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ARTICLE INFO ABSTRACT

Keywords: WC and ZrB, are refractory ceramics with excellent thermophysical properties and melting temperatures
Z1B; exceeding 2800°C. Both materials require the application of external pressure and long sintering times for their
we . o consolidation. In particular, commercially available ZrB; powders are intrinsically difficult to sinter and usually
Ultrafast high-temperature sintering dl . h as high ball milli ltrafast high . . .

UHS need long pre-processing steps such as high-energy ball milling. Ultrafast high-temperature sintering (UHS) is a

recently developed technique that enables the consolidation of bulk ceramics within minutes. In the present
work, pure WC was efficiently densified to above 98% in just 3 min by UHS. Moreover, small WC additions
enhanced ZrB; densification by activating liquid phase sintering. Samples containing 5 and 10 vol% WC were
sintered to 95 and 96%, respectively, in 2 min. All the WC initially present in the blend reacts to form a liquid
phase during sintering and solidifies as WB and (Zr,W)C upon cooling. The formation of a ZrB,-(Zr,W)B; core-
shell structure was detected in all the sintered composites. The hardness of UHS samples reaches 15 GPa (WC
- ZrBy composites) and 21 GPa (pure WC), similar to that measured in materials obtained by slower and more

Ultra high-temperature ceramics

sophisticated pressure-assisted sintering techniques.

1. Introduction

Ultra-high temperature ceramics (UHTC) are a broad family of
inorganic refractory compounds [1]. They find application in extreme
environments thanks to their resistance to chemicals, wear, radiation,
and mechanical loads, even at high temperatures. UHTC are identified as
compounds possessing melting points exceeding 3000°C, thus including
transition metal borides, nitrides, and carbides [2-4].

One of the most interesting UHTC is zirconium diboride (ZrB;) owing
to its high melting point (3250°C), hardness (23 GPa), and elastic
modulus exceeding 500 GPa [5-7]. While being predominantly cova-
lently bonded, it exhibits a strong metallic character, which leads to high
thermal (> 60 W/mK) and electrical (10”7 S/m) conductivities at room
temperature [5-7]. Due to its relatively low density (6.08 g cm’S), ZrBo
is of particular interest for lightweight applications, including aerospace
and defense [8,9]. However, pure ZrB; is extremely hard to sinter: while
covalent bonds are pivotal for its refractory properties, they also hinder
diffusion and densification [2,7,10,11]. As such, ZrBy typically requires
prolonged and expensive sintering procedures aided by external
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pressure like hot pressing (HP)[9] or spark plasma sintering (SPS)[12].
This determines some substantial limitations, the productivity of SPS
and HP being relatively low compared with pressure-less sintering.
Moreover, such technologies can be poorly integrated with complex
shapes and are mostly used to obtain monoliths with simple geometries.
In addition, the applicability of single-phase ZrB, for high-temperature
environments is restricted due to its poor oxidation and ablation resis-
tance, as well as its limited damage tolerance[8]. Considering the
aforementioned difficulties, several additives as sintering aids such as
B4C [13-15], C [14-16], transition metals (e.g., Fe and Cr) [17], MoSi,
(and the other silicides) [18-22], SigN4 [23], W [24], SiC [25], WC and
various carbides [5-7,13,26] have been shown to improve the
pressure-less sintering behavior of ZrB,.

Among the candidates, WC exhibits exceptional performance as a
sintering aid because it not only facilitates the densification of ZrB, but
also enhances the mechanical properties at elevated temperatures [24,
27]. During sintering of WC-ZrB, composites, WB forms, and WC reacts
with the oxide layer on the surface of the diboride grains. WB softens or
melts at high temperatures and aids densification by liquid phase
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sintering [28-32]. Moreover, the addition of WC to ZrB,y can cause
anisotropic grain growth [29]. WC doped-ZrB, exhibits high flexural
strength at elevated temperatures probably due to the oxygen-free grain
boundaries formed while sintering [2,24,33]. In addition, WC addition
enhances the oxidation resistance of the composite compared to pure
ZrBy [24,31,34,35].

