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A B S T R A C T   

The study aims at unravelling the effect of fast and ultrafast electric current-assisted sintering on the plasticity of 
ultrahard binderless tungsten carbide. The small-scale deformation of polycrystalline micropillars obtained from 
samples consolidated by Spark Plasma Sintering (SPS) and Electrical Resistance Flash Sintering (ERFS) processes 
was studied. Micropillars, 3 µm in diameter, were prepared by focused ion beam and compressed ex and in-situ at 
room and high temperatures (700 ◦C). Electron-transparent lamellas were milled out from the pillars plastically 
deformed at different strain levels to carry out Transmission Kikuchi diffraction (TKD) and HRTEM analyses. At 
room temperature, the micropillars show similar mechanical responses under compression, reaching outstanding 
yield strengths (8–11 GPa) with plastic strain not exceeding 3–5% because of a dislocation-assisted toughening 
mechanism. At 700 ◦C, the pillar’s yield strength drops to around 1.5–2 GPa accompanied by the relevant 
temperature-activated plasticity. However, only the pillars prepared from flash-sintered material can be ho-
mogeneously deformed up to ≈50%; conversely, those derived from SPS ceramics fail macroscopically at strains 
of ≈20–25% strain upon the localisation of plastic strain at shear bands.   

1. Introduction 

Binderless tungsten carbide (BTC) ceramics have been recently 
studied as an alternative to the cemented carbide counterpart. The soft 
and ductile binder phase, usually Co, is an excellent technological so-
lution to resolve, at the same time, the low sinterability and toughness of 
tungsten carbide [1]. Although the relatively low melting point and 
limited chemical, oxidation and radiation resistance of the metal phase 
limit the applicability of cemented carbide (WC/Co, WC/Ni or WC/Fe) 
components at high temperature and/or in harsh environments, they 
have found an extensive use as tool inserts, abrasive and wear resistant 
parts, high pressure nozzles and sealings in many industrial sectors [1, 
2]. In addition to those critical applications, BTC components are 
regaining focus from the research community as neutron shielding 
material in fast breeder reactors [3] and as a promising candidate for 
plasma-facing components of fusion reactors [4–6]. Despite its intrinsic 
brittle behaviour, monolithic WC shows unexpectedly higher thermal 
shock resistance than cermets when subjected to extreme heat flux 
conditions like edge localisation and plasma disruption events [7]. WC 
and some of its composites (WC/B4C, WC/TiC, etc.) also combine 
neutron reflecting and absorbing capability of heavy (W) and light 

elements (C or B), possibly outperforming metallic W-based neutron 
shielding materials [4,5]. In the absence of a metallic binder, two are the 
main challenges for the successful production of BTC products [8]: (i) 
obtaining highly dense bodies (98–99%+ relative density) upon sin-
tering and (ii) boosting the inherently low fracture toughness. The 
extremely limited self-diffusivity of W and C atoms [9] makes pres-
sureless sintering of pure WC powders fairly feasible [10]. Only high 
pressure-high temperature and fast sintering techniques lead to 
reasonably good results in terms of density, grain size, phase stability 
and hardness [11–13]. Out of such techniques, the most promising for 
consolidating BTC powders is spark plasma sintering (SPS) [14], which 
allows obtaining fully dense bodies with good control of the final 
microstructure in terms of grain size and semicarbide (W2C) formation 
[15,16]. Typically, BTC products consolidated by SPS achieve 98–99+% 
density, hardness of about 28–30 GPa and fracture toughness in the 
range of 4–6 MPa m1/2 [16,17], the latter being often too low for most 
structural applications. Bulk ceramics, BTC components included, are 
typically characterised by the trade-off relationship between hardness 
and fracture toughness [17,8]: the harder the material, the less plasticity 
is available for intrinsic toughening mechanisms [18]. Toughening 
phenomena can sometimes be activated in BTC using fibers, whiskers or 
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nanotubes reinforcement, grains bridging/interlocking, crack deflection 
in coarse grain or laminated structures, particles dispersion etc. [8]. 
Certain oxides are used as alternative binders to increase the material 
toughness up to 8–9 MPa m1/2, introducing crack bridging and 

deflection mechanisms [19]. Nevertheless, dispersing particles and/or 
second oxide phases modify the material structure inevitably, impairing 
not only the native WC hardness, with a drop from 30 GPa down to 
18–22 GPa, but especially its thermomechanical [6] and thermophysical 

Fig. 1. Electron Backscatter Diffraction (EBSD) (a) and corresponding density of crystalline defects (microstrain) as estimated from X-Ray diffraction for the different 
phases present (b). Black lines refer to the zero microstrain reference WC sample. 
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[3] properties. Of critical importance is the anomalous high thermal 
conductivity of monolithic WC [20] (as high as 100–200 W/m K at room 
temperature [3,21]), essential for high heat flux applications [3,5,22], 
which decreases promptly when low thermally conducting ceramics are 
included [5,23]. Thus, using monolithic BTC for structural components 
requires new strategies to make this material more damage tolerant, 
which translates into altering the intrinsic toughening mechanisms of 
WC [18]. 

Different deformability has been recently reported for some hard 
ceramics produced by flash sintering [24]. It was argued that the very 
high mass transport and flow rate during the flash process accounts for 
the development of shear stresses at the particles’ neck, intense enough 
to overcome the material yield strength at the high sintering tempera-
ture. It was then demonstrated that during flash, the high-temperature 
deformability is significantly enhanced by the athermal effect, which 
lowers the activation energy for plastic flow [25]. 

