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NEAR SUPERHARD TUNGSTEN CARBIDE VIA SYNERGISTIC
NANOSTRUCTURAL FEATURES

1. INTRODUCTION
1.1  Superhard Materials

Superhard materials (Vickers hardness, HV > 40 GPa) represent the state-of-the-art for a variety of
industrial applications including machining tools and abrasives. However, widespread adoption of these
materials has been hindered by limited compositions requiring expensive and complex production
processes. The few commonly known intrinsically superhard materials, such as diamond (HV 80-150
GPa [1,2]) and cubic boron nitride (cBN) (49 GPa [3,4]), attain hardness through atomic structure and
interatomic bonding. Alternatively, extrinsically superhard materials achieve hardness through refined
microstructure and grain boundary strengthening via grain size reduction, i.e., Hall-Petch strengthening
[5,6]. A recent example of an extrinsically superhard material is nanocrystalline beta-SiC, which has
been demonstrated to have a ~60% increase in hardness over its intrinsic hardness when the average grain
size is 9.9 nm [7]. Extrinsically superhard materials pose as highly attractive alternatives to expensive
and challenging to manufacture intrinsically superhard materials.

1.2 Applications and Traditional Processing of Tungsten Carbide

Tungsten carbide (WC), ubiquitous in cutting tools and abrasives [8], is a promising candidate
material for extrinsic superhardening. Pure (i.e. binderless) WC has Vickers hardness (HV) values
typically near 26 GPa [9], which exceeds the performance of other common hard materials with similar
applications such as SiC (~26 GPa [10,11]), and a-Al.O3 (< 21 GPa [12,13]). Furthermore, extrinsically
superhardened WC would represent a unique material class considering its high density (15.63 g/cm?)
relative to all other known superhard materials, having densities below ~3.51 g/cm?® (density of diamond),
including the recent development of nanocrystalline beta-SiC. Nonetheless, despite the relative hardness
of pure WC, an increase in hardness would be required to reach the hardness of intrinsically superhard
materials. Such hardening necessitates significant microstructure refinement including a dramatic
reduction in grain size.

Manuscript approved December 6, 2023.



2 Kevin P. Anderson

However, the use of traditional approaches to sinter fully dense tungsten carbide with refined
microstructure presents two major challenges. First, due to its high melting point (~2800°C) [14],
production of fully dense binderless WC requires specialized high temperature furnaces. Common WC
sintering processes add metallic binders such as Co (cemented carbides) to lower sintering temperature
and improve densification at the expense of hardness (< 20 GPa) [15,16]. Typical hot pressing of
cemented tungsten carbide is performed at >1300°C [17,18], while pure, binderless tungsten carbide
requires >2000°C to achieve full density [19,20]. Secondly, high temperature sintering typically results in
excessive grain growth which prevents refined microstructure formation. Thus, novel processing
approaches are required to preserve nanoscale grain size while eliminating all porosity to maximize
hardness.

1.3 Advanced Processing and Potential Superhardness for Tungsten Carbide

Recent advances in sintering technology have enabled lower temperature sintering of ceramics
including tungsten carbide. These novel approaches result in smaller grain sizes and thus significant
hardening. For example, the combination of applied pressure and rapid heating in spark plasma sintering
(SPS) and high-frequency induction-heated sintering (HFIHS) have yielded dense binderless tungsten
carbide with submicron grain sizes and increased hardness for ceramics sintered at temperatures < 1500°C
[21-23]. In particular, HFIHS at 1250°C under 80 MPa applied pressure was utilized to produce pure
WC with near full density and grain sizes as small as 87 nm leading to a hardness of 30 GPa [24].
Through these advanced sintering techniques, extrinsic hardening of WC has been demonstrated through
grain refinement. These efforts demonstrated the increase in hardness by reducing grain size in WC, yet
the goal of reaching superhardness in WC still remains untapped.

The path to superhard WC requires significant additional hardening through mechanisms beyond
grain size reduction. Lattice deformation presents a potential mechanism of extrinsic hardening through
resultant intragranular barriers to dislocation movement such as nanotwins. Lattice deformation as a
significant hardening mechanism in WC was observed by Zhang, et al. who reported submicron grain size
pure WC produced through a high pressure assisted sintering approach (10 GPa applied pressure) with a
surprising Vickers hardness of 33 GPa, 10% harder than previously reported much smaller grained
nanocrystalline WC [24,25]. The unexpectedly high hardness was attributed to nanoscale intragranular
substructures induced by the high applied pressure during sintering. Extraordinary hardening through
lattice deformation has also been demonstrated in other superhard materials such nanotwinned cBN (108
GPa [26]) and nanotwinned diamond (> 200 GPa [27]). Based on the separate successes of grain size
refinement and lattice deformation in the hardening of WC, the superposition of multiple hardening
mechanisms is proposed as route to extrinsically superhardened WC. While interdependent hardening
mechanisms have been modeled by others [28,29], the particular combined effects of grain size and
intragranular substructures reported in this work are unique, especially with regards to the synthesis of
novel extrinsically superhard materials.