Densification of ZrB, by conventional sintering - even using sintering
additives - requires anyway long times (i.e., > 2 h) at extreme temper-
ature, resulting in grain coarsening which can also impact the me-
chanical properties [7]. Consequently, non-conventional sintering
techniques have been studied to reduce the sintering time and/or tem-
perature. These include hot pressing [7,36-41], reactive hot pressing
[42-46], spark plasma sintering (SPS) [7,36,47,48], flash spark plasma
sintering (FSPS) [49], and ultrafast high-temperature sintering (UHS)
[11,50].

UHS is a pressureless sintering technique introduced by Wang et al.
in 2020 [51]. It allows the densification of ceramics by radiative very
rapid heating (1 0°-10* K/min), usually under an inert atmosphere (Ar)
in extremely short times (10 — 300 s) [51,52]. This is attained by
introducing the green pellet within a highly porous graphite felt, which
is quickly Joule heated being crossed by an electrical current. UHS has
already been employed on different ceramic systems including oxides
[53-57] and covalent refractories [58-61]. When commercial ZrB,
powder was sintered via UHS under Ar gas, pure ZrB, resulted in a
relative density of 84%, while densities up to 98% were obtained with
the addition of B4C (10 wt%) [11]. In another study, UHS under vacuum
allowed to reach a final relative density of 93% [50].

The present work aims to investigate the UHS densification of com-
posites in the WC — ZrB, system and analyze the effect of processing
parameters on the microstructure and phase evolution of the sintered
bodies.

2. Experimental procedures
2.1. Samples preparation

ZrBy powder from Hoganas (Grade B, Dsp = 1.5-3 pm) and WC
powder from Inframat Advanced Material (particle size 150-200 nm and
crystallite size 40-70 nm) were used in the present investigation. Mix-
tures containing 5, 10, 25, and 50 vol% WC were prepared by ultrasonic
mixing for 30 min in methylethylketone and then dried overnight at
150°C. Also, pure WC and ZrB; powders were considered. The green
bodies were shaped by uniaxial pressing using a 6 mm diameter steel die
under 500 MPa. The volume of the disks was kept constant (thickness =
1 mm), the mass of the samples clearly increasing with WC content.

The UHS setup has already been described in previous publications
[11,52]. The sintering treatments were performed within a 6x15x30
mm? graphite felt (Sigratherm® GFA). Such size was chosen as it allows
a flat temperature profile in the central region of the felt, where the
samples are placed by opening a hole in the felt. All disks were sintered
under inert Ar atmosphere. The current was applied using an Agilent
6674 A power supply (maximum 35 A and 60 V), operating in current
control (i.e., the applied voltage was lower than the set voltage limit).
For every composition, treatments of 60 s under 30 A, 32.5 A, and 35 A
were performed. When samples did not melt, additional 120 s and 180 s
UHS treatments were performed to increase the final density. During
sintering, the applied voltage reached a plateau between 13 and 17 V
depending on the set current and sintering time. Such behavior has been
already studied in detail and reported in a separate work [52]. The
processing conditions were selected based on our previous experience
with the ZrBy-B4C system|[11].

2.2. Characterization

The true density of the samples was measured by He pycnometer
using an Ultrapyc 5000 (Anton Paar) on pure powders and ZrB,-WC
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powder mixtures. The apparent density of the sintered pellets was
evaluated by Archimedes’ method (ASTM C 830 norm) and then con-
verted into relative density using the pycnometer data. The measured
true densities of the pure compounds (6.08 g cm > for ZrB,,
15.58 g cm™> for WC) were found to be in good agreement with the
literature values [10,62] (within the possible error generated by the
limited degree of surface oxidation for the nanometric WC powders),
while the composites were respecting the rule of mixtures (6.56 g cm™>,
7.02gcm 3 8.44 g cm > and 10.79 g cm > for the 5, 10, 25 and 50 vol%
WG, respectively).