Although the question about the correlation between the flash event 
and plastic flow is still under debate within the scientific community 
[26], “post-flash” dislocations were observed in TiO2 [27], Er(Mn,Ti)O3 
[28] and yttria-stabilised zirconia (YSZ) [29]. In the latter case, shear 
stresses over 1 GPa were estimated during flash sintering, high enough 
to allow dislocation pile-up. The copious defects introduced during flash 
sintering lead to improved plasticity, as reported for YSZ [30], TiO2 [31] 
and SrTiO3 [32–34]. The application of external electric fields can be 
used to alter the defect chemistry of oxide ceramics, modifying the ox-
ygen vacancy concentration along grain boundaries [33]. Flash sintering 
experiments under a direct current (DC) alter the redistribution of ox-
ygen vacancies, promoting their migration towards the negative elec-
trode [32]. This migration was demonstrated to affect the plasticity of 
SrTiO3 single crystals by favouring the dislocations nucleation over their 
mobility [34,35]. Within this area of interest, the present work aims at 
understanding whether flash sintering can also affect the deformability 
of a non-oxide ceramic, like tungsten carbide (WC). This study wants to 
disclose if the ultrafast sintering of a non-oxide ceramic promoted by 
low AC electric fields ( ̴ 5 V/cm) has a role in activating 
dislocation-induced plasticity at room and high temperatures. 

2. Experimental 

2.1. Samples preparation 

The objective was to investigate the distinctions in the micron-scale 
mechanical properties of materials consolidated by electrical resistance 
flash sintering (ERFS), identified as ultrafast sintering, and spark plasma 
sintering (SPS), referred to as fast sintering. Two different WC nano-
powders (Inframat Advanced Materials®) were selected for producing 
the samples. The powders, as already reported in [36], are characterised 
by different oxygen content, 1.21 wt% and 0.28 wt% for the oxidised 
(WCox) and pure one (WCpure), respectively. Ultrafast (ERFS) and fast 
(SPS) sintering of said powders produced four different monolithic WC 
materials, characterised by different phase composition (Fig. 1(a)). 
Sintering of oxidised nanopowders produced biphasic composites 
(WC/W2C = 60/40 vol%) [36]. Conversely, single phase material and 
metastable cubic WC1-x phase embedded in WC matrix were obtained 
from the WCpure powder by SPS and ERFS, respectively. Accordingly, the 
specimens prepared in the present work were labelled as FSox, SPSox, 
FSpure and SPSpure (Fig. 1), where FS is simply referring to the ERFS 
process. The ERFS process and details on the composition and micro-
structure of the obtained materials have been previously reported 
[36–38]. This process consists in the application of small AC voltage 
(3–4 V) and large current (1000–1200 A) for a duration between 10 s 
and 60 s, to a powder compact thermally and electrically insulated 
within a zirconia die. The SPS samples were consolidated by Dr. Sinter 
1050 apparatus at K4Sint Srl (Pergine Valsugana, Italy); 20 g of powder 
were poured in a 20 mm diameter graphite die and sintered at 2100 ◦C 
for 5 min under 60 MPa uniaxial pressure, using a heating rate of 

200 ◦C/min. 

2.2. Microstructure analysis 

The sintered cylindrical pellets were cut along the longitudinal axis, 
in the direction of the applied electric current and pressure, and polished 
with diamond abrasive pastes up to a mirror-like surface (1 µm size). The 
polished surfaces were analysed by EBSD within a FEG-SEM microscope 
(ThermoFischer® Apreo 2S LoVac). The density of crystalline defects 
was estimated for the four sintered samples by X-Ray diffraction using 
PANalytical EMPYREAN diffractometer, with Cu-Kα1 radiation 
(1.54060 Å) in a line focus configuration. Linear Williamsom-Hall plots 
were generated from the line-broadening analysis of the corresponding 
diffraction patterns [39]. Diffraction patterns were acquired in a 
Bragg-Brentano geometry with divergent optics (FDS 1/8 and 5 mm 
mask), a Ni-kβ filter and a 1-D detector. The following ICDD diffraction 
cards were used as reference: 01–084–5996 for WC, 00–035–0776 for 
α-W2C and 00–020–1316 for cubic WC1-x. A zero microstrain reference 
sample, with average grains size of 30 µm, was prepared by pressurless 
sintering the WCox nanopowders at 2150 ◦C for 2 h inside an Astro® 
vacuum graphitic furnace. 

2.3. Micropillars preparation and testing 

Micropillars and lamellae were produced on the polished surfaces 
within a FIB-SEM dual-column microscope (Helios NanoLab 600i) 
operated at 30 kV. The pillars were produced following a 2-step 
approach with two concentric rings milling pattern: initially, a high 
FIB current (9.3 nA) was used to create a circular trench with the pillar 
at the centre and, subsequently, at lower current (0.23 nA), the pillar’s 
tapering angle was reduced (Fig. S1 Supp.mat. (a, b)). On average, pil-
lars with 3 µm diameter and 6 µm height were produced in a cylindrical 
trench with 20 µm diameter. Room temperature compression tests were 
carried out on the produced micropillars using a Hysitron triboindenter 
TI950 equipped with a 15 µm-diameter flat punch diamond indenter 
(Fig. S1 Supp.mat. (e)). Micropillars were compressed under displace-
ment control at rates of 6 nm/s (corresponding to a constant strain rate 
of ≈10−3 s − 1). To assess the maximum strain, the majority of the pillars 
underwent compression until failure, while a few tests were stopped at 
various strain levels to detect any sign of post-compression plastic 
deformation. The number of pillars tested per sample (Fig. 1, (a)) ranged 
from 5 to 15, depending on the extent to which structural integrity was 
maintained at different strain levels. High-temperature compression 
tests were performed to elucidate any difference in the activation of 
high-temperature deformation mechanisms between FS and SPS sam-
ples. High-temperature tests were carried out in-situ inside a Zeiss SEM 
Evo using a Hysitron PI88 picoindeter (Fig. S1 Supp.mat. (c)). Micro-
pillars (with a composition corresponding to FSpure and SPSpure) were 
compressed using a 10 µm-diameter flat punch (Fig. S1 Supp.mat. (d,e)) 
at strain rates of 10−3 s − 1 and different levels of strain at room tem-
perature and 700 ◦C. The contribution of the machine compliance to the 
obtained load-displacement curves was corrected by comparing the 
elastic response of the pillars compressed at room temperature with both 
systems (ex-situ and in-situ). 