In pursuit of fully dense, nanocrystalline WC with intragranular substructures, a sintering approach
known as environmentally controlled - pressure assisted sintering (EC-PAS) was utilized in this work.
EC-PAS has previously been applied to demonstrate the Hall-Petch relationship and unprecedented high
hardness in nanocrystalline spinel ceramics [30,31]. In those experiments, fully dense MgAI.O4 spinel
was produced with grain sizes as small as 3.6 nm using sintering pressures of 2 GPa and temperatures as
low as 640°C [32]. This present work represents the first reported use of the EC-PAS process to sinter
non-oxides, expanding its application to carbides. The EC-PAS process exploits a closed environment
protected from ambient air and moisture throughout stages ranging from the heat treatment of
nanopowders to green body compaction and sintering. This approach minimizes adsorbates that may
reduce nanopowder surface energy and inhibit sintering. In conjunction with applied pressure, full
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densification may be achieved at relatively low sintering temperatures (< 0.5 Tr), thus minimizing grain
growth and preserving nanocrystallinity. Furthermore, this work demonstrates that applied pressures can
also induce lattice deformations in WC leading to intragranular substructures and additional hardening.

2. EXPERIMENTAL APPROACH

2.1  Processing

Experiments included exploration of material processing in two broad steps: heat treatment of
nanopowders and sintering of nanopowders.

2.1.1 Powder Preparation

Tungsten carbide nanopowder was obtained from Cerion Nanomaterials, LLC (Rochester, NY,
USA). Using X-ray diffraction (XRD) and Brunauer, Emmett, and Teller (BET) surface area
measurements [33], the powder was determined to be single phase WC (PDF Card 04-002-2679) with an
average grain size of 20.3 nm and average particle size of 64 nm (surface area 6 m?/g, density 15.63
g/cm3). The powders were prepared for sintering through annealing in a fused quartz tube under 10% H,
(balance Ar) flow at 450°C, 700°C, and 800°C for 12 hours in fused quartz boats to evaporate moisture
and organics from the particle surfaces and reduce potential surface oxides present below the detection
limit of XRD.

2.1.2 Sintering

Powders were then pressed in tungsten carbide dies at 393 MPa for 5 minutes, resulting in 12 mm
diameter, 2 mm thick discs of approximately 50% relative density. The pressed WC discs were then
hermetically sealed in metal capsules. Powders were not exposed to ambient conditions between
annealing and sealing into the capsules by handling in an N2 glove box. In preparation for sintering, the
metal capsules were placed in partially sintered stabilized zirconia high pressure cells equipped with
graphite heaters. The high pressure cells were then loaded into a split sphere design high pressure high
temperature (HPHT) apparatus. Sintering was performed at 850°C, 1050°C, and 1200°C with a 15
minute soak under approximately 2 GPa quasi-hydrostatic applied pressure, with pressurization occurring
prior to heating. Heating and cooling rates were 20°C and 50°C per minute, respectively. After sintering,
samples were removed from high pressure cells and capsules, and polished to a mirror finish.

2.2 Characterization

Nanopowders and sintered bodies were microstructurally characterized including grain size, and
grain structure, surface area, density, and nanostructure through TEM. Mechanical characterization of
sintered bodies was conducted through indentation.

2.2.1  Grain Size, Density, and Microscopy

Grain size was determined using Halder-Wagner crystallite size analysis [34] in MDI Jade 9
software. Brunauer, Emmett, and Teller method surface area measurements were conducted with a
Micromeritics ASAP 2020 Accelerated Surface Area and Porosimetry system. Density was evaluated
through both He pycnometry using a Micromeritics AccuPyc 11 1340 and image analysis of scanning
electron microscopy (SEM) micrographs captured with a JEOL JSM-7001F SEM operated at 20 kV.
High resolution transmission electron microscopy (HRTEM) was conducted on 2 sintered samples (26.1
nm, 53.9 nm grain sizes). Specimens were prepared for analysis by crushing part of sintered bodies into a
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powder in an alcohol medium, followed by transfer to a carbon coated Cu grid. Analysis was performed
using a JEOL 2200 analytical transmission electron microscope operating at 200 keV.