Microstructural characterization was performed both on polished
and fracture surfaces by using a JEOL (model JSM-5500) scanning
electron microscope (SEM). Being ZrB; and WC both electrically
conductive, no preliminary metallization was required. Energy-
dispersive X-ray spectroscopy (EDXS) linescans and mappings were
recorded separately on a JEOL JSM-IT300 LW SEM equipped with a
Bruker XFlash 630 M detector operating at 20 keV.

X-ray diffraction (XRD) analysis was performed on polished surfaces
using a Rigaku IIID Max diffractometer equipped with Cu-Ky
(A =1.5405 ;\) X-ray source (40 kV; 30 mA). Rietveld refinement on the
diffraction patterns was carried out with the software package Jana2006
[63]. The data used for the refinements are all accessible on the Crys-
tallographic Open Database and can be found for ZrB,[64], WC [65],
WC1x[66], WoC [67], WB [68], and ZrC [69].

Vickers hardness was measured on polished samples (using SiC paper
up to grit 4000) by a Future-Tech FM-310 microhardness tester under
load of 9.8 N. Each value reported here is the average of ten
measurements.

3. Results and discussion

The relative density of the sintered samples is reported as a function
of the applied current in Fig. 1. Black, grey and light grey points refer to
treatments performed for 60 s, 120 s, and 180 s (only for pure WC),
respectively. The results are also summarized in Table S1.

Treatments under 30 A caused almost no densification for all com-
positions. As expected [11], pure ZrBy does not achieve full densification
even in harsh UHS conditions (87% under 35 A for 120 s). The addition
of WC enhances the sinterability within certain compositional limits:
composites containing 5 and 10 vol% WC overtake 95% relative density
in only 120 s under 35 A. On the other hand, loads above 10 vol% led to
lower densities or sample melting. The samples containing 25 and 50 vol
% melted for currents in excess of 32.5 A. Remarkably, also pure WC
shows good sinterability by UHS, reaching 90% relative density in 60 s
under 35 A, and exceeding 98% after 180 s.

A direct measurement of the sintering temperature was not possible
in the available UHS setup, but an estimate was performed by FEM as
reported in another work where the same device and sintering condi-
tions were used [11]. In summary, the modeled maximum sample
temperature under 35 A ranges between 2250 and 2350°C, while the felt
can heat up to 2600°C depending on the type of contact with the sample.
Some tests were performed to assess the reliability of such models and
B4C (T, = 2350°C) was really melted in said conditions, thus confirming
that the sample temperature under 35 A was equal to or higher than
2350°C.

The microstructure of all samples produced under 35 A is shown in
Fig. 2. In addition, also the 25 vol% WC sample produced at 32.5 A for
60 s is shown since it reached a relative density >90% (note that
“catastrophic melting” with partial loss of the shape was observed under
35 A for the 25 vol% and 50 vol% WC pellets). In agreement with pre-
vious findings [2,7,10,11], pure ZrBy undergoes limited densification
accompanied by coarsening phenomena, which can be especially
detected after the 120 s treatment.

The WC addition leads to changes in the sintering mechanism, with
some composites showing evidence of liquid phase sintering. The for-
mation of the liquid phase is evident in the 10 vol% WC samples after 60
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Fig. 1. Relative density of the ZrB, — WC sintered disks as a function of the applied current during UHS. Black, grey, and light grey points refer to treatments
performed for 60 s, 120 s, and 180 s, respectively. The shaded regions correspond to conditions leading to the sample melting.

