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Abstract: This study investigates the impact of carbon on the kinetics of the spark plasma sintering
(SPS) of nano- and submicron powders WC-10 wt.%Co. Carbon, in the form of graphite, was
introduced into powders by mixing. The activation energy of solid-phase sintering was determined
for the conditions of isothermal and continuous heating. It has been demonstrated that increasing
the carbon content leads to a decrease in the fraction of η-phase particles and a shift of the shrinkage
curve towards lower heating temperatures. It has been established that increasing the graphite
content in nano- and submicron powders has no significant effect on the SPS activation energy for
“mid-range” heating temperatures, QS(I). The value of QS(I) is close to the activation energy of grain-
boundary diffusion in cobalt. It has been demonstrated that increasing the content of graphite leads
to a significant decrease in the SPS activation energy, QS(II), for “higher-range” heating temperatures
due to lower concentration of tungsten atoms in cobalt-based γ-phase. It has been established that
the sintering kinetics of fine-grained WC-Co hard alloys is limited by the intensity of diffusion creep
of cobalt (Coble creep).

Keywords: hard alloys; tungsten carbide; nanopowders; submicron powders; spark plasma sintering;
density; diffusion

1. Introduction

Hard alloys based on tungsten carbide and containing a readily fusible metallic binder
(usually cobalt) lend themselves to a wide range of industrial applications [1–12]. The
development of the wear-resistant cutting tools allowing for a high-speed processing of
structural materials (titanium alloys, austenite corrosion-resistant steels, heat-resistant
alloys, etc.) is one promising application of the fine-grained hard alloys based on tungsten
carbide [1,3,5,6,9–12]. The fine-grained hard alloys-based tungsten carbide is interesting for
applications in dies, roll drums, and engineering products, which are imposed to increased
requirements of strength and wear resistance due to a successful combination of a high
melting point, high hardness, fracture toughness (see Appendix A, Table A1, [13–58]), low
friction coefficient, and high corrosion resistance.

The traditional structure of such alloys is comprised of α-WC tungsten monocarbide
grains that are surrounded by a plastic γ-phase that is present in the form of a solid solution
of carbon and tungsten in cobalt [1–12]. Depending on the under- or oversaturation of
carbon relative to the equilibrium concentration (C0 = 6.14 wt.% [1]), the WC-Co alloys may,
in addition to the two main phases, contain ternary carbides (η-phase) or graphite, respec-
tively [2–6]. An increased oxygen concentration in the tungsten carbide powders favors the
formation of unwanted phases in the sintered hard alloys (α-W, η-phase, WOx) [1,59,60].
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This means that the carbon and oxygen content in the initial WC-Co powders has as much
of an impact on the sintering kinetics, grain growth, and properties of hard alloys as their
phase composition and the size of tungsten carbide α-WC particles [61–64]. An analysis of
the literature shows that, unfortunately, researchers often do not pay enough attention to
the carbon and oxygen content in the powders being sintered (Table A1).

Note that the concentration of carbon has a marked effect on the patterns of tungsten
carbide grain growth during the sintering of hard alloys [65,66]. It has been demonstrated
in [65] that excessive free carbon (presence of graphite) leads to larger grains, whereas the
structure of hard alloys with excessive carbon is more uniform relative to the structure
of a hard alloy that is undersaturated with carbon. It has been highlighted that the hard
alloys that are oversaturated with carbon exhibit more pronounced facets in tungsten
carbide grains, whereas the alloys that are undersaturated with carbon have more rounded
grains [65]. These findings are corroborated by other authors [66–71]. Note that carbon
content has a significant impact on shrinkage patterns in WC-Co powders during sintering.
It has been demonstrated in [71] that, in hard alloys that are undersaturated with carbon,
shrinkage begins at lower temperatures than in alloys that are oversaturated with carbon.
Note that powders with an increased carbon content sinter faster [69,72], while an increased
concentration of tungsten in cobalt leads to the lower plasticity of cobalt and a lower inten-
sity of η-phase spreading between α-WC particles [18,19]. Some of the cited papers [20–22]
suppose that the concentration of carbon may have a strong impact on the diffusion creep
of the η-phase, which can control the intensity of shrinkage at early sintering stages in
WC-Co hard alloys. The oxygen/carbon ratio in the powders was shown to be important
for high density, microstructure uniformity, and high mechanical properties of the hard
alloys. Since the oxygen concentration in the powders may increase considerably during
storing [73], the question of the joint effect of the oxygen and carbon concentrations on the
sintering kinetics of the hard alloys is very important.

The standard process of producing hard alloys is liquid phase conventional sintering.
An opportunity of ensuring a uniform spreading of cobalt over the surfaces of the tungsten
carbide particles and, hence, an opportunity to form a system of interphase boundaries in
WC/Co is an advantage of this technology. It provides the hard alloys with an increased
bending strength. An intensive grain growth through Ostwald ripening [1,3,5,64] leading
to lower hardness and fracture toughness is a disadvantage of this sintering technology. In
recent decades, the production of ultrafine-grained (UFG) hard alloys relied on hot isostatic
pressing (HIP), the Field Assisted Sintering Technique (FAST), Spark Plasma Sintering (SPS),
etc. (Table A1, [74]). The SPS process provides high-rate (up to 2500 ◦C/min) sintering by
means of applying strong-current millisecond-long pulses (up to 5 kA) to powder loaded
into a graphite compression mold that applies pressure to the powder [75–77]. This process
enables much slower grain growth and the formation of a uniform UFG structure at lower
temperatures of compaction (Table A1). There has been detailed research on the effects
of cobalt concentration, grain size, and SPS conditions on the mechanical properties of
WC-Co hard alloys (Table A1).

The enrichment of the specimens’ surfaces with carbon is an important feature of
SPS technology, which should be taken into account when analyzing the powder sinter-
ing kinetics [78,79] (see Appendix B). It leads to altering the phase composition and the
mechanical properties of the surface layers of the tungsten carbide specimens sintered
from the powders with a low carbon content or with an increased oxygen one. Note also
that a high heating rate (up to 2500 ◦C/min) and reduced optimal sintering temperatures
make SPS technology very promising for minimizing the decomposition of the tungsten
monocarbide α-WC and the formation of the unwanted phases. It leads to a necessity to
control the process of surface carbonization in SPS and to control the thickness of the layers
removed from the sintered specimens’ surface when grinding. The absence of control over
the removed layer’s depth may lead to essential differences in the specimens’ character,
particularly, to the contradictions in the issue of the effect of oxygen and carbon on the
intensity of the η-phase particle formation and on the grain growth character.
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Note also that, for the purposes of obtaining nano- and UFG hard alloys, DC arc
plasma synthesis of refractory carbide nanopowders has an apparent potential [80–83]. It
has been demonstrated that DC arc plasma synthesis technology allows SPS to be used
to obtain specimens of tungsten carbide and hard alloys with high properties (hardness,
fracture toughness) [84–87]. An increased concentration of oxygen (up to 1–1.5%) adsorbed
on the surfaces of nanoparticles is a feature of the plasma chemically synthesized α-WC
nanopowders [59,73,88]. It leads to more intensive decomposition of tungsten monocarbide
α-WC and to an increased volume fraction of the η-phase particles in the WC-Co hard
alloys [59,60]. Therefore, an increased portion of carbon (graphite) is usually added when
sintering the plasma chemically synthesized WC-Co nanopowders [86].