2.2.2 Indentation

Vickers microhardness was measured using a LECO AMH55 under a 1 kg load with a 15 second
hold. Indentation fracture toughness was calculated using the Lankford Eq. (1),

K = 0.0782 - (HV - a¥/?) - (%)2/5 : (g)_l'56 (1)

after measuring crack lengths (c) and indent diagonals (a) using optical images captured at 40x
magnification after indentation. Young’s modulus, E, was assumed to be 690 GPa. The Lankford
equation was selected due to its application to both median and Palmgvist type cracks [35]. Instrumented
indentation was performed with a Hysitron Ubi-750 Nanoindenter with a Berkovich tip on the WC
ceramics sintered at 1050°C. A 2N load was applied with a 2 second hold and 5 second loading and
unloading periods, which produced indents approximately 2 um deep. Hardness was calculated using the
Oliver-Pharr method [36,37]. For all indentation, 16 indents were performed per specimen.

3. RESULTS

3.1 WC Nanopowders and Annealing

Powder annealing to remove surface adsorbates in preparation for sintering resulted in very limited
coarsening at all temperatures. A maximum increase in grain size from 20.3 to 27.2 nm was accompanied
by slight decomposition of WC to W (6.4 wt%) at 800°C as seen in Fig. 1, along with a scanning electron
microscopy (SEM) micrograph of the pre-annealed powder. The effect of annealing temperature on
powder grain size and composition may be seen in Table 1. Below 800°C only the WC phase was
detected through X-ray diffraction (XRD). The decomposition of WC to W is consistent with past
observations of decarburization of nanocrystalline WC powder during annealing at 800°C and above,
which has been attributed to reactions with oxygen impurities especially prevalent in WC nanopowders
due to their large surface area [38,39].
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Fig. 1—WC nanopowders and annealing. a) XRD patterns from WC nanopowders before and after annealing under H: at 450°C,
700°C, and 800°C. Powders appear to be single phase WC below 800°C, at which temperature small amounts of W are observed.
b) SEM micrograph of as received WC nanopowder.

Table 1—Effect of Annealing Temperature on WC Nanopowder Grain Size and Composition

As received 20.3 100
450 22.2 100
700 23.8 100
800 27.2 67.2 93.6 6.4

The apparent absence of decarburization implies the presence of residual oxygen impurities in the
powder annealed below 800°C. However, compositional and grain size differences between powders
annealed at different temperatures did not appear to have any significant effect on the sintered bodies in
terms of grain size, density, hardness, or fracture toughness. Despite compositional differences, it is
assumed that the effect of the anneals on powder surfaces was similar at all temperatures, and that
coarsening and WC decomposition were insignificant relative to sintering temperature in determining the
properties of the sintered bodies.

3.2  WC Sintering: EC-PAS

All sintered WC specimens were determined to be single phase through X-ray diffraction as seen in
Fig. 2a despite the compositional differences in the annealed powders. Small concentrations of second
phases may exist below the detection limit of XRD (~1 vol %). The apparent W to WC phase



6 Kevin P. Anderson

transformation in sintered bodies produced from powders with significant W content (annealed at 800°C)
may indicate free carbon present in the annealed powder [40]. Decarburization resulting in residual carbon
has been observed in thermally sprayed WC-12Co, processed with argon as primary gas [41]. An overview
of sintered specimens and their measured mechanical properties may be found in Table 2.

Table 2—Properties of Sintered Tungsten Carbide Ceramics

Powd(_er Sintering Relative Aver:_:lge Instrumer_1ted Indentation
Annealing Temperature | Density Gr_aln HV* Indentation Fracture

Temeerature (°C) (%) Size (GPa) Hardness* | Toughness*
(°C) (nm) (GPa) (MPavm)
700 850 96 147 | 12.7+0.9 8.1+0.6
450 1050 99 26.1 [371+x16| 375+06 6.7+0.4
700 1050 100 27.7 |388+0.7| 382%0.3 9.4+0.6
800 1050 99.1 275 |379+11| 38603 88+0.5
450 1200 99.4 493 | 37214 95+0.8
700 1200 99.9 520 |356%31 6.2+0.6
800 1200 100 539 |[36.4+23 84+0.5