and 120 s; in particular, one can observe the development of an inter-
granular “phase” wetting the grain boundaries of the big diboride grains
(additional micrographs are available in the supplementary material,
Figs. S1-3). The liquid phase formation can also be seen for the 5 vol%
WC composition after 120 s (Fig. S1). Conversely, after 60 s the micro-
structure does not provide definitive evidence about the formation of a
liquid phase. The micrographs well agree with the density measure-
ments: the 10 vol% WC samples show an improvement of the final
density of about 10 vol% WC compared with pure ZrB, for both 60 and
120 s UHS under 35 A. On the other hand, the addition of 5 vol% WC is
not very effective for 60 s treatments, while it is beneficial for the 120 s
UHS process. In fact, the 5 vol% WC composites show a marginal density
improvement after 60 s (=~+1.2% compared with pure ZrBy), but the
densification is remarkably enhanced after 120 s (=~+8.2% compared
with pure ZrB,). Therefore, the formation of the liquid phase between 60
and 120 s under 35 A, as evidenced by SEM, seems the main origin of the
enhanced densification of the composites. Finally, SEM micrographs
confirm the excellent densification of binderless WC by UHS in only
3 minutes.

Upon sintering, WC and ZrB, react to form new phases, responsible
for the liquid phase sintering. A combination of XRD and EDXS analyses
was used to determine the final composition of the sintered samples.
Fig. 3 shows the backscattered electrons SEM images (left column) of the
densest sample of each composition, alongside the EDXS mapping of W
(central column) and Zr (right column). The chemical composition (in
terms of W and Zr, thus excluding B and C whose quantification is
cumbersome) of the different phases found by EDXS is summarized in
Table 1. XRD patterns of the samples sintered at the highest currents
(32.5 A for 25 vol% WC, 35 A for all the other compositions) are shown
in Fig. 4 and the results of the Rietveld refinements are reported in

Table 2.

Unsurprisingly, pure ZrB; XRD pattern shows the presence of one
single crystalline phase identified with hexagonal ZrB, (a = b = 3.169 A,
¢ =3.5314; a = f = 90°, y = 120°). Pure WC is characterized by the
presence of the hexagonal phase (a =b = 2.908 A, c = 2.873 A;a = =
90°, y = 120°) and two secondary phases (visible in Fig. 4B): face cen-
tred cubic (FCC) WC1x[66,70,71] (< 3.5%vol;a=b = c = 4.208 A; a=p
=y=90°) and e-W,C[67] (< 1%vol; a=b=5.162 A, c = 4.724 R;a =
=90°, y =120°). In all composites, WC appears to be consumed entirely
during sintering treatment with the formation of two new phases and the
alteration of the ZrB, matrix [26]. The composition of the sintered
samples is discussed in the following lines, where the phases are listed
according to the order in which they are numbered in Fig. 3 (middle
row):

1. White phase: near-stoichiometric WB. The formation of this phase is
reported in the literature for WC-doped ZrB, when the solubility of
W in ZrBj is exceeded [26,34]. The extremely low lattice deforma-
tion implies negligible Zr or C contamination, as confirmed by the
very small Zr signal in EDXS mapping (likely coming from the sur-
rounding grains). Some reflections of WB are already visible in the
5 vol% WC diffraction patterns, but their intensity is so limited that
its quantification is quite complicated (< 1 vol%). This issue is also in
good agreement with the literature, where such phase was found to
form when the nominal solubility limit of about 8 mol% W in
ZrBy[34] is exceeded (the theoretical 5 vol% WC corresponds to
7.6 mol%).

2. Grey phase: mixed FCC carbide (Zr,W)C;j.x. The presence of a limited
amount (1%) of FCC phase starts being detectable already for the
5vol% WC sample, especially after 120s at 35 A (Fig. 4). ZrC
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4.71 10\)[72], WCix (4.37 [o\)[66,70], and the theoretically possible
ZrB (4.65 - 4.9 i\)[73,74] are all FCC with a structure derived from
rock salt. Their lattice parameters are significantly different from
that of the phase found in the present work (Table 2), which can be
identified as a mixture of two or more of these compounds. The
high-temperature (> 1000°C) cubic (W,Zr)C solid solutions is re-
ported extensively in the literature [75-77], although their crystal-
lographic  characterization is generally limited. Large
nonstoichiometric domains are documented for both ZrC; 4[72] and
FCC WC;14[66,70,71]. Similarly, the stability of ZrB should be
confined to T > 800°C [78] or upon extremely slow cooling, but it
can be extended by the presence of C [74].