2.4. Lamellae preparation, TEM and TKD analyses 

Electron transparent lamellae were prepared within the FIB-SEM 
from the pillars previously compressed above their elastic limit, i.e. 
with maximum strain in excess of 0.2%. The deformed grains contained 
in the lamellae were observed with a FEI Talos F200x TEM microscope 
operated at 200 kV. The results were compared with the grains’ crys-
talline orientation and phase composition as acquired by Transmission 
Kikuchi Diffraction (TKD). TKD analyses were performed by positioning 
the lamella at a working distance of 5 mm between the electron beam of 
the FEG-SEM and the EBSD detector, with a tilting angle of 25◦ with 
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respect to the horizontal axis. The Kikuchi pattern was acquired at 30 kV 
with 25 nm step size and processed by AZtecCrystal® proprietary soft-
ware. For the Kernel Average Misorientation (KAM) calculations, a 
maximum misorientation angle of 5◦ (upper threshold misorientation) 
was selected. 

3. Results & discussion 

3.1. Microstructure and phase composition 

The microstructure and phase composition of the samples as detected 
by EBSD are shown in Fig. 1(a). As previously pointed out, sintering of 
the low-oxygen content WC powder produced two materials free from 
the W2C phase, but with 6–8 vol% metastable WC1-x phase in the flash 
product (FSpure). On the other hand, both samples obtained by sintering 
the oxidised nanopowder are characterised by a biphasic WC/W2C 
microstructure (see Fig. 1(a)). The SPSox sample contains a lower 
amount of W2C sub-carbide, around 4 vol%, and possesses finer grain 
size (Table 1) with respect to the FSox one. It is interesting to observe 
that the grain size is around 0.5 µm in the case of SPS, despite the ma-
terial remaining at the high sintering temperature (2100 ◦C) for 5 min. 
Conversely, the flash process, which only lasts 10 s, leads to a more 
prounced increase in grain size, surpassing 3 µm in the presence of the 
sub-carbide phase. Abnormal grains, elongated and with a high aspect 
ratio, are observable in the two samples containing W2C. SPSox sample 
contains only a few abnormal WC grains randomly distributed amongst 
finer WC and W2C equiaxed grains, while the FSox is fully composed of 
such abnormal grains (Table 1). 

The grain boundary migration rate in flash sintered grains can be 
influenced by lattice defects, particularly those present in the W2C 
phase, which is a carbon deficient WC phase known to accommodate 
larger density of defects [40]. Lantsev et al. proposed a connection be-
tween the W2C phase, abnormal grain growth (AGG) and accelerated 
diffusion kinetics [17]. Their experimental findings show a lower sin-
tering activation energy in binderless tungsten carbide (BTC) materials 
exhibiting abnormal grain growth (AGG), suggesting a change in the 
grain boundary (GB) diffusion. Based on the non-equilibrium grain 
boundary theory, the activation energy for grain boundary diffusion is 
influenced by the degree of GB non-equilibrium, which is determined by 
the density of defects within the boundary. When abnormal grain 
growth occurs and GB migrate rapidly, they can absorb lattice disloca-
tions distributed amongst the grains. This leads to an exponential de-
pendency of the GB diffusion coefficient on the density of lattice 
dislocations. As a result, GB migrating into highly defective W2C grains 
can absorb a greater number of lattice defects, effectively enhancing 
their diffusion rate. The strong dependence of GB mobility on the defects 
density can explain the AGG observed in Fig. 1(a) in the presence of the 
W2C phase. The same argument can also be used to explain the superior 
grain growth in FSox with respect to FSpure since they are both produced 
by flash sintering, but no W2C phase is present in the latter sample. 
Another possible explanation for the exaggerated grain growth occur-
ring during flash sintering can reside in the actual temperature devel-
oped in the material during the flash event, which, if largely superior to 
that occurring in SPS (2100 ◦C), can partially explain the boost in 
diffusion and also in grain growth kinetic. Unfortunately, the tempera-
ture during flash is almost impossible to be measured precisely; the 

black body model by Raj [41], for a theoretical evaluation of the flash 
temperature, requires the sample to be inserted in a furnace of a known 
temperature. Nevertheless, if one considers the temperature issue, the 
large difference in grain growth between FSox and SPSox should also be 
observable between FSpure and its SPSpure counterpart, whose difference 
is only about 0.5 µm (Table 1). It is also necessary to remember that SPS 
operates under high uniaxial pressure of 60 MPa, which is well known to 
contrast grain growth in favour of densifying phenomena [42]. This 
contribution is absent in the flash process, which operates at negligible 
uniaxial pressure (4 MPa). In conclusion, the only effect of an extraor-
dinarily high temperature during flash can not justify the excessive grain 
growth observed in FSox; therefore, the presence of W2C phase, in 
combination with the larger number of defects generated by flash (Fig. 1 
(b)), must have a role in the occurrence of such phenomenon. 

Fig. 1(b) compares the lattice defects (microstrain) of the samples 
obtained by flash sintering and SPS. The estimate of the lattice micro-
strain is obtained from the analyses of the line broadening (Bstruct) of the 
XRD peaks as a function of sin(θ). The lattice strain can be estimated by 
plotting Bstruct cos(θ) as a function of sin(θ) according to the following 
equation [39]: 

B structcosθ = 1.1
λ

crystallite size
+ lattice strain (4sinθ) (1) 

The larger the defect concentration in the lattice, the higher the slope 
of the fitting lines in the two plots of Fig. 1(b). This is the conventional 
procedure to indirectly estimate the number of defects present in the 
grains of a sintered material, although the nature of the defects (i.e. 1D- 
vacancies or 2D-dislocations), cannot be differentiated. As previously 
stated, the W2C phase, which is present in SPS and FS materials, is 
characterised by a larger amount of lattice defects with respect to the 
WC phase. In all cases, larger microstrain, corresponding to a local 
distortion of the crystalline order, is measured for FS samples with 
respect to the SPS ones, being also much higher than the reference 
sample. The defects density in the FSox sample is almost double with 
respect to the SPSox one, thus agreeing with the explanation given before 
for the AGG observed in Fig. 1(a), which represents further proof of the 
higher number of defects introduced by the flash process. 