*+ 1 standard deviation

Both grain size and density of the sintered specimens were observed to increase with sintering
temperature as seen in Fig. 2b. Relative density increased from ~96% at 850°C to >99% at 1050°C and
1200°C. At 850°C, grain size was observed to be smaller than that in the initial powder (14.7 nm vs 23.8
nm), suggest fracturing of WC powder during pressurization to 2 GPa. Grain size increased slightly at
1050°C (from 22-27 nm to 26-28 nm), and more significantly at 1200°C (49-54 nm). Based on grain size
and density, the optimum sintering temperature appears to be near 1050°C, which also yielded the highest
hardnesses.
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Fig. 2—WC sintering. a) Representative XRD pattern from sintered WC demonstrating single phase composition. b) Crystallite
size and density of sintered WC versus sintering temperature. ¢) Photograph of WC specimen, HV = 38.8 + 0.7 GPa, average grain
size = 27.7 nm, sintered at 1050°C from WC nanopowder annealed at 700°C.
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3.3 WC Mechanical Properties

Vickers hardnesses of up to 39 GPa were measured in the binderless nanocrystalline tungsten
carbide ceramics (Fig. 3a and Table 2). This represents a 18% increase over the previously reported
maximum hardness in pure WC, 33 GPa [25], and an even larger 30% increase over all other reported
hardnesses (second highest, 30 GPa) [24,42]. The highest Vickers hardness (38.8 + 0.7 GPa) in this study
was recorded in a specimen with an average grain size of 27.7 nm sintered at 1050°C from WC
nanopowder annealed at 700°C. Vickers microindentation results were confirmed through instrumented
indentation on a subset of samples. As seen in Fig. 3a, nearly identical hardness values were obtained
through Vickers microindentation and instrumented indentation. The consistency in measured hardness
despite the range of applied indentation load suggests a negligible indentation size effect in the load range
used in this study (2 — 10 N). Much lower hardnesses were measured in the smallest grained sample (14.7
nm) that had been sintered at 850°C, suggesting incomplete sintering also supported by the apparent lack
of densification. A slight drop in hardness to 36-37 GPa was observed in larger grained samples, which
may be attributed to the Hall-Petch effect.

A B c
50 16
aVickers Microhardness 8
[ ®instrumented Indentation L
F &
40 + F
[ . =TT =i | i u
- # A £ 12 £ sminano WC-Co (50 — 800 nm)
o L - B ’ :
O 30 1 = [ ' A
‘l'.-l'.I' 8 sminano WC (A7 - 380 nm) = | % 7
o o 2 }' A T (-&.
g '3 | sm/nano WC (87 - 380 nm})
= c k =
g8 07 2 f A
I sminano WC-Co (50 — 800 nm) % i
[ A g 4 4
10 2=
10 ym
0 ; ; A, s AT A AP S TR
10 20 30 40 50 60 10 20 30 40 50 &0
Average Crystallite Size (nm) Average Crystallite Size (nm)

Fig. 3—WC mechanical properties. a) Hardness and b) indentation fracture toughness plotted against average crystallite size as
determined through Vickers microindentation and instrumented indentation. Results are compared to typical literature values
[15,43] for similar materials (submicron (sm) and nanograined (nano) WC and WC-Co) without respect to grain size. Data points
represent average values with standard deviation error bars (n = 16). ¢) Optical micrograph of representative indent from Vickers
microindentation.

Indentation fracture toughness was found to be independent of grain size, ranging from 6.2 to 9.5
MPaVm. Despite the generally accepted tradeoff between hardness and fracture toughness, which is
observed in larger grained pure WC, this relationship diminishes as grain sizes approach the
nanocrystalline regime in pure WC [43,44]. As seen in Fig. 3D, this range compares favorably to
indentation fracture toughness values from the literature for pure WC, though falls short of values
recorded for WC-Co as expected based on the toughening effect of the metallic binder [15,43]. The
toughness measured in this study however is significantly below the value of 13.7 MPaVm that reported
by Zhang et al. (albeit in a presumably coarser grained pure WC sintered at 1500°C with a hardness of 21
GPa) [25].