This study sets out to investigate the shrinkage mechanisms of nano- and submicron
WC-10%Co powders within various temperature and heating rate ranges and to investigate
the impact of graphite on the sintering kinetics in UFG WC-Co hard alloys. We compare the
kinetics of the high-speed sintering of the submicron WC-10%Co powders obtained using
the traditional method of mixing the components (WC and Co) with the one of shrinkage
of the WC-10%Co nanopowders obtained using a novel method of depositing thin cobalt
films onto the plasma chemically synthesized α-WC nanoparticles. The application of
the particles with a “core–hell” structure may ensure the continuity of the interphase
boundaries of WC-Co in the sintered hard alloys. It is important for obtaining an increased
hardness and fracture toughness of the hard alloys simultaneously. Earlier, the efficiency of
this method was demonstrated for WC-4Co hard alloy obtained by liquid-phase sintering
in a vacuum [89]. As it has been shown in [89], the hard alloys obtained had a higher
density and strength compared to the hard alloys obtained from the WC-4Co composition
prepared by powder mixing. In [56], WC-5Co and WC-10Co hard alloys obtained by the
liquid-phase SPS of submicron particles (initial sizes of the agglomerates were 300 nm,
mean particle sizes after deposition and mixing were 163 nm) with a “core WC–shell Co”
structure were investigated. The hard alloys obtained had a high enough density (96–98%).
However, the values of hardness of these alloys were low (1278–1370Hv for WC-5Co and
1272–1349Hv for WC-10Co). No information on the phase composition and microstructure
was presented in [56].

Detailed investigations of the mechanism of high-speed SPS of the plasma chemically
synthesized WC-10%Co nanopowders with a “core (α-WC)-shell (Co)” structure were
carried out for the first time. The hard alloys obtained using the solid-phase and liquid-
phase SPS of the submicron WC+10%C powders obtained by mixing WC and Co were
used as reference.

2. Materials and Methods

This study was carried out on submicron powders of α-WC tungsten monocarbide by
Alfa-Aesar® (according to the vendor’s certificate specifications, the initial particle sizes
were ~0.3–0.5 µm (series 1) and α-WC nanopowder obtained by DC arc plasma synthesis
with recovery annealing under hydrogen (series 2).The choice of the nano-and submicron
tungsten carbide powders was motivated by the task of obtaining fine-grained hard alloys
with improved mechanical properties.

The general chemical compositions of the investigated powders are presented in
Table 1. The chemical composition of the factory-made α-WC and α-Co powders is given
from the data from the vendor’s (Alfa-Aesar®) certificates. Submicron powders α-WC
(99.5%, carbon concentration Ctotal = 6.07 wt.%, oxygen concentration 0.14 wt.%) and α-Co
(99.95%, Ctotal = 0.12%, O2 = 0.41%, R0 = 1.6 µm) were mixed to produce a α-WC+10
wt.% α-Co composition. (Hereafter, the α-WC+10 wt.%Co hard alloy composition will
be denoted as WC-10Co for brevity). According to the vendor’s certificate (Alfa-Aesar,
Haverhill, MA, USA) the α-Co particles were ~1 µm in size. Free carbon (Cfree = 0.1, 0.2, 0.3,
0.4, 0.5 wt.%C) was then introduced into the mixture in the form of colloidal graphite. The
α-WC+10 wt.%Co powders were mixed in a FRITSCH®Pulverisette 6 planetary ball mill
(Idar-Oberstein, Germany). The milling pot was lined with a carbide alloy; the milling balls
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were made of a WC-Co hard alloy, with a diameter of 1 mm; grinding in isopropyl alcohol
at 150 rpm for 16 h. Graphite was added through a Heilscher UP200pt homogenizer under
alcohol. The process of mixing leads to an insufficient increasein the oxygen concentration
in ~0.2 wt.%. The Co concentration in the submicron powders of Series #1 after adding
the graphite increased by 0.09%,which was attributed to the milling yield from the milling
bodies and accessories of the FRITSCH®Pulverisette 6 planetary ball mill.

Table 1. Chemical composition of initial WC and Co powders.

Powder Concentration, wt.%

W C O N Co Fe Al Ti Mo Cr Ta V

α-WC
submicron

powder
(series #1)

balance 6.07 0.14 - <10−3 3 × 10−3 <10−3 <10−3 10−3 10−3 <10−3 0.15

α-WC
nanopowder

(series #2)
balance 6.36 0.75 0.06 <10−3 9.6 × 10−5 1.9 × 10−4 - 5.4 × 10−5 2 × 10−5 - -

β-Co powder - 0.12 0.41 0.04 balance 2.2 × 10−3 - - - - - -

W-C nanopowders were obtained by restorative synthesis from tungsten oxideWO3
and methane in nitrogen–hydrogen (H2 + N2) DC arc plasma. Specific surface of the
powders after the DC arc plasma synthesis was Ssp =22 m2/g. Carbon concentration in the
synthesized powders was ~6.5%. A α-WC tungsten carbide synthesis was performed under
H2 at 1000 ◦C. Specific surface of the synthesized tungsten monocarbide nanopowders was
Ssp = 7.2 m2/g; carbon concentration in the nanopowders was Ctotal ~ 6.36 wt.%.

WC-10%Co nanopowder composition was obtained by a precipitation of CoCl2·6H2O
cobalt salt from an ethanol solution, followed by recovery under hydrogen at 750 ◦C
(see [82]). The homogeneity of powders was improved by grinding them in a RETCH®

planetary mill (Verder Group, Verder Scientific GmbH & Co, Haan, Germany) using hard-
alloy pot and balls, at a 1:5 ratio under ethanol. Oxygen content in the nanopowders was
decreased after grinding by means of additional annealing at 800 ◦C for 2 h.