3.2. Room temperature pillars’ deformability 

Fig. S2 (Supp.mat.) shows some FESEM images of the pillars where 
the different microstructures of Fig. 1(a) are easily recognised. After the 
FIB milling, the pillars taper angle is reduced to ≈ 3.5◦ (Fig. S2 Supp. 
mat.), allowing a precise evaluation of engineering stress and strain as: 

σeng =
F

A0

(2)  

εeng =
ΔL

L0

(3)  

from the recorded data of force (F) and displacement (ΔL), A0 and L0 
being the initial micropillar average diameter and height, respectively. 
The specific selection of pillar’s dimensions allowed to prepare micro-
samples from both SPS and FS materials almost free of pores (Fig. S2 
Supp.mat.). It is important to point out that flash sintered materials 
exhibit a larger residual porosity, approximately in the range of 3–5%, 
whereas in the case of SPS materials, the residual porosity is typically 
less than 1%.; such difference can be significant when mechanical 
properties are compared at a larger scale [43]. At the micron scale, a 
single pillar contains, according to the microstructure of Fig. 1, from 
tens to hundreds of individual grains (Fig. S2 Supp.mat.). This allowed 
to study the deformability of polycrystalline monolithic tungsten car-
bide, instead of single crystals, at a size scale small enough to delay the 
unstable crack propagation and up to stress levels comparable to those 
required to activate plastic deformation mechanisms. 

Figs. 2 and 3 show the stress-strain curves and post-compression 

Table 1 
Grain size (Davg), aspect ratio of the grains and W2C content (± standard devi-
ation) of the samples in Fig. 1.   

1) FSox 2) SPSox 3) FSpure 4) SPSpure 

Davg [µm] 3.17 (±0.55) 0.65 (±0.05) 1.07 (±0.08) 0.53 (±0.06) 
Aspect ratio§ 4.7 (±1.1) 1.7 (±0.6) 1.7 (±0.5) 1.6 (±0.4) 
W2C vol% 38 (±1) 32 (±1) 8 (±1) - WC1-x /  
§ Defined as the longest axis divided by the shortest axis of carbide grains. 
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FESEM images of pillars compressed above their elastic limit but before 
their catastrophic failure. As previously mentioned, the micrometric 
pillar dimension allows to reach stresses as high as 10–11 GPa, in a 
condition of stable crack propagation, which is a testament to the strong 
bonding of the sintered grains; for comparison, pillars prepared from WC 
single crystals have an ultimate strength in the range of 2–5 GPa (pris-
matic orientation) and 20–25 GPa (basal orientation) [44]. In almost all 
the curves of Figs. 2 and 3, the pillars did not fail in the elastic regime, 
and different deformation mechanisms were activated before the final 
failure accounting for a certain degree of permanent deformation. 

3.2.1. Room temperature deformability of SPS pillars 
Pillars extracted from SPS samples possess the highest yield stress: 

10 GPa for SPSox and around 11 GPa for SPSpure. The two materials show 
an elastic behaviour up to higher stress levels when compared to FS 
pillars. In addition, SPS pillars behave differently after reaching the 
yield point since they show a partial strain hardening behaviour up to 
the ultimate strength and a decrease in the stress for increasing strain 
(strain-softening) up to the failure. In traditional tensile tests, the region 
of neck formation is where the reduction of the resistive cross-sectional 
area occurs, this region being where the apparent strain-softening 
behaviour is observed in the engineering stress-strain curve. SPSox 
and, partially, SPSpure show both strain-hardening and strain-softening 
regions. It is possible to explain the strain-softening behaviour shown 
in most SPSox curves with the same argument used for neck formation in 
a macroscopic tensile test i.e. with a reduction in the material’s resistant 

Fig. 2. Stress-strain curves obtained from room-temperature compression of FSox (a) and SPSox pillars (c) and corresponding FESEM images (b, d) of plastically 
deformed pillars at different strain levels before final failure. The insets in FSox (a) show magnified views of crack arrest events. Tested pillars are identified as ‘P1’, 
‘P2’… to correlate the stress-strain curves with the corresponding FESEM micrographs. 
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cross-sectional area. Post-compression SPSox pillars (Fig. 2(d)) show an 
extensive microcracking which influences the resistant area i.e. the 
portion of material supporting the load. As a matter of fact, compressed 
pillars in Fig. 2(d) show a remarkable increase in the observable 
microcracking with permanent strain from P2 to P5, this being associ-
ated with an extension of the strain-softening regions (Fig. 2(c)). It is 
worth noting that SPS biphasic microstructure (WC/W2C) tolerates a 
much higher permanent strain with respect to the monophasic SPSpure 
counterpart (Fig. 3(c)), at the expense of a lower maximum strength and 
a lower stiffness. The W2C phase is generally considered brittle and 
detrimental in WC products, responsible for lower macroscopic hardness 
and toughness [45]. However, in the presence of the W2C phase in the 
WC/W2C composite, the SPSox pillars reached the highest strain (up to 
7%), with a considerable portion of permanent deformation. 

Plastic deformation occurs simultaneously with crack propagation 
and is accompanied by stress drops/strain jumps. Jones et al. [44], in 
their micropillar compression study of WC single crystals, suggested that 
these instantaneous load drops can be caused by intermittent plastic slip 
and/or by crack propagation. Evidence of plastic deformation during the 
room temperature compression of the two SPS pillars is limited to the 
presence of some dislocation steps on the top surface of pillars com-
pressed at the highest strains (see P6 and P8 in Fig. 3(d). 

With the aim to disclose the connection between these instantaneous 
load drops (red and blue arrows in the insets of Fig. 3 (a, c)) with the 
activation of plasticity, the cross-section of deformed pillar P6 was 
analysed by TEM (Fig. 4). After the compression test, a lamella was 
prepared by FIB milling from the deformed SPSpure pillar P6. Such pillar 
was deformed plastically to about 1% strain, as shown from the 