3.4 Lattice Deformation and Intragranular Substructures
High resolution transmission electron microscopy (HRTEM) imaging of WC revealed a highly

deformed microstructure consisting of nanoscale substructures within grains similar to subgrains.
Samples sintered at 1050°C (26.1 nm grain size) and 1200°C (53.9 nm grain size) were imaged, but no
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significant differences in the grain substructure were observed. Fig. 4 and 5 features HRTEM images,
Fast Fourier Transform (FFT) patterns from these images, and the filtered images resulting from Inverse
Fast Fourier Transform. In Fig. 4, prismatic plane twin reflections can be seen (red circles) in the FFT
patterns, which correspond with twins indicated by red brackets in the IFFT images. The high density of
twins results in substructures typically 2-3 nm wide. Fig. 4a and 4b exhibit lattice deformation parallel to
the basal plane as well, manifesting in lattice bending. The resultant lattice bending can be more clearly
observed in Fig. 5, particularly in the approximately 15° rotation of the FFT pattern. Lattice bending and
resulting substructures (in red brackets) can be clearly seen in Fig. 5c, along with dislocations indicated
by white arrows.

The significant deformation, characterized by widespread nanotwins is likely a plastic response to
the applied 2 GPa pressure before and during sintering. WC is known to undergo plastic deformation,
especially at elevated temperature [45,46]. Nanotwins in highly deformed material have been observed in
high pressure sintering studies of WC [25,44], and similar materials such as TaC [47]. Zhang et al.
observed similar nanotwins in WC sintered at 10 GPa, and attributed the anomalously high measured
hardness to these defects [25].
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Fig. 4—Lattice deformations including bending and nanotwinning in WC. HRTEM micrographs (a, ¢) of WC sintered at 1050°C,
along with Fast Fourier Transform (FFT) diffraction patterns (insets) and Inverse Fast Fourier Transform (IFFT) images (b, d) from
the same region. Red circles highlight twinned reflections in FFT diffraction patterns which correspond with red brackets indicating

twinned regions in the IFFT images.
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Fig. 5—Lattice deformatlon and mtragranular substructures in WC. a) HRTEM micrograph of WC smtered at 1050°C exhibiting
lattice deformation. b) Fast Fourier Transform (FFT) diffraction pattern from same region demonstrating 15° lattice rotation
resulting from lattice deformation. c) Inverse Fast Fourier Transform (IFFT) image from part of a) with white arrows indicating
dislocations and red brackets indicating substructures, both resulting from lattice deformation.

4. DISCUSSION
4.1  Near Superhardness

The hardness of the nanocrystalline tungsten carbide can be attributed to the small grain size, high
density, and intragranular substructure resulting from enhanced sintering during EC-PAS. Two
parameters distinguish the approach in this work from previous studies. Firstly, the applied pressure of 2
GPa is greater than most pure WC sintering studies to date. Only 2 studies were found that utilized
higher pressures, including 5 GPa (at 1100 - 1600°C) [44] and 10 GPa (1000 — 1500°C) [25]. In these
studies, extremely high applied pressures resulted in high density and limited grain growth. However,
significantly larger grain sizes (submicron) and lower hardnesses (maximum 29 and 33 GPa, respectively)
were observed relative to this work despite much higher applied pressures. In part, the larger grain sizes
resulted from larger grained starting powder (~200 nm grain size in both studies). Based on the higher
sintering temperatures required for densification in these works however, it is possible significant grain
growth would have been observed with finer powders. Secondly, and potentially more significantly, the
approach in this study is the first to feature isolation of nanopowder surfaces from ambient conditions
between powder drying/annealing and sintering. This approach is expected to result in significantly
higher surface energies due to the prevention of moisture and oxygen adsorption. The use of finer
nanopowder in combination with the maximization of powder surface energy through the EC-PAS
approach permitted full densification at lower sintering temperatures relative to these studies, with
maximum hardness achieved at 1050°C as opposed to 1500°C [44] and 1300°C [25].

In addition to grain size effects, the extensive lattice deformation observed through HRTEM in this
work may contribute to additional hardening by creating additional slip barriers. Hardening effects
beyond grain size refinement have been reported for both metal and ceramics through the effects of
nanotwins [48-50] and, importantly, Zhang et al. [25] also attribute their abnormally high hardness in
WC to be due in part to the numerous stacking faults and twin defects present within the submicron grain
structure.
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4.2  Superposition of Hardening Mechanisms

To evaluate the role of grain size and nanoscale lattice deformation substructures in hardening,
hardness data from this study along with submicron and nanocrystalline pure WC hardness data from
literature [25,43] were plotted against the inverse square root of grain size as seen in Fig. 6. All data
points represent samples with 99% relative density or greater. The distribution of hardness data suggests
the possibility of two linear regimes, offset but with similar slopes. A linear fit can be captured via the
Hall-Petch Eq. (2), which represents the historically observed inverse relationship between grain size and
yield strength or hardness, and has been well characterized for a variety of materials [5,6].