Mixing was used to introduce 0.5, 1.0, and 1.5% to the obtained WC-10 wt.%Co
nanopowder in order to improve the homogeneity of the hard alloy [1]. The procedure
for mixing WC-10 wt.%Co nanopowder was the same as for the submicron powders (see
above). The oxygen concentration in the synthesized nanopowders was 0.75 wt.% before
sintering. An increased concentration of carbon introduced into the plasma chemically
synthesized nanopowders is caused by the negative effect of oxygen on the stability of the
α-WC phase. As it has been shown in [59,60,86], an increased oxygen concentration in the
α-WC nanopowders obtained by DC arc plasma chemical synthesis leads to the formation
of η-phase particles.

Samples of 20 mm in diameter and finite height h = 3 mm were compacted by SPS
on a Dr. Sinter® model SPS-625 (SPS Syntex, Ltd., Tokyo, Japan). The temperature mea-
surement’s accuracy was ±20 ◦C. The temperature was measured with a Chino® IR-AHS2
infrared pyrometer (Chino Corporation, Tokyo, Japan) focused on the outside of the
graphite mold. Sintering was performed in a vacuum (6 Pa) in the following regimes:
(Method I) two-stage heating with a constant rate up to a preset sintering temperature at
a constant pressure (σ = const); (Method II) an isothermal holding at a constant pressure
(T = const, σ = const); (Method III)an isothermal holding with a step-wise variation of
pressure (T = const, σ 6= const) (Figure 1).
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Figure 1. Schematic representation of sintering regimes for α-WC+10 wt.%Co powders.

Sintering by Method I was carried out in the following two stages: a stage of low-
temperature dwell at 800 ◦C (10 min) to remove the adsorbed oxygen from the powder
surface (degasification) and a stage of preset-rate heating up to a sintering temperature, Ts,
followed by free cooling. No exposure at Ts was made. The shrinkage (L) and shrinkage
rate (S) of powders were monitored during heating. Empty compression molds were heated
and measured in order to correct for the thermal expansion of the mold during actual
experiments. The heating rate for sintering was 50 ◦C/min. Temperatures were brought
up to the range of solid-phase (1100 ◦C) and liquid-phase (1400 ◦C) sintering. Applied
loads were 70 MPa. The dependencies L(T) obtained were used further to determine the
sintering activation energy of the powders in the continuous heating regime.

Sintering by methods II and III was performed in order to study the effects of tem-
perature and of the magnitude of the pressure applied on the shrinkage curves and to
determine the rheological parameters of the creep law equation. When sintering by Method
II, a rapid heating with the heating rate of 50 ◦C/min up to the preset temperature (750, 800,
850, 900, 950, and 1000 ◦C) and holding at this temperature during ~90 min at a constant
pressure σ = 70 MPa were performed. In the course of the experiment, the dependencies
of the shrinkage rates (at the isothermal holding stage) on the sintering temperature were
determined. These dependencies were used further to determine the sintering activation
energies, Q, in Equation (1).When sintering by Method III, the isothermal holding of the
specimens at 800 ◦C with a step-wise increase in the pressure σ (40, 70, and, 100 MPa) was
performed. In the course of the experiment, the dependencies of the shrinkage rates on
the magnitude of the applied pressure were determined. These dependencies were used
further to determine the magnitudes of the coefficient n in Equation (1), as follows:

.
ε = A

(
D/b2

)
(GΩ/kT)(σ/G)n, (1)

where
.
ε is the creep rate, A is the dimensionless coefficient, D = D0exp(Q/kT) is the

diffusion coefficient; k is the Boltzmann constant, b is the Burgers vector, G is the shear
modulus, and Ω is the atomic volume [90,91].

The specific surface of powders (SBET, m2/g) was measured using a Micromeritics®

TriStar 3000 specific surface analyzer (Micromeritics Instruments Corp., Norcross, GA,
USA). The accuracy of the SBET was ±0.02 m2/g. The average initial particle size (R0, nm)
was calculated according to the following formula: R0= 6/(ρthSBET), where ρth = 15.77 g/cm3

is taken as the theoretical density of tungsten monocarbide. The microstructure of the spec-
imens was studied with a JEOL® JSM-6490 scanning electron microscope(SEM, Jeol Ltd.,
Tokyo, Japan) with an Oxford Instruments® INCA 350 energy dispersive spectrometer(EDS,
Oxford Instruments pls., Oxford, UK). Measurements of the average particle(R)and grain
size (d) were taken using the chord method ±0.05 µm in GoodGrains 2.0 software suite
(Nizhny Novgorod, Russia).

X-ray diffraction (XRD) analysis of the specimens was performed with a Shimadzu®

XRD-700 diffraction meter (Shimadzu, Kyoto, Japan) using the Bragg–Brentano technique
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(CuKα, λ = 1.5406 Å, imaging rate 0.25◦/min, spot exposure 4.8 s). The mass fraction of
η-phase particles was determined using the Rietveld method. The accuracy of the mass
fraction calculation (η-phase (fη)) was ±2 wt.%. The carbon concentration was identified
with a LECO® CS-400 analyzer (LECO Corp., St. Joseph, MI, USA). A LECO® TC-600 ana-
lyzer (LECO Corp., St. Joseph, MI, USA) was used to determine the oxygen concentration.
The accuracy of determining the content of carbon and oxygen was ±0.01 wt.%. Chemical
composition analysis was performed using an Ultima 2 ICP atomic emission spectrometer.

Specimen density (ρ) was measured by hydrostatic weighing on a Sartorius® CPA
225D analytical balance (Göttingen, Germany). For calculations of relative density (ρ/ρth),
the theoretical density of WC-10Co hard alloy was taken as ρth = 14.64 g/cm3. The error
margin of ρwas ±0.01 g/cm3.

Microhardness, Hv, was measured using a Struers® Duramin-5 (Struers Inc., Cleve-
land, OH, USA) tester under a load of 2 kg. Minimal fracture toughness factor (KIC)
was determined using the Palmquist method, i.e., using the length of the longest ra-
dial crack formed in the ceramic after indentation with a Vickers pyramid, as follows:
KIC = 0.016(P/c3/2)(E/Hv)1/2, where P is the load at indenter (g), c is the mean distance
from the middle of indent to crack apex, and E = 570 GPa is the Young’s elastic modulus
of WC-10Co hard alloy. The accuracy of Hv and KIC was ±0.2 GPa and ±0.3 Mpa·m1/2,
respectively.

Prior to the investigations, the specimen surfaces were subjected to hydro-abrasive
cleaning in order to remove residual graphite, and then, to mechanical grinding and
polishing to remove the carbonized layer (see Appendix B). The structure and properties of
the specimens were studied in the centers of the polished surfaces.