Fig. 3. Stress-strain curves obtained from room temperature compression of FSpure (a) and SPSpure pillars (c) and corresponding FESEM images (b, d) of pillars, 
plastically deformed at different strain levels. The insets show magnified views of crack arrest events. Tested pillars are identified as ‘P1’, ‘P2’… to correlate the 
stress-strain curves with the corresponding FESEM micrographs. 
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unloading curve in Fig. 3(a). Fig. 4 (c, d) shows the presence of undis-
sociated dislocations in the deformed grains of pillar P6, which, once 
reaching the surface, generate the dislocation steps shown in Fig. 3(d). 
Plasticity, intended as dislocation motion, has a role in the occurrence of 
such intermittent load drops, and it is very probably competing simul-
taneously with crack propagation and arrest. The inset in Fig. 3(c) shows 
several sharp stress drops and jumps during the compression of the P6 
pillar, these events being very likely correlated with the crack initiation 
(sharp drop of the stress) and subsequent arrest (stress surge). This 
phenomenon occurs several times before the catastrophic failure of the 
pillar or its unloading. During these multiple crack propagation and 
arrest events, the material experiences (i) stable crack propagation along 
multiple paths (microcracking) and (ii) the presence of a minor dislo-
cation activity (Fig. 4 (b, d)). This multiple crack arrest mechanism is 
evident in almost all compression curves (Figs. 2 and 3), for both SPS 
and FS pillars. This is why most of the pillars do not fail in a brittle 
manner but can be compressed plastically in a condition of stable crack 
propagation. 

In summary, polycrystalline tungsten carbide possesses, at the micro- 
scale, a toughening mechanism associated with micro-cracking at 
limited strain levels. Since this mechanism is present in all samples but is 
activated at different stress levels, it can be used to understand the 
different deformability of WC products at room temperature. This 
toughening mechanism is much more active in SPSox pillars than in 
SPSpure ones, which is associated with the ability of SPSox pillars to resist 
more intense crack extension and, thereby, to reach much higher strain 
levels before failure. The only difference between the two SPS materials 
is the presence of the W2C phase, which must certainly play a role in 

increasing the efficiency of this toughening mechanism. 

3.2.2. Room temperature deformability of flash-sintered pillars 
The presence of the W2C phase contributes to reach a larger 

maximum strain also in flash-sintered FSox pillars (Fig. 2(a)) with respect 
to FSpure ones (Fig. 3(a)). For example, P8 sample (Fig. 2(a)) reaches 
very high strains (about 9%) without failure. Nevertheless, unlike SPSox 
and SPSpure specimens, FSox pillars deform plastically without signifi-
cant stress drop; in other words, after the elastic region, the curve re-
mains flat without the strain-softening effect observed for SPS pillars. 
This flat region, corresponding to FSox pillars undergoing plastic defor-
mation, is again characterised by crack propagation and arrest events. 
Like in the SPSox counterpart, the nature of these intermittent load drop 
events is connected with extensive pillar cracking. The compression of 
FSox pillars at increasingly higher strain levels (corresponding to 3, 4, 6 
and 9% from P1 to P8 (Fig. 2(b)), is accompanied by further crack 
propagation. However, before being unloaded, such extensively 
damaged pillars can still sustain stresses of about 6–7 GPa, denoting 
peculiar high damage tolerance and toughness. This high toughness is 
associated with the tendency of microcracks to propagate along multiple 
paths during the irreversible deformation of FSox pillars and with a 
dislocation-mediated plastic deformation, as observed in P7 and P8 in 
Fig. 2(b). 

The grain size in FSox is much larger than in SPSox.This relates to the 
larger maximum strain and the different shape of the stress-strain curve 
which is flat after the material’s yield point without noticeable strain 
hardening and softening behaviour. This is connected to the strong 
dependence of plasticity on WC grain size [46], which, in turn, is 

Fig. 4. Electron transparent lamella containing a cross-section of the SPS pure P6 pillar. FESEM image of the lamella during its preparation inside the FIB-SEM 
microscope (a) and its low magnification TEM image (b). HRTEM images of some grains contained in the lamella (c) and (d). White arrows highlight the pres-
ence of undissociated dislocations. 
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associated with the active slip systems in WC crystals at room temper-
ature. Recently, in-situ compression studies of single crystal WC pillars 
[44], lattice rotation axis analyses [47], and slip traces coupled with 
EBSD and HRTEM analyses [46] have found enough evidence to unravel 
the complexity of the highly anisotropic plasticity of WC grains. At room 
temperature, the prismatic slip systems {1010} are favoured: [1120] 

(1100) and [1210](1010); while the basal one, [0001](0110), is 
considered a secondary slip system. For this reason, grains favourably 
orientated for prismatic slip deform more easily than those favourably 
orientated for basal slip. Nabarro et al. predicted, by first-principles 
density functional theory simulations, that the Peierls stress for the 
basal dislocations [0001](0110) are twice that for prismatic dislocations 

Fig. 5. HRTEM and Transmission Kikuchi Diffraction (TKD) analyses of a lamella containing the cross-section of FSpure P2 pillar after compression. STEM view of the 
deformed grains contained in the sectioned pillar (a), together with its phase composition (b), orientation analysis (c) and measure of the local strain gradient: Kernel 
Average Misorientation (KAM) map (d). Bright field (BF) TEM micrographs of grain G1 (e) and G2 (f) containing stacking faults; the insets represent the grains 
orientation. Orientation relationship between the IPF-Y map, the load and the maximum resolved shear stress directions (g). 
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on {1010} [48,49]. The high anisotropy between prismatic and 
basal-orientated grains also reflects the huge difference in their nano-
indentation hardnesses: 29 GPa (prismatic) against 53 GPa (basal) [50]. 
This anisotropy was also detected in the transition from a stochastic to 
deterministic flow stress in basal-orientated WC single-crystal pillars. 
This transition was observed between pillars with 1 µm and 5 µm in 
diameter: the former shows a stochastic flow stress, related to the 
probability of having an already present dislocation in the crystal, while 
in the latter, all crystals deform in the same way, because the larger 
pillar/crystal size allows dislocations to pile-up so that the stress levels 

required to both nucleate and propagate a dislocation are reached [44]. 
Therefore, the different plastic behaviour of SPSox and FSox pillars, 
which possess the same biphasic WC/W2C composition, can be mainly 
related to the exaggerated grain size generated by the flash sintering 
process: much larger WC crystals in FSox (3–5 µm with respect to 0.5 µm 
in SPSox) can favour the activation of both prismatic and basal slip 
systems. This increased plasticity is then reflected in the higher ability of 
the damaged material to resist catastrophic failure because of the more 
intense activation of the intrinsic toughening mechanism (Fig. 2 (a,b)). 