K
Hy = Hy + 2 2)

HV is the Vickers hardness (GPa), HO is the Vickers hardness of a WC single crystal (GPa), k is a
fitting parameter, and d is the average grain size (nm). Through linear regression, the Hall-Petch equation
was first applied to the lower hardness regime, which consists of relatively consistent literature data < 30
GPa [43] (dashed line). This fit yields the Hall-Petch constants HO = 25.4 GPa and k = 1656. This HO
value is consistent with single crystal hardness measurements from literature [9].
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Fig. 6—Superposition of hardening mechanisms in WC. Hardness plotted against inverse grain size including data from this

study and literature values, with linear regression applied to two apparent regimes.

The apparent higher hardness regime includes data from this study and a single outlier literature
data point at 33 GPa [25]. The extensive lattice deformation observed in Fig. 4 and 5 suggests a potential
physical basis for this regime, as Zhang et al also characterized an intragranular defect structure [25]. Just
as grain size refinement leads to hardening by limiting the mean free path length for dislocation motion
and propagation, intragranular lattice deformations and defects may also pin dislocation motion and lead
to additional hardening. Based on this reasoning, the lower hardness regime is treated as the result of
exclusively grain size effects (“Grain Boundary Hardening Only”), while the higher hardness regime is
treated as a sum, or superposition, of grain size effects and a secondary size effect arising from lattice
deformation (“Grain Boundary + Lattice Deformation Hardening”). Therefore, a modified Hall-Petch Eq.
(3), may be applied to the high hardness regime. In Fig. 6, the higher hardness regime was fit with a
linear regression based on Eq. (3) (dotted line), while retaining the values for k and HO derived from
fitting the lower hardness regime.
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Hy = (Ho + H,) + \/é 3)

In this modified equation, an additional term is added to capture the apparent offset of the higher
hardness regime. The constant HL is analogous to HO as both constants represent materials properties
driven by dislocation movement resistance, with HL representing the macroscopic effect of nanoscale
lattice substructures on dislocations. Based on Eg. (3) and the linear fit of the higher hardness regime, HL
was calculated to be 4.92 GPa. This analysis suggests 5 GPa of hardening may be attained through lattice
substructuring alone in these WC ceramics. For the specimens produced in this work, 5 GPa represents
40 - 50% of the total hardening observed relative to typical WC. Significant variability in substructure
size or periodicity was not observed in this work. Substructure size may have an effect on dislocation
disruption, but currently there is a lack of data to explore this concept.

With regards to size effects, an alternative explanation for the observed regimes is that that lattice
substructures behave similarly to grain boundaries, and the higher hardnesses are solely dependent on the
substructure scale. However, fitting the maximum hardnesses measured in this study (39 GPa) to the
“Grain Boundary Hardening Only” fit (dashed line in Fig. 6) yields an equivalent grain size of 9 nm,
significantly larger than the observed lattice substructures (2-3 nm). The clear relationship between grain
size and hardness in the higher hardness regime also supports the concept of superposition of multiple
hardening mechanisms as opposed to an overwhelming lattice substructure effect.

5. CONCLUSIONS

In conclusion, environmentally controlled - pressure assisted sintering (EC-PAS) was utilized to
produce fully dense, nanocrystalline (as small as 26 nm average grain size) binderless tungsten carbide
with near superhard hardness (39 GPa), a significant leap in both hardness (previously recorded
maximum of 33 GPa [25]) and grain size (previously recorded minimum of 87 nm [44]). In addition to
significantly increased hardness and reduced grain size, fracture toughness as measured through
indentation (up to 9.5 MPaVm) remained comparable to other reports for submicron and nanocrystalline
WC. Maximization of surface energy and applied pressure (2 GPa) through the EC-PAS approach, in
conjunction with nanocrystalline WC starting powder (20 nm grain size) permitted full densification at
relatively low sintering temperatures (< 1200°C), leading to minimal grain growth and nanocrystalline
bulk material, very nearly elevating WC to superhard status. TEM observation revealed a highly
deformed WC microstructure characterized by 2-3 nm substructures resulting from nanotwinning and
lattice bending. This processing induced deformation may contribute to hardening through disruption of
dislocation movement, and can be modeled as an additional constant in the Hall-Petch equation, HL. The
combined hardening effects of nanocrystallinity and lattice deformation induced intragranular
substructure represents a pathway to produce extrinsically superhard WC, and may be applied to other
hard materials to further expand the class of superhard materials.
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