3. Results
3.1. Sintering of Submicron Powders

Figure 2a shows the microstructure of α-WC+10 wt.%Co submicron powders. The re-
sults of SEM investigations have shown the average size of α-WC particles to be
R0~0.4–0.5 µm, which matches the vendor’s certificate data (Alfa-Aesar). The XRD re-
sults show that each initial composition contains hexagonal α-WC tungsten carbide and
hexagonal α-Co (Figure 2c, the black line).The peaks corresponding to the W2C phase were
absent in the XRD curves. In the SEM images acquired in the Z-contrast (BEC) regime, the
α-Co particles are dark, and the α-WC ones are light.

Figure 2. Cont.
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Figure 2. Microstructure (a,b) and XRD images (c) of α-WC+10 wt.%Co powder compositions: (a) submicron powder
(Series #1); (b) nanopowder (Series #2). In (c),the black lines are submicron powders, and the red lines are nanopowders.

Figure 3a shows the dependence of shrinkage on heating temperature L(T) for α-
WC+10 wt.%Co submicron powders with various concentrations of graphite. L(T) depen-
dencies have a regular three-stage nature, as follows: a stage of slow shrinkage (Stage I)
under 800 ◦C; a stage of intensive shrinkage (Stage II) from 800–820 to 1000–1050 ◦C; and
Stage III (above 1050 ◦C), where shrinkage intensity becomes low again. As can be seen in
Figure 3, the increased concentration of free carbon leads to a shift in the L(T) dependence
towards lower sintering temperatures and to a decrease in the typical temperatures T1 and
T2 that correspond to ends of Stage I and II, respectively.

Figure 3. Dependencies of shrinkage on heating temperature L(T) for submicron (a) and nanopowders (b) α-WC+10 wt.%Co
with various graphite concentrations.
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The relative density of specimens obtained by SPS is 99.3–99.7% of the theoretical
value (Table 2).

Table 2. Impact of carbon concentration on density,ρ/ρth; average grain size, d; and optimal temperatures of solid-phase
sintering of WC-10Co alloys.

Graphite
Concentration,

wt.%

Series 1 Powder Series 2 Powder

ρ/ρth,
%

d,
µm

fη,
wt.%

T1,
◦C

T2,
◦C

ρ/ρth,
%

d,
µm

fη,
wt.%

T1,
◦C

T2,
◦C

0 99.6 0.4–0.5 8 <800 1100 100.2 (*) 0.1–0.5 >40 850 1050
0.1 99.7 0.4–0.5 6 <800 1100 - - - - -
0.2 99.5 0.4–0.5 0 <800 1080 - - - - -
0.3 99.4 0.4–0.5 0 <800 1060 - - - - -
0.4 99.5 0.4–0.5 0 <800 1060 - - - - -
0.5 99.3 0.4–0.5 0 <800 1040 100.0 0.1–0.5 33 850 1025
1.0 - - - - - 98.6 0.1–1 14 820 1000
1.5 - - - - - 96.3 0.1–5 0 <800 990

(*) High values of density (greater than the theoretical value ρth) are owing to the formation of a considerable mass fraction of the η-phase
particles having another theoretical density.

Figures 4 and 5 show images of the microstructure of the sintered hard alloys that
were obtained by heating at a rate of 50 ◦C/min up to 1100 ◦C (solid-phase sintering)
(Figure 4) and 1400 ◦C (liquid-phase sintering) (Figure 5). No dwell was made at the
sintering temperature (1100, 1400 ◦C). The SEM results show that heating to 1400 ◦C leads
to intensive grain growth and the formation of large abnormal grains in the structure.
According to [23,39], grain growth during the liquid-phase sintering of WC-10Co alloys
occurs by means of dissolution of tungsten and carbon atoms in liquid cobalt, their diffusion,
and reprecipitation on the most favorably oriented crystallographic planes of tungsten
monocarbide particles. Figure 4 shows that the rate of grain growth within the range of
solid-phase sintering is much slower and the grains retain a near-spherical shape. An
increased carbon concentration has virtually no observable effect on the growth rate of
tungsten carbide particles within the range of solid-phase sintering (average grain size is
~0.5 µm) and leads to a decrease in the sizes of large (abnormal) grains within the range of
liquid-phase sintering from ~10 µm at C = 0.1 wt.% to ~2–5 µm at a carbon concentration
of 0.5 wt.%C. Note that the increase in the graphite content from 0.1 to 0.5 wt.% did not
lead to an essential change in the volume fraction of the abnormally large grains in the
liquid-phase sintering.

Figure 4. Cont.



Ceramics 2021, 4 339

Figure 4. Microstructure of WC-10Co hard alloys obtained by solid-phase SPS without additional graphite (a,b), with
0.3 wt.% (c,d) and with 0.5 wt.% (e,f) of graphite.

Figure 5. Cont.
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Figure 5. Cont.
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Figure 5. Microstructure of WC-10Co hard alloys obtained by liquid-phase SPS with various concentrations of graphite: 0.1
(a,b), 0.2 (c,d), 0.3 (e,f), 0.4 (g,h) and 0.5 wt.% (i,j). In the photographs with high magnifications (b,d,f,h,j), images of the
fine-grained matrices (without the abnormally large grains) are presented.

Figure 6 shows XRD images of specimens obtained by SPS within ranges of solid-phase
(Figure 6a) and liquid-phase (Figure 6b) sintering, respectively. Analysis of the XRD results
indicates that the specimens that were sintered without graphite contain α-WC phases;
γ-phase, which is a solid solution of tungsten and carbon in cobalt; and η-phase, which
is a cubic ternary carbide W3Co3C. The weight fraction of η-phase particles in the alloys
obtained at 1100 and 1400 ◦C is 8 and 10 wt.%, respectively. When carbon is added, the
intensity of the η-phase peaks decreases and they disappear completely with an addition
of 0.2 and 0.3 wt.%C in cases of solid-phase and liquid-phase sintering, respectively.

Figure 6. Cont.
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Figure 6. XRD results for WC-10Co specimens with various graphite concentrations obtained by solid-phase (a) and
liquid-phase (b) SPS: Line (1)—0 wt.%, (2)—0.1 wt.%, (3)—0.2 wt.%, (4)—0.3 wt.%, (5)—0.4 wt.%, (6)—0.5 wt.% graphite.

Further studies were carried out on the WC-10 wt.%Co–0.5 wt.%C carbide alloy where
an η-phase could not form, which allows for an investigation of the specific features of
the high-rate shrinkage of WC-10 wt.%Co powders with a constant phase composition.
The impact of the isothermal exposure temperature (from 750 ◦C to 1000 ◦C) and applied
pressure (40, 70, 100 MPa) on the shrinkage in the WC-10 wt.%Co–0.5 wt.%C powder
were studied.