FSpure pillars (Fig. 3(a,b)) show an intermediate maximum stress 

Fig. 6. HRTEM and TKD analyses of a lamella containing the cross-section of FSpure P16 pillar after compression. STEM view of the deformed grains contained in the 
sectioned pillar (a), together with its phase composition (b), orientation analysis (c) and measure of the local strain gradient by KAM map (d). Bright field (BF) (e) and 
High-angle annular dark-field (HAADF) (f) TEM micrographs of a highly deformed pillar region containing G1, G2 and G3 grains. IPFY colouring map and orientation 
(g) relationship between G1, G2 and G3 grains, pointing out the mismatch conditions for dislocation to cross the GB between two hexagonal WC grains. 
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with respect to FSox and SPSpure ones. They are also stiffer and stronger 
than FSox specimens, although the maximum strain is lower. It is difficult 
to disclose if this reduced maximum strain is due to the absence of W2C 
phase or the finer grain size (Table 1). FSpure pillars have inferior me-
chanical properties with respect to SPSpure ones, in terms of yield/ulti-
mate strength and deformability (Fig. 3). They also show the largest 
variability amongst all the materials tested, some pillars reaching a yield 
strength of about 7 GPa, and others being loaded elastically up to 8–9 
GPa. The compression curves of FSpure pillars show the previously dis-
cussed intermittent load drops, together with dislocation steps (like P16 
in Fig. 3(b)). The majority of FSox pillars failed catastrophically at un-
predictable strain levels and this required to test a much larger number 
of pillars (up to 16) to be able to save three pillars loaded at increasing 
strain levels (P2, P14 and P16 in Fig. 3(b)). This high variability in the 
probability of failure can be caused by strong competition between the 
strain energy dissipation mechanisms, namely crack propagation and 
dislocations motion. Hence, to better understand when the deformation 
mechanism is activated with respect to grains orientation and initiation/ 
propagation of the crack, two of the three saved pillars were analysed by 
TEM and TKD. 

Figs. 5 and 6 summarise the analyses of the grains composing two 
FSpure pillars (P2 and P16 in Fig. 3(a,b)) deformed at maximum strains of 
3% and 4%, respectively. In both pillars, the majority of the dislocations 
involved in the plastic deformation are partial dislocations hence, 
several stacking faults (SF) can be observed in the deformed grains. It is 
possible to conclude that the observed SFs are the result of deformation 
because: (i) all the SF share the orientation with one of the two di-
rections of maximum shear stress (τmax), as indicated in Fig. 5(g), and 
(ii) partial dislocations cross a grain boundary between G1 and G2 
grains, forming a continuous SF amongst the two grains, as represented 
in Fig. 6(e, g). Liu et al. reported that partial dislocations contribute 
significantly to the plastic deformation and toughness of WC crystals 
[46]. 

In P2 specimen (Fig. 5), only few grains contain a trace of the 
movement of partials, i.e. stacking faults. For example, Fig. 5(e,f) shows 
the presence of some SF in two hex‑WC grains, denoted as G1 and G2. 
The low KAM (Kernel Average Misorientation) map intensity confirms 
such limited dislocations concentration (Fig. 5(d)). KAM is a measure of 
the local distortion in the orientation of a crystal, and it is directly 
related to the dislocation density in a crystalline material. The area of 
high magnitude in the KAM map corresponds to strain concentration, i. 
e. more deformed material [46]. Comparing the two KAM maps of 
Figs. 5 and 6, which possess the same colour gradient, it is easy to 
conclude that the grains in P2 sample experienced very modest plas-
ticity. On the other side, grains in P16 specimen, especially those near 
the top of the pillars, are completely full of SF and, indeed, the KAM map 
of Fig. 6(d) has a stronger magnitude in correspondence with such 
grains. The dislocation activity amongst the two samples differs signif-
icantly, while the total deformation of the two pillars, P2 and P16, differ 
only by 1%. The compression curve for P16 in Fig. 3(a,b) reaches 4% 
strain before the pillar is unloaded. We believe that the sample was very 
close to failing at this strain since the majority of FSpure pillars (Fig. 3(a, 
b)) broke at a very similar, if not lower, strain. Also the KAM map in 
Fig. 6(d) suggests that the strain concentration reached at the grain 
boundary between grains G1 and G2 is very close to the strain level 
achieved near the regions of crack propagation. A polycrystalline ma-
terial requires that slip propagates from one grain to the other to plas-
tically deform in a condition of “easy glide” (absence of strain 
hardening). Fig. 6 shows that this is possible amongst two h-WC grains 
only when their orientation does not differ significantly. In Fig. 6(g), 
partials can cross the GB between G1 and G2 because the orientation 
difference is lower than 3◦, but they cannot cross into G3 since the 
mismatch is much larger. 

The stress required for a dislocation to cross the GB, in the almost 
perfect condition of two well-orientated grains, is close to the stress 
required for a crack to propagate. This can be deduced from the large 

difference in concentration of SFs between the surface and the middle 
and bottom parts of the P16 pillar (Fig. 6(a)). SF activity ends by 
reaching the bottom region of G3 in (Fig. 6(f,d)) where the big crack 
present competes in releasing the strain energy accumulated during the 
compression of the pillar (Fig. 6(f)). The analyses reported in Fig. 6 
represent a good example of why an arbitrary deformation is so difficult 
in these polycrystalline pillars and why they fail stochastically at 
different strain levels (Fig. 3(a,b)). The amount of strain energy required 
for activating plasticity in the WC grains competes with the mechanisms 
of energy release operated by the generation of new surfaces by crack 
advancement. Plasticity in WC crystals is anisotropic and according to 
the literature previously reported, i.e. on the slip systems active at room 
temperature, it is favoured in such grains orientated with the prismatic 
faces in the direction of the applied load and disfavoured for those with a 
basal orientation. Fig. 7 summarises the different preferential grains 
orientation for the two pillars analysed in Figs. 5 and 6, and shows how 
the low dislocation activity in P2 sample of Fig. 5 can be imputed to the 
disfavoured orientation of the grains contained in such pillars, which are 
almost completely basal orientated. The basal orientation corresponds 
to the red colour of the majority of grains in the IPFY map of Fig. 5(c), 
while the highly deformed grains contained in the top portion of P16 of 
Fig. 6(c) show colours towards the green, that corresponds to a prismatic 
orientation. 