The mixed carbide phase composition can be assessed starting
from the EDXS data. The W/(W+Zr) weight ratio settles to 0.4 (i.e.,
about 0.2 vol ratio and 0.3 mol ratio). If one considers an ideal solid

3.
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Fig. 2. SEM images of the polished surface of the samples produced at 35 A and the 25 vol% WC sample produced at 32.5 A for 60 s. The used processing conditions
and the relative density are reported.

solution of stoichiometric ZrC; o and cubic WCy[79], a lattice
constant of 4.608 A is obtained, similar to the values found in this
work. Such value is in good agreement with the calculation proposed
by Jia et al. for the lattice parameter of (W,Zr)C solid solutions [80].
The remaining discrepancy with the experimental value (about
0.02 A) falls within the range of uncertainty of the literature values
for pure ZrC. Such deviation could be explained either by taking into
account the substoichiometry of the mixed carbide, i.e., (Zr,W)Cj x,
or with the effect of substitutional B (or both), but this goes beyond
the scope of this publication.
Dark phase: ZrB,-based core-shell structure. The formation of (Zr,W)
B solid solution from the reaction between WC and ZrB- is exten-
sively documented in the literature [24,27,34,81], similiraly to what
happens from the interaction with other carbide systems [82,83].
However, only a few authors reported the formation of a core-shell
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Fig. 3. Backscattered electrons SEM images and EDXS maps (W and Zr) of the densest samples of each composition (35 A 120 s for 5 and 10 vol% WC, and 32.5 A

60 s for 25 vol% WCQC).

Table 1
Average W content (in wt%) in the different phases (numbered as in Fig. 3) as
measured by EDXS. The relative amount does not account for B and C.

5 vol% WC 10 vol% WC 25 vol% WC
1. White > 99 > 99 >99
2. Grey 40.8 £1.2 42 +0.7 43.2+1.1
3. Dark _ shell 82+0.7 10.4 £ 0.9 12.3+ 0.8
3. Dark _ core < 0.5 < 0.5 < 0.5

structure [26,40,43,84]. Moreover, the solubility of W in ZrB; pre-
sents a large scatter depending on the sintering conditions (temper-
ature and atmosphere) and the chemical nature of the additives (W
or WC; presence of B4C and/or graphite). Overall, while many
studies report a nominal composition beyond which W-based phases
precipitate along the (Zr,W)B, matrix, little attention has been paid
to the actual W amount in the (Zr,W)B; solid solution grains. Kha-
dimallah et al. [27] performed a combined experimental and atom-
istic approach to find the solubility limit of 3 at% W in ZrB, at
2100°C, the value being negligible below 1380°C. However, the
sintering conditions of their work differ significantly from the largely
out-of-equilibrium conditions of the present study.

In the present work, the formation of two (or more) distinct (Zr,W)
B, phases can be obsered by both SEM-EDXS (Fig. 5) and XRD
(Fig. 4C). Penetration of W into the ZrB, grains can be observed by
the EDXS lines (Fig. 5B), where the two regions show distinctly
different W content. The transition between the two regions also
seems quite sharp from the backscattered electron image (Fig. 5 A).
Consistently, XRD show peak shifts to higher angles for the
ZrBy-based phase (i.e., a lattice parameter reduction due to the
substitution of W for Zr, whose atomic radii are 135 and 160 pm
respectively[85]), but also peak splitting. This supports the evidence

of the formation of two (or more) distinct (Zr,W)B5 solid solutions
with different W contents. Two aspects are worth to be pointed out:
i. for all samples, the more distorted phase is also the most abundant
one (in vol%);
ii. the lattice parameter variation is for both phases beyond that
reported in the literature, thus indicating a W contents well above
3 mol% in the shell.