Figure 7a shows the dependence of shrinkage in WC-10 wt.%Co–0.5 wt.%C submicron
particles on the time of isothermal exposure at different temperatures. The obtained
dependencies indicate that as the temperature increases, the shrinkage of submicron
powders increases too. When the powders are exposed at 1000 ◦C for ~1.2×103 s, shrinkage
ceases, and the specimen density corresponds to the theoretical density. At 950 ◦C, the
specimen densities increase to 100% of the theoretical density within ~(3.6–4)·103 s. Note
that prolonged exposure at 900 ◦C and 850 ◦C result in a marked increase in density,
whereas shrinkage at 750 and 800 ◦C after exposure for (2–3)×103 s almost ceases at its
stationary value.

Figure 8 shows the dependencies of shrinkage on the sintering time at 800 ◦C under
the conditions of a controlled abrupt increase in pressure to 40, 70, and 100 MPa. The
dependencies indicate that, as the pressure increases, shrinkage and the shrinkage rate,
determined as a tangent line to L(t), increase continuously. This facilitates analysis of
the dependence of shrinkage rate on pressure and, in particular, the determination of the
densification mechanism in submicron powders (see below).
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Figure 7. Dependence of shrinkage of submicron α-WC+10 wt.%Co +0.5 wt.%C powder on exposure times at different
temperatures (a) and dependence of shrinkage rate at isothermal exposure on reciprocal homological temperature of SPS
(b). In (b), Tm is the melting point of WC.

Figure 8. Dependence of shrinkage and pressure on time of stepped sintering with isothermal
exposure of submicron α-WC + 10 wt.%Co powder at 800 ◦C.

Figure 9 shows the dependence of microhardness, Hv(C), and fracture toughness,
KIC(C), on the graphite content in WC-10Co specimens obtained by solid-phase and liquid-
phase sintering. Research findings show that an increase in graphite content boosts the
microhardness of WC-10 alloys obtained by solid-phase sintering (a sintering temperature
of 1100 ◦C). Adding 0.5 wt.% graphite raises an alloy’s microhardness from 17.6 to 20.9 GPa.
Hv(C) dependence for specimens sintered at 1400 ◦C has a more complex nature: an increase
in the carbon content to 0.3 wt.% results in hardness abating from 16.8 to 12.4 GPa; with a
further increase in the carbon (graphite) concentration to 0.5 wt.%, microhardness grows
to 15.7–15.9 GPa. Fracture toughness dependencies on carbon concentration, KIC(C), are
similar in nature. Note that according to XRD findings, the carbon concentrations at which
hardness and fracture toughness are minimal, correspond well to graphite concentrations,
leading to the disappearance of η-phase particles.
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Figure 9. Dependence of microhardness (1, 2) and fracture toughness (3, 4) of fine-grained hard alloy
WC-10Co on the graphite content. (1, 3)—specimens obtained by solid-phase sintering at 1100 ◦C,
(2, 4)—specimens obtained by liquid-phase sintering at 1400 ◦C.

3.2. Sintering of Nanopowders

According to the XRD phase analysis results, the nanopowder composition after the
first stage of DC arc plasma synthesis consisted of several phases with the predomination of
tungsten semi-carbide W2C (65 wt.%) with an addition of WC1−x (15 wt.%), α-W (12 wt.%),
and graphite (3 wt.%). After annealing in hydrogen at 1000 ◦C, according to the XRD phase
analysis results, the nanopowder composition transformed in tungsten monocarbide α-WC
completely.

Figure 2b shows WC-10%wt.Co nanopowder. The average size of α-WC particles
is R0~50 nm, which is close to the average particle size, Rth = 6/(Ssp×ρth) ~80 nm. The
nanoparticles cluster into easily degradable conglomerates, the presence of which is the
apparent cause of the divergence between the experimental and theoretical R0 and Rth
values. The XRD results show (Figure 2c, the red line) that the powder composition
contains α-WC tungsten monocarbide and two varieties of cobalt with cubic (α-phase)
and hexagonal (β-phase) lattices. There were no peaks that would correspond to phases
W2C, β-WC, α-W, and WO3 that are present in tungsten carbide nanopowders in cases
of suboptimal synthesis conditions [82,83,90]. The α-WC tungsten monocarbide peaks
are broadened relative to submicron powders (Figure 2c); there is an overlap of the XRD
peaks corresponding to α-WC phase in the area of larger diffraction angles. Note that
the peaks of α-WC phase in nanopowders are non-symmetrical and broadened in the
area of larger diffraction angles 2Θ, which, according to the Wulff–Bragg’s condition
(2dhkl × sinΘ = mλ), we consider to be an indication of a decreased interplanar distance,
dhkl, in the near-surface area of α-WC nanoparticles.

To WC-10%Co nanopowder,0.5, 1, and 1.5 wt.% of graphite was admixed. The spec-
imens were then heated at 50 ◦C/min up to 1100 ◦C. The shrinkage curves L(T) for
WC-10%Co nanopowders with various concentrations of graphite are shown in Figure 3b.
Dependencies L(T) for plasma-chemical nanopowders, as well as for submicron powders
exhibit three stages, whereas the value of shrinkage, L, in nanopowders is considerably
higher than the shrinkage in submicron powders under similar temperatures and time
conditions of heating. Note that an increased concentration of graphite decreases shrinkage
and lowers the regular temperature of the sintering stage transitions (Stage I→ Stage II,
Stage II→ Stage III), i.e., it results in a shift of the shrinkage curves L(T) towards lower
heating temperatures.

Figure 10 shows XRD images of UFG WC-10Co hard alloys obtained by the SPS of
plasma-chemical nanopowders with various concentrations of carbon. Analysis of the
XRD data shows that the specimen with 0.5 wt.% graphite has both α-WC and γ-phases
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based on β-Co as well as the η-phase, the fraction of which is fη ~ 33 wt.%. As the concen-
tration of carbon (graphite) increases, the intensity of the η-phase peaks decreases, and
they disappear completely at 1.5 wt.%C.Thus, it can be assumed that in order to inhibit the
formation of η-phase particles during the SPS of plasma-chemical nanopowders, a much
bigger graphite concentration is required than during the SPS of WC-10 wt.%Co submicron
powders. This effect stems from the specific nature of α-WC nanopowders obtained by
DC arc thermal plasma synthesis—as shown in [59,60,73,82,88], nanopowders obtained
this way have an elevated concentration of oxygen adsorbed on the surface of nanoparti-
cles. (According to chemical analysis results, WC-10%Co nanopowders obtained by DC
arc plasma synthesis contain 0.75 wt.% oxygen, which significantly exceeds the oxygen
concentration in submicron powders (0.14 wt.%)). When heating the WC nanopowders,
adsorbed oxygen reacts with carbon and forms CO2 [59,60]. This results in a decrease in
the carbon concentration in α-WC nanopowders and facilitates the formation of η-phase
particles in the WC-Co system [3,5,81,91].