In conclusion, the room-temperature deformability does not differ 
significantly between the materials consolidated by flash sintering and 
spark plasma sintering, in the presence and absence of the W2C phase, 
hence between FS/SPSpure and FS/SPSox samples. 

3.3. High-temperature pillars deformability 

At room temperature, tungsten carbide possesses a limited number of 
independent active slip systems (lower than 5), making the material 
extremely hard and brittle. At room temperature, the plastic strain is 
limited, and the stress-strain curves have a stochastic nature, depending 
on the orientation of the grains in the pillars and on pre-existing defects. 
By increasing the temperature, new slip systems become available in WC 
crystals allowing more intense plastic deformation. A third prismatic slip 
system [1123](1100) and the basal one {0001} become available at 
around 600 ◦C [44]. An additional candidate can be [1120](0001) via a 
cross-slip mechanism of 〈a〉 dislocations from prismatic to basal planes 
[44]. The increased plasticity in the range 600–700 ◦C is also reflected in 
a two to three-fold drop in the hardness of carbide grains [50,51]. 

The effect of temperature on the increased deformability of poly-
crystalline tungsten carbide tested in-situ by the Hysitron PI88 
picoindeter (Fig. S1 Supp.mat. (c)) is reported in Fig. 8. Pillars produced 
from FSpure and SPSpure materials were tested at RT and 700 ◦C. The RT 
compression curves are very similar to those reported in Fig. 3. SPSpure 
and FSpure pillars are extremely stiff at room temperature, reaching a 
maximum strength of about 8 GPa (FSpure) and 9.5 GPa (SPSpure) in the 
elastic regime, with very limited plastic deformation. The catastrophic 

Fig. 7. IPFY maps coloured according to the MUD scale; MUD>1 represents a 
preferential orientation of the grains in the lamella. The two maps report the 
preferential orientation of P2 (a) and P16 (b) pillars of the FSpure series. 
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failure event is almost instantaneous and ends with the complete shat-
tering of the pillar. 

At high temperature (700 ◦C), stress-strain curves shown in Fig. 8 
reveal a significant increase in the deformability of the material along 
with a substantial reduction in the pillars’ strength. SPSpure pillars, 
characterised by a tensile strength of 8–9 GPa at RT, are plastically 
deformed at a yield of around 1.5–2 GPa at 700 ◦C. Similar behaviour is 
shown by FSpure pillars up to the onset of plasticity. This behaviour can 
be indeed correlated to the activation of new slip systems in WC crystals 
in the temperature range 600–700 ◦C, at which considerable differences 
in the deformation behaviour between FS and SPS pillars can be 
observed. SPSpure pillars deform plastically with a strain-hardening 
behaviour up to their maximum strength (Fig. 8(c)), the stress then 

decreasing at larger strain (strain-softening). Images of deformed P2, P3 
and P4 pillars (Fig. 8(d)) clearly show that strain localisation events 
occur during the strain-softening regime. Shear bands appear at 45◦ on 
the surface of the deformed pillars (directions of maximum shear stress), 
which causes instability in the deformation. This loss of deformation 
homogeneity leads to catastrophic failure when the resistive cross- 
section cannot support the high loads. Fig. 8(b) shows the state of a 
pillar before (P3) and after (P4) this failure event. The top portion of 
such pillars slides down at the fracture stress and maximum strain that 
the pillars can support in correspondence with the shear band. All 
SPSpure pillars tested at high temperature share the same deformation 
behaviour and fail catastrophically at a maximum strain of around 25%. 

On the other hand, FSpure pillars (Fig. 8(a)) show little strain- 

Fig. 8. Stress-strain curves obtained from in-situ compression test at room and at high temperature (700 ◦C) of FSpure and SPSpure pillars (a, c) and corresponding 
FESEM images (b, d) of pillars, plastically deformed at different strain levels The curves where the load drops instantaneously to zero are indicated with a red cross 
and refer to the shattering of the pillar. 
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hardening and no strain-softening behaviour. All the tested pillars were 
deformed at 700 ◦C in a condition of almost perfect plastic deformation, 
without or with a very limited strain-hardening. For example, FSpure P2 
sample shows the pillars’ state during the plastic flow, at a strain level of 
around 20% where there is no evidence of crack propagation events as 
observed for the SPSpure P2 pillar. These pillars can be deformed up to an 
outstanding value of maximum strain of 50% without the occurrence of 
shear-bands (Fig. 8(b)), hence without the loss of homogeneity of 
deformation. It is thereby possible to conclude that at 700 ◦C, the flash- 
sintered WC material can be plastically compressed up to very high 
strain levels (50%) without strain localisation events, thus showing a 
phenomenon known as superplasticity [52]. 

3.4. Superplasticity in flash-sintered pillars & grain boundary sliding 

Superplasticity is a unique mechanical behaviour shown by specific 
materials which allows them to undergo significant plastic deformation 
before failure [52]. The remarkable 50% strain exhibited by FSpure pil-
lars under constant stress conditions (Fig. 8(a)) demonstrates an 
exceptional high-temperature ductility exclusively attributed to the 
phenomenon of superplasticity. This characteristic is typically associ-
ated with ceramics that possess a fine-grained microstructure and is 
primarily driven by grain boundary sliding. Grain boundary sliding was 
observed in various fine-grained ceramics such as SiC, Si3N4 and 
yttria-stabilized zirconia [53,54]. 

A crucial requirement for superplasticity to occur is the presence of 
accommodation processes that compensate for the cavities and cracks 
inevitably generated during the sliding of rigid ceramic grains. In some 
cases, superplasticity is observed in materials like Si3N4 when a glassy 
phase is present at the grain boundaries [55]. Alternatively, accommo-
dation mechanisms can involve diffusion and dislocation motion, 
enabling the sliding of adjacent grains and maintaining the grain 
compatibility. The diffusion mechanism facilitates stress redistribution 
and allows for substantial deformations without fracturing. 