These findings do not contradict the literature solubility values nor
what stated about WB formation (phase 1 in Fig. 3, and point 1. in this
list). The W content exceeds the theoretical one calculated by Khadi-
mallah et al. [27] only in the shell part. When the sintering time is
increased (from 60 to 120 s), the shell volume fraction increases and its
distortion (i.e., the W content) decreases. The diboride grain shell
composition therefore shifts towards the theoretical equilibrium solu-
bility value. The total W content considering both the core and the shell
of the (Zr,W)B; phase always sits around the overall nominal 8-10 mol%
solubility limit [34], beyond which secondary phases start developing
and/or W dissolves in ZrC.

To summarize, the exceptionally high temperatures reached in UHS
allow the dissolution of a significant amount of W in the ZrB; matrix.
The high cooling rate instead “freezes” the penetration front of W in the
ZrB, grains, thus creating the core-shell structure. The amount of WB
formed and W dissolved in ZrC is dictated by the sintering temperature
and the solubility of W in ZrB; at such temperature.

From the microstructures of Fig. 5 A and Figs. S1-3, it appears that
both WB and (W,Zr)C are responsible for liquid phase sintering.
Nevertheless, the pure and stoichiometric compounds (ZrC [86], WC
[71], WB [87]) all melt above 2600°C. Some systems involved in the
present work, such as Zr-W-B, W-B-C, or Zr-B-C have been extensively
studied [88,89], but nothing has been published on the quaternary
system Zr-W-C-B, yet. Due to the extremely different particle size (3 um
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secondary phases present in pure WC; (C) peak shift and splitting of the (1 0 0) reflection of the (Zr,W)B, phase in the mixed samples.

Table 2

results of the Rietveld refinements performed on the XRD patterns shown in Fig. 4. *The remaining 4% is constituted of W,C and WC; , not included in the table for the

sake of readability.

Lattice constants [A]

Phase fraction [vol%] ZrBy (Zr,W)B, (Zr,W)C WB

ZrBy (Zr,W)B, WB ZrC WwC a c a c a a [«
ZrB; 35A 120 s 100 3.169 3.531
5vol% WC 35 A 60 s 24 73 <1 1 3.167 3.534 3.161 3.521 4.588
5vol% WC 35A 120 s 4 95 <1 1 3.167 3.531 3.162 3.525 4.585
10 vol% WC 35 A 60 s 18 75 3 4 3.166 3.533 3.154 3.511 4.582 3.113 16.934
10 vol% WC 35 A 120 s 14 78 3 5 3.166 3.528 3.161 3.518 4.581 3.108 16.894
25 vol% WC 32.5 A 60 s 29 40 13 18 3.166 3.529 3.156 3.513 4.579 3.108 16.894
WC35A120s 96*

for ZrB, vs. 200 nm for WC) and the abrupt sintering schedule, it is likely
that the chemical equilibrium was not reached throughout the samples,
if not just locally. On the surface of the ZrB, grains, where the reactions
between WC and ZrB, can take place, the WC-ZrB, mixture composition
can differ significantly from the nominal one, giving rise to low melting
compounds. Substoichiometric ZrC;.x and ZrByy melt at lower temper-
atures than the stoichiometric compounds and a broad L + ZrCj(x) +
ZrBy(y) domain is present in the Zr-B-C system below 2300°C [88-90].
Similarly, in the W-C-B system, a slight deviation from stoichiometry
combined with B addition lowers the melting point of WC below 2350°C
[89]. The liquid phase during sintering was likely a W-Zr-B-C mixed
composition that later solidified into WB and (Zr, W)C upon cooling
[26]. Moreover a clear eutectic solidification microstructure can be
noticed in between the primary diboride grains (Fig. S2). Such lamellar