Figure 10. XRD results for WC-10Co specimens with various graphite concentrations obtained by solid-phase sintering of
nanopowders. Line (1)—0.5 wt.%, (2)—1.0 wt.%, (3)—1.5 wt.% graphite.

Figure 11 shows photographic images of UFG hard alloys obtained by SPS from
WC-10Co plasma-chemical nanopowders with various concentrations of graphite. When
analyzing the images, it can be noted that all of the specimens exhibit abnormal growth of
tungsten carbide grains. The SEM results show that the specimen with 1.5 wt.% graphite
has a relatively uniform UFG matrix (a grain size under 100 nm), but also large abnormal
grains (an average size of up to 1–2 µm). Note that increased graphite concentration
in plasma-chemical nanopowders leads to the increased size of abnormally large grains,
which have a partially faceted structure after SPS at 1100 ◦C.



Ceramics 2021, 4 346

Figure 11. Microstructure of WC-10Co hard alloys obtained by solid-phase SPS of nanopowders with various concentrations
of graphite: (a,d)—0.5 wt.%, (b,e)—1.0 wt.%, (c,f)—1.5 wt.% graphite.

A comparison of Figures 4 and 11 shows that the mean grain sizes in the UFG hard
alloys sintered from the “core WC–shell Co” nanoparticles were less than the ones in
the hard alloys sintered from the submicron WC+10%Co powders obtained by the usual
mixing of WC and Co. However, it is worth noting that the microstructure of the UFG hard
alloys obtained from the WC-Co nanoparticles was less uniform than the ones in the hard
alloys sintered from the factory-made submicron powders. One of the origins of this, in
our opinion, may be the presence of micro-additives of V in the factory-made submicron
WC powders (see Table 1).

The density of the specimens obtained by SPS from nanopowders with 0.5 wt.%
of graphite is close to the theoretical density of the WC-10 wt.%Co hard alloy (Table 2).
When the graphite concentration is increased to 1.5 wt.%, there is a decrease in density
to 96.3%; the specimen structure contains individual large pores of micron size (marked
with a dashed line in Figure 11c). (Note: the difference of the large pores in Figure 11c
from the areas of cobalt in Figure 11a was identified by comparing polished surfaces with
a different-contrast SEM and EDS that is capable of determining a local concentration
of cobalt).

Research into mechanical properties testifies that an increase in a graphite concentra-
tion from 0.5 to 1.5% causes no significant changes in the microhardness of the UFG hard
alloy WC-10Co (Hv ~19.3–19.5 GPa), but leads to the minimal fracture toughness coefficient,
KIC, growing from 5.7 to 7.7–8.0 MPa×m1/2 (Table 3). Thus, the hardness of UFG hard
alloys sintered from nanopowders appears to be somewhat less than that of alloys obtained
from submicron powders (Hv = 17.6–20.9 GPa). This result is rather unexpected since it is
generally assumed that the hardness of WC-Co alloys is growing as the average grain size
is decreasing [92]. We reckon that the lower hardness of UFG alloys could be explained
by the higher content of the fraction of η-phase particles in the hard alloys sintered from
nanopowders (Table 2). The higher fracture toughness of UFG hard alloys compared to
that of fine-grained alloys sintered from submicron powders (KIC = 4.2–5.9 MPa×m1/2,
Figure 9) is apparently due to the smaller grains in UFG alloys (Table 3).This fact leads to
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an increase in the distance that the fracture needs to pass before reaching its critical size, as
well as to an increase in the number of obstacles (grain boundaries) that the micro-fracture
encounters on its way.

Table 3. Impact of carbon concentration on the mechanical properties of the UFG WC-10Co hard
alloy. SPS of the plasma-chemical nanoparticles. TSPS = 1100 ◦C.

Graphite
Concentration,

wt.%

Mechanical Properties (1)

Series #1 Series #2

Hv,
GPa

KIC,
MPa·m1/2

Hv,
GPa

KIC,
MPa·m1/2

0 18.6 5.9 19.5–20 (2) 5–6 (2)

0.5 20.9 5.4 19.3 5.7
1.0 - - 19.5 7.7
1.5 - - 19.4 8.0

(1) Low values of KIC are caused by the following two factors: (1) no additives of the particles-inhibitors of grain
growth (Cr3C2, VC, TaC, etc.) allowing for a reduction in the abnormal grain growth intensity and, consequently,
forming more fine-grained microstructures with an increased fracture toughness factor that were present in the
hard alloy; (2) in the present work, the minimal values of KIC calculated from the maximal radial crack length (not
from the mean length of all of the cracks formed) are presented.(2) Data obtained and published earlier.

4. Discussion
4.1. Analysis of Kinetics of Isothermal Sintering of Submicron Powders

The analysis of kinetics at the initial stage of sintering was carried out with the creep
model that was selected based on the assumptions from [93–96]. It has been traditionally
assumed that the key densification mechanism in WC-Co powders at the initial stage
of densification is the creep of the γ-phase based on cobalt. Note that currently there is
no universal view on the mechanisms of cobalt creep during sintering of WC-Co hard
alloys: it is stated in [95] that the creep of cubic cobalt has a dislocations-based nature, it
is demonstrated in [96] that the creep is governed by bulk diffusion, and [72] proposes a
supposition that the creep is driven by the Laplace force.

Suppose that at the initial stage of densification, the creep rate (
.
ε) is proportional to the

shrinkage rate (S), the value of which can be calculated using the angle of dependence of
shrinkage on the time of isothermal exposure L(t) for the established stage (Figure 7a). Ac-
cording to the equation of power law creep,

.
ε = A

(
D/b2)(GΩ/kT)(σ/G)n(see

Equation (1)) [97,98]. Note that a preliminary conclusion on the mechanism of creep
can be made based on the value of activation energy, Q, and coefficient n in the power law
creep equation [98].

An estimation of the activation energy can be made using the angle of dependence
ln(

.
ε)-Tm/T, where Tm is the melting point (Figure 7b). The calculated activation energy for

WC-10 wt.%Co–0.5 wt.%C submicron powders is 7 ± 2 kTm (~78 kJ/mol), which is close
to the activation energy of grain-boundary diffusion in cobalt (~90 kJ/mol) [99].

