgranular and inter-
granular features. The ternary members primarily contain transgranular
features, despite the presence of oxides and free carbon at grain
boundaries.

3.2. Mechanical behavior

The median flexural strength for each composition is shown in
Fig. 10a. Despite the lower densities for ternary samples (Fig. 4), those
samples had greater strength than the endmembers. Furthermore, the
TaC samples which had the smallest grains, least porosity, and least
oxygen contamination had the lowest flexural strength.

The flexural strength data were used to fit two-parameter Weibull
distributions, shown in Fig. 10q, that describe the probability of failure.
Although it is recommended for qualification purposes to use larger
numbers of samples to estimate Weibull parameters [53], the number of
samples studied here were sufficient to make qualitative comparisons
between compositions. The TaC samples, in addition to being substan-
tially weaker than the other compositions, had the widest distribution of
strength, which is consistent with the intergranular fracture mode seen
in Fig. 9a. The addition of 10 % HfC increased the median strength from
300 to 380 MPa. For all other compositions which contain hafnia and
expel carbon from the (Ta,Hf)C rocksalt phase during cooling, the
Weibull modulus was approximately 20, which is a narrow distribution
for engineering ceramics [54].

The cause for the enhanced strength for the ternary compositions in
flexural testing was investigated at smaller length scales with nano-
indentation. In Fig. 1la-b, the nanohardness shows the material’s
resistance to localized plastic deformation, and is the greatest for com-
positions approaching 50/50 vol% HfC-TaC, with compositions
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containing HfC were more resistant than those containing predomi-
nantly TaC. The reduced modulus in Fig. 11c-d measures the stiffness of
the sample, accounting for indenter compliance. Compared to density
functional theory (DFT)-based calculations by Kim et al. [46], this
study’s TaC sample has considerably lower reduced modulus. The
DFT-based predictions anticipate stiffness to monotonically decrease
with added HfC content, while in this study, the reduced modulus was
greatest for the 50/50 vol% composition. For samples containing at least
50 % HfC, the measured stiffness was greater than that calculated by
DFT, implying that other mechanisms, such as carbon vacancies and
dissolved oxygen, may have potentially increased the stiffness.

Consistency between the QS and XPM indentation modes and the
parametric and nonparametric analysis demonstrate self-consistency in
these observed trends, regardless of the probed area, resolution, or
loading rates applied for indentation. This is indicative of an intrinsic
hardening mechanism operant across the bulk material. If strengthening
was caused by secondary phases or grain boundaries, the distribution of
nanohardness and reduced modulus would be bimodal.

To evaluate the homogeneity of the strengthening mechanisms
across the microstructure, the 3rd and 4th normalized moments of the
measured data are shown in Fig. 12a-b, respectively. With increased HfC
content, the nanohardness data became increasingly negatively skewed
and heavier tailed. This is consistent with the influence of the hafnia
heterogeneities contributing to the heavy tails in modulus/hardness
distributions that correspond to the softest, weakly bonded regions
probed across microstructures. Despite this heterogeneity, each cumu-
lative distribution (Fig. 12¢-d) contains a single dominant peak; the shift
in these peaks towards greater nanohardness as the compositions
approached 50/50 vol% indicates that solid solution strengthening
dominates the mechanical behavior of the microstructure over the
weaker influence of softer heterogeneities.

The variation of bulk strength, microstructure, and nanohardness
was compared as a function of HfC vol% in Fig. 13. To quantify the
relative extent of elastic and plastic deformation during indentation, the
elastic recovery index is applied and reflects the relative displacement
from elastic recovery after peak loading. [55] Despite the limited density
of the ternary components, the higher resistance to elastoplastic defor-
mation, greater extent of nanoscale elasticity (recovery index), and
higher flexural strengths all suggest stronger bonding in the ternary
alloys. These compositions all contained hafnia and had carbon diffuse
from the matrix upon cooling. The consistency of improved properties
across various length scales for the 50 vol% HfC composition establishes



P.E. Albert et al.

a
) 40
©
o
Q

~ 35}

=

w0
I

@ 30|

()

[
©
& o5t

S —e—as

© —@— XPM
Z

20 : ‘ -
0 25 50 75 100

HfC Content (Vol %)

C) 450

©

o

QG 400

wn

= |

=

3 350

=

o

5 300gk —@—Qs

9 —@— XPM

e + DFT
250 : : :

0 25 50 75 100

HfC Content (Vol %)

Journal of the European Ceramic Society 44 (2024) 6827-6838

S
(@)

w
63}

w
o

N
(¢}

—&— XPM

O
Nanohardness H5rnN (GPa) &

N
o

0 25 50 75
HfC Content (Vol %)

100

d)450

©
(ol
Q 400t
%)
5
= :
8 350/
=
go) Pl
S5 3004’ —@— QS
S —@— XPM
e —4—0DFT

250 . ' :

0 25 50 75 100

HfC Content (Vol %)

Fig. 11. a) Parametric and b) non-parametric comparisons of QS (quasi-static) and XPM (accelerated-property mapping) validated nanohardness; ¢) parametric and
d) non-parametric comparison of reduced modulus as a function of relative HfC volume fraction, and DFT results from Kim et al. [46] Parametric quantities represent
averages bounded by 95 % confidence intervals; nonparametric quantities represent medians bounded by the 90th/10th percentiles.

the motivation to further develop this HfC-TaC alloy for extreme ther-
momechanical environments. Thus, the 10-50 vol% HfC compositional
window yields enhanced fracture properties due to stronger bonding
from solid solution strengthening and provides the greatest opportu-
nities to leverage for the development of next-generation ceramic ma-
terials for extreme environments.

4. Conclusions

Five compositions of the ternary TaC-HfC were processed via FAST
without sintering aids and fabricated under identical time-temperature
histories to evaluate structural and mechanical differences driven pri-
marily by compositional and microstructural attributes. The research
effort’s primary conclusions are the following:

e The measured oxygen content increased with increasing HfC content,
acting as a grain refiner and/or grain boundary pinner because of
trace oxide phases present. In addition, the driving force for outward
carbon diffusion towards the grain boundaries and away from the
matrix during sintering was observed to be the greatest for the 50/

50 vol% composition. As a result, the solid-solution samples ach-
ieved lower relative densities when compared to the pure HfC and
TaC endmembers.

Despite lower densities, the bulk mechanical flexure strength,
hardness, and stiffness for ternary solid solution compositions was
greater than that for the HfC and TaC endmembers, in agreement
with established literature which reported increased bond strength
for ternary compositions of the Ta-Hf-C system. Of the compositions
studied, TaC had the lowest strength (Weibull parameters), stiffness,
and hardness, despite the greatest density and least oxygen content.
e Nanomechanical testing revealed stiffness of HfC-containing samples
was substantially greater than expected from DFT calculations, while
that of TaC was considerably lower. Although modeling suggests that
TaC should be the stiffest composition, experimental conditions,
including non-stoichiometry of carbon, the presence of oxygen, and
solid-solution strengthening were the key mechanisms influencing
the observed mechanical response.

Relative to the rule-of-mixtures from the pure endmembers, the
maximum increase in mechanical property enhancement was sys-
tematically seen for compositions containing between 10 and 50 vol
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% HfC, with the peak property enhancement lying at the 50 vol%
solid-solution sample. This provides the compositional window for
optimizing HfC-TaC alloys for maximum thermomechanical perfor-
mance and oxide stability in extreme, high temperature
environments.
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