A closer look at the grains contained in the FSpure pillars (Fig. 9) 
reveals how superplasticity is the result of GB sliding. Red arrows in 
Fig. 9 indicate the areas of the pillars where there is a step height dif-
ference between adjacent grains, generated upon their motion from 
their original positions. Both, SPSpure and FSpure materials are charac-
terised by very similar clean GB, clearly without any sign of glassy phase 
and with minor Cr impurities (Fig. S3, Supp.mat). However, it is 
important to point out that only flash sintered pillars (FSpure) can be 
deformed to around 50% strain without macroscopic failure. 

After the large strain experienced by the materials, grains remain 

equiaxed in the heavily deformed FSpure pillars (Fig. 9). The same 
equiaxed shape can be observed for the grains present in the undeformed 
regions around the pillars (Fig. 9) and for the original grains before the 
thermomechanical compression tests (Figs. 1, 5 and 6). This is consistent 
with the phenomenon of GB sliding, the grains shape not changing even 
after 50% of strain, with no sign of elongation in a preferred orientation. 
The undeformed state of the grains in the pillars of Fig. 9 is another 
important evidence of how the majority of the deformation achieved for 
the FSpure pillars was driven by only GB sliding and not by dislocation- 
motion within the grains. Rodriguez et al. observed that in super-
plastic MgO specimens [53], there was a lack of dislocation activity and 
no work hardening in the stress-strain curve, similarly to Fig. 8(a). They 
also noted the preservation of equiaxed grain microstructure. 

It is intriguing to observe that superplasticity occurs exclusively in 
the flash-sintered material, although SPSpure pillars possess finer grains 
compared to FSpure ones (Figs. 8(b, d) and 1). Therefore, the discrepancy 
in high temperature deformability between the two materials can not be 
attributed solely to distinct microstructural features but must be sought 
in other characteristics introduced during the flash sintering process. For 
instance, previous research correlated the increased plasticity observed 
in YSZ [30] and TiO2 [31] after flash sintering to the introduction of a 
significant number of defects such as vacancies and/or dislocations. 
Fig. 1(b) illustrates that the flash sintered material, FSpure, which ex-
hibits superplastic behaviour, is characterised by a higher density of 
crystalline defects. Notably, the cubic WC1-x phase in the FSpure material 
possesses remarkably high microstrain. This increased microstrain 
observed in both h-WC and c-WC phases of FSpure material also found a 
correlation with the presence of “post-flash” dislocations detected dur-
ing the TEM observation (Fig. S4, c; Supp.mat.). Undissociated dislo-
cations were found in the regions where the material was not subjected 
to external stress. 

In addition to these findings, it was observed that flash sintering is 
capable to modify the grain boundaries of sintered oxide ceramics, 
promoting atomic migration [24,56], redistribution of oxygen vac-
iencies [57,58] and altering grain growth kinetic [59,60]. The signifi-
cant impact of the structure, nature and chemical bonding of grain 
boundaries (GB) on the flow stress during superplasticity indicates that a 
potential alteration of the GB resulting from the flash event may account 
for the flash sintered pillars’ capability to facilitate the rigid sliding of 
ceramic grains, thus avoiding the occurrence of visible macroscopic 
shear bands as observed in the SPS samples (Fig. 8(d)). However, for 
non-oxide ceramics like tungsten carbide (WC), there is currently a lack 
of sufficient research data that elucidates any potential modifications of 
grain boundaries triggered by the flash sintering process. This 

Fig. 9. High magnification FESEM images of two FSpure pillars deformed up to 50% strain at 700 ◦C. Grains are visible in the two pillars because the material was 
exposed to 700 ◦C during in-situ compression in SEM high-vacuum atmosphere. Grain boundary (GB) sliding, as indicated by the red arrows, occurs where there is a 
step height difference between adjacent grains, while white arrows indicate cavities formation from rigid sliding of ceramic grains. 
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knowledge gap obscures a possible connection with the mechanism of 
grain boundary sliding, the post-flash defects and the mobility of atoms 
at such boundaries. Nonetheless, the fact that the FSpure pillars can 
deform uniformly without the shear instability and the strain-hardening 
observed in the SPS pillar of Fig. 8(c, d) suggests the involvement of 
distinct diffusion-controlled accommodation mechanisms. The flash 
event might have the capacity to modify the nature of the grain 
boundaries, enhancing the grains’ ability to slide against each other at a 
lower flow stress, below the threshold required to activate 
dislocation-mediated plasticity within the grains. Future research efforts 
should concentrate on investigating the characteristics of grain bound-
aries in materials consolidated using fast and ultrafast sintering tech-
niques, with the aim of determining whether and how flash sintering can 
enhance the mobility of atoms across grain boundaries. 

4. Conclusions 

Polycrystalline binderless tungsten carbide (BTC) micropillars can 
withstand a certain degree of permanent deformation while maintaining 
a relatively high load-bearing capability. During room-temperature 
compression, micropillars prepared from both SPS and FS processes 
show a toughening mechanism associated with stable crack propagation 
and arrest events. These toughening effects correspond to intermittent 
load drops/surges within the stress-strain curves of the compressed 
pillars and allow them to accommodate some degree of permanent 
deformation. At room-temperature, this toughening mechanism is not 
affected by the sintering process, although it is correlated with the 
presence of the subcarbide (W2C) phase within the WC matrix. 

Conversely, at high temperature (700 ◦C), FS pillars possess a su-
perplastic behaviour reaching deformations up to 50% without failure. 
Also the material consolidated by SPS shows increased deformability at 
700 ◦C, although none of the pillars tested in this work survived strains 
above 25%. The strain is not homogeneous in SPS pillars, causing the 
material to fail because of a macroscopic slide at shear bands. 

Flash sintering is demonstrated to enhance the high-temperature 
deformability of tungsten carbide. The superplastic behaviour at 
700 ◦C occurs because the flash sintering alters the accommodation 
mechanism of GB sliding, this allowing the material to deform homo-
geneously up to very high strain levels. In light of such results, it will be 
crucial to assess in future works how this superplasticity correlates with 
an alteration in the grain boundaries, plasticity and defect concentration 
of flash-sintered WC grains. 
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