The coefficient n in the power creep equation was determined by analyzing the data on
the impact of pressure on the shrinkage rate (Figure 8). The shrinkage rate was determined
using the angle of dependence L(t) at the stage of stationary flow (at σ = const). The
value of n can be determined using the angle of dependence of the creep rate on pressure
represented in a logarithmic coordinate system, ln(

.
ε)—ln(σ/G). For WC-10 wt.%Co–0.5

wt.%C submicron powders, the coefficient value is n = 1, which, according to [97,98],
corresponds to diffusion creep. This type of creep can be governed by bulk (Nabarro–
Herring creep) or grain-boundary (Coble creep) diffusion.

The closeness between the values of creep activation energy and grain-boundary
diffusion activation energy in cobalt suggests that the densification kinetics in UFG WC-
10Co hard alloys at the initial stage of SPS is determined by the intensity of diffusion creep
of cobalt according to Coble.
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4.2. Analysis of the Kinetics of Non-Isothermal Sintering of Nano- and Submicron Powders

Analysis of the kinetics of non-isothermal sintering was performed using the Young–
Cutler model [100], which described the initial stage of non-isothermal sintering of spherical
particles in the conditions of simultaneous bulk and grain-boundary diffusion, as well as
plastic deformation, as follows:

ε2(ε/t) =
(

2.63γΩDvε/kTd3
)
+

(
0.7γΩbDb/kTd4

)
+

(
Apε2D/kT

)
, (2)

where ε is shrinkage, t is time, γ is free energy, Dv is the bulk diffusion coefficient, Db is
the grain-boundary diffusion coefficient, d is the grain size, p is pressure, and D is the
coefficient of diffusion during plastic deformation. According to [100,101], the angle of
dependence of shrinkage on temperature, represented in coordinates ln(T∂ε/∂T)—Tm/T,
corresponds to the activation energy of non-isothermal sintering. Figure 12 shows that
dependencies ln(T∂ε/∂T)—Tm/T have two stages, with the maximum corresponding to the
heating temperature of 900–1000 ◦C. Note that the presence of a maximum in dependence
ln(T∂ε/∂T)—Tm/T indicates a change of the powder densification mechanism during
SPS [101].

Figure 12. Dependence of shrinkage on the reciprocal temperature of sintering of submicron (a) and nanopowder (b)
α-WC+10 wt.%Co compositions with various graphite concentrations. Determination of the sintering activation energy at
“mid-range” temperatures.

Table 4 shows activation energies at the first stage of non-isothermal SPS (Qs(I)). Anal-
ysis of the results indicates that the dispersion of the initial powder and the concentration
of graphite in the initial mixtures have no observable effect on the activation energy at the
first stage of the non-isothermal SPS of WC-10%Co hard alloys. Note that the obtained
value (Qs(I) ~ 8–11 kTm) is close to the activation energy calculated in §4.1. This provides
grounds to conclude that at lower temperatures (below ~900–1000 ◦C) the kinetics of the
SPS of nano- and submicron WC-10%Co powders is governed by the intensity of creep of
the readily-fusible γ-phase based on cobalt, which is in good concordance with the data
in [102–104].
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Table 4. Impact of carbon concentration on activation energies of first and second stages of the
non-isothermal solid-phase sintering of WC-10%Co powders.

Graphite
Concentration,

wt.%

Activation Energy
Qs(I), kTm (±2.5 kTm)

Activation Energy
Qs(II), kTm (±2 kTm)

Series 1 Series 2 Series 1 Series 2

0 10 14 34 18
0.1 11 - 30 -
0.2 9 - 16 -
0.3 8 - 17 -
0.4 9 - 14 -
0.5 9 8 13 25
1.0 - 7 - 20
1.5 - 8 - 12

At higher heating temperatures, the angle of dependence ln(∂ε/∂T)—Tm/T (Figure 12)
goes negative and estimating the SPS activation energy requires a different approach.

According to [105,106], an estimation of the sintering activation energy can be made
with the model of diffusion-based dissolution of pores, which are found near grain bound-
aries in UFG materials. In order to calculate the activation energy, the shrinkage value
is first converted into the densification value using the following formula: ρ(T) = ρexp
Lmax/(L0−L(T)), where L0 is the initial press height corresponding to 50% of theoretical
density, Lmax is the full specimen shrinkage after sintering, and ρexp is the experimentally
measured density of the specimen (hydrostatic weighing). The activation energy of the sec-
ond stage of non-isothermal sintering, Qs(II), is determined using the angle of dependence
ρ(T)/ρth represented in coordinates ln(ln(α × ρ/ρth/(ρ/ρth−1))—Tm/T, where α = 0.5 is
the press shrinkage coefficient (Figure 13).

Figure 13. Dependence of density represented in double-logarithmic coordinates on reciprocal
temperature for the WC-10Co hard alloy sintered from submicron powder with a 0.5 wt.% graphite
content. Determination of the sintering activation energy at higher temperatures.

Analysis of the data in Table 4 shows that an increased concentration of graphite in
WC-10 wt.%Co composition leads to a decrease in the activation energy, Qs(II), from 35 to
25 kTm for submicron powders and from 25 to 12 kTm for nanopowder compositions. The
obtained values correlate with the data in [72,94] and are close to the activation energies
of the grain-boundary diffusion of cobalt [99]. Note that a decreased value of activation
energy, Qs(II), due to an increased carbon concentration is in concordance with the shift of
the shrinkage curves L(T) towards lower heating temperatures (Figures 3 and 13).



Ceramics 2021, 4 350

On to the discussion of the change of the densification mechanism in nano- and
submicron WC-10 wt.%Co powders at the stage of non-isothermal heating during SPS,
we believe that the change of the sintering mechanism may be caused by the onset ofthe
η-phase particles’ formation. The presence of these particles has a considerable effect on
the concentration of tungsten and carbon atoms in γ-phase and, consequentially, on the
intensity of diffusion in the hard alloy [107].

Since the temperature of transition between SPS mechanisms (900–1000 ◦C) is too low
for the onset of intensive diffusion-type processes in tungsten carbide, it can be assumed
that the second stage of non-isothermal sintering is also governed by the intensity of the
diffusion creep of cobalt. In this view, a decrease in the SPS activation energy, Qs(II), along
with an increase in carbon concentration (Table 4) is caused by the onset of the dissolution
of tungsten and carbon atoms in cubic cobalt within this temperature range [1,96,107]. This
results in a higher concentration of carbon and tungsten atoms in cobalt and, consequently,
in an increased intensity of their diffusion-based mass transfer through γ-phase, as follows:
I = −D × gradCi, where gradCi is the gradient of diffusion substance concentration (Ci). A
higher carbon concentration decreases the solubility of tungsten in cobalt and increases
the stability of tungsten monocarbide — decreases the tendency of α-WC particles, which
have a low homogeneity potential on the W-C diagram, to degrade into graphite and W2C
carbide, which leads to the formation of η-phase upon interaction with cobalt.