structure includes the WB and W-substituted ZrC;.x phases. Unfortua-
telly, the pseudobinary phase diagram WB-ZrC is not available to the
best of our knowledge; however, the microstructural evidences sug-
gesting an eutectic reaction between these compouds seems robust.
Fig. 6 reports the hardness of the densest sample for each composi-
tion (60 s at 32.5 A for 25 vol% WC, 120 s at 35 A for the other mix-
tures). ZrB,-WC composites reach around the same hardness regardless
their density or composition (indentation imprint size = 32-37 um). It is
worth noting that the nominal WC content can be misleading, since this
phase is absent in the final sintered samples. Both WB (30 GPa [91]) and
ZrC (25.5 GPa [92]) are harder than ZrB, (15-23 GPa[5,93]), and
should act as reinforcement. However, this occurs only if their volu-
metric fraction exceeds a certain threshold: works on ZrBo-based com-
posites with WC and/or B4C as sintering aids do not show a clear
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Fig. 5. (A) backscattered electrons SEM image of the 10 vol% WC sample sintered at under 35 A for 120 s; (B) linescan across the core-shell structure of a ZrB,-based

grain in the same sample.
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Fig. 6. Vickers hardness of the densest sample for each composition (32.5 A
60 s for 25 vol% WC, 35 A 120 s for 5 and 10 vol% WC) as a function of their
density. Pure WC sintered at 35 A for 120 and 180 s is also included.

hardness trend for low dopant concentrations [5,93-96], the grain size
being a more influencing factor with respect to density and/or dopant.
Moreover, the hardness of ZrCy strongly depends on its stoichiometry,
exhibiting a maximum of 25.5 GPa for ZrCy g¢[97]. Samples with 5 and
10 vol% WC only contain a limited amount of WB and (Zr,W)C, so their
hardness is around that of the ZrB, matrix (grain size 19.7+3.2 um for
5 vol% WC and 9.84+2.1 pm for 10 vol% WC). The effect of porosity is
also limited, as in both samples the pores are micron-sized pores and
very localized. The situation is different in the 25 vol% WC sample: the
density is significantly lower and the porosity finer and distributed
evenly (grain size 4.5+0.7 um); the presence of a large amount of WB
and (Zr,W)C increases the hardness to about 15 GPa even if the relative
density is only about 91%.

Pure WC (grain size 17.4+2.7 um) instead exhibits excellent per-
formance, matching the literature values for samples of comparable
grain size produced by more time- and energy-consuming methods such
as hot pressing (22.9-24.2 GPa) [98] or SPS (19.5-25.5 GPa) [62]. Such
a result is of particular interest if one considers that, contrarily to
pressure-assisted sintering, UHS can be integrated easily also with
complex shapes.

4. Conclusions

The combination of ultrafast high-temperature sintering (UHS) and
WC addition was proven to be successful in producing highly dense
(>95%) ZrBg-based ceramics within minutes. The activation of a liquid
phase sintering process upon 2 min long UHS allows to obtain ~95%
dense ZrBs-5 vol% WC and ~97% dense ZrB,-10 vol% WC. Higher WC
content yields ~91% dense samples in 1 min at 32.5 A in ZrB,-25vol%
WC but leads to melting for higher currents or sintering times.

During UHS, all WC is consumed to form WB, (Zr,W)C, and a (Zr,W)
Bo-ZrB; core-shell structure in the diboride matrix. UHS was revealed to
be also highly efficient for the densification of pure WC, resulting in
~99% density in 3 min. Both ZrBy-based composites and pure WC
produced by UHS are characterized by hardness values (15 and 21 GPa,
respectively) similar to those reported in the literature for samples of
comparable grain size (> 10 ym) produced by longer and more energy-
consuming techniques.
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