The proposed supposition is indirectly corroborated by the XRD results and the cobalt
peak in the WC-10 wt.%Co–0.5 wt.%C specimens. Analysis of the data in Figure 14a shows
that as carbon concentration increases, the cobalt peak (111) β-Co shifts towards larger
diffraction angles 2Θ. According to the Wulff–Bragg’s condition (2dhkl × sinΘ = mλ), this
corresponds to a decreased interplanar distance, dhkl, and is linked to a decreased number
of tungsten atoms in cobalt, the atomic radius of which (rW = 0.141Å) is larger than the
size of cobalt atoms (rCo = 0.125Å), and to an increased concentration of carbon in cobalt
(rC = 0.077Å).

Figure 14. Position measurements of XRD peak (111) β-100 in an WC-10Co hard alloy obtained by the SPS of submicron
powders: (a) impact of graphite concentration at the sintering temperature of 1400 ◦C; (b) impact of SPS temperature for a
0.5% graphite concentration.

Note that as the SPS temperature increases, the XRD peak (111) β-Co shifts towards
the lower diffraction angles 2Θ (Figure 14b), which indicates an increased concentration
of tungsten atoms in γ-phase. This result conforms with the known effect of an increased
solubility limit of doping atoms at higher temperatures [1,3–6,103].

Note also that according to [98], the precipitation of second-phase particles leads to
an increase in creep limit and creep activation energy. This means that the second reason
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for the decreased sintering activation energy due to an increased carbon concentration
(Table 4), may be the decreased mass fraction of η-phase particles (Table 2).

5. Conclusions

It has been demonstrated that, during SPS, the temperature dependence of shrinkage
in nano- and submicron α-WC+10 wt.%Co powders has three stages: little densification at
“lower” heating temperatures (Stage I), intensive densification at “mid-range” SPS temper-
atures (Stage II), and, again, less intensive shrinkage at “higher” sintering temperatures
(Stage III).

It has been demonstrated that an increased concentration of graphite leads to a shift
of the shrinkage curves towards lower heating temperatures, to a lower fraction of η-phase
particles, and to a decreased size of abnormally large grains in specimens of WC-10Co
hard alloys obtained by liquid-phase SPS. Solid-phase SPS was used to obtain specimens
of WC-10Co hard alloys where a uniform UFG structure forms at graphite concentrations
above 0.2–0.3 wt.%.

It has been established that the densification mechanism at the first stage of heating is
plastic flow, the intensity of which is limited by the intensity of the diffusion creep of cobalt.
An increased concentration of free carbon in the initial WC-10Co mixture has no effect on
the intensity of densification and, by extension, on the SPS activation energy at “mid-range”
temperatures. It has been demonstrated that the activation energies of isothermal and
non-isothermal sintering in the “mid-range” temperatures are close to the activation energy
of grain-boundary diffusion in cobalt.

It has been demonstrated that, at higher temperatures, the activation energy of non-
isothermal sintering decreases monotonically as the concentration of graphite in an WC-
10Co hard alloy increases. XRD analysis seems to show that the cause of the decreased SPS
activation energy may be the change in the concentration of tungsten and carbon atoms
in cobalt.

In the solid state SPS, the temperature of finish of shrinkage for the plasma chemically
synthesized α-WC+10 wt.%Co nanopowders was 25–50 ◦C lower than the one for the
submicron industrial powders. In the plasma chemically synthesized nanopowders with an
increased carbon content, an increased volume fraction of the η-particles and, hence, higher
sintering activation energies were observed. The introduction of more than 1 wt.% of
graphite into the plasma chemically synthesized nanopowders leads to the disappearance
of the η-phase particles and to the reduction in the sintering activation energy down
to a value of Qsthat is comparable to the one of the submicron powder compositions
WC+10 wt.%Co.
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Appendix A

Table A1. Characteristics of specimens of fine-grained hard alloys WC-(8-12)Co obtained by SPS. Overview of the literature data.

Ref. Hard Alloy
Sintering Mode (1) Characteristics of Hard Alloys

Initial PowderV,
◦C/min

P,
MPa

Ts,
◦C

ts,
min

ρ/ρth,
%

XRD Phase
Composition

d,
µm

Hv,
GPa

KIC,
MPa·m1/2

[13] WC-11Co 200 25 1100 5 ~97 No data 0.77 92.5
HRA - 544 nm (7)

[14] WC-8Co ~25–30 10–25 1150–1200 5–18 100 No data 0.35 - - 0.12–0.15 µm (7)

[15]

WC-8Co

1000 60 1150 65 s

98.4

WC, Co

0.42 18.81 10.5 (3)

<0.4 µm (7)WC-10Co 98.9 0.38 17.56 11.6 (3)

WC-12Co 99.2 0.365 17.35 12.2 (3)

[16] WC-10Co No data 30 1200 5 98.72 WC, W2C,
Co

0.7 17.19 - 0.491% O30 1300 5 99.34 ~1 15.31 -

[17]
WC-11Co

100 40 1250 10

100

No data

0.54 18.3 11.6
200 nm (7), 0.11%Cfree,

0.38%O.
WC-11Co-0.3VC 99.8 - 18.5 12.3
WC-11Co-0.5VC 99.9 0.38 19.0 11.5
WC-11Co-0.7VC 99.6 0.38 17.0 10.5

[18] WC-12Co 600 60 1100 5 97 No data ~1 22.5 15.3 (3)
40–80 nm (7)

1200 99 ~1 22.0 11.9 (3)

[19] WC-10Co 100 100 1000 10 99 No data ~0.3 ~18 ~12 40–100 nm (7)

[20]

WC-11Co

100 40 1200 5

97.0

No data

- - -

-
WC-11Co-0.3VC 97.8 - - -
WC-11Co-0.5VC 99.5 - - -

WC-11Co-0.2Cr3C2 97.6 - - -
WC-11Co-0.4Cr3C2 97.5 - - -

[21]

WC-12Co

150 50 1100 10

99.89

No data

0.80 14.5 10.9

0.42 µm (7), 5.32–5.36%C,
0.225%O

WC-12Co-0.5VC 97.66 0.55 14.9 10.86
WC-12Co-1VC 95.94 0.47 15.7 11.42

WC-12Co-1.5VC 90.08 - 15.87 11.43
WC-12Co-0.75VC-0.25Cr3C2 96.64 0.49 15.9 12.1

[22] WC-10Co (2) 6 60 1180 10 14.57
g/cm3 No data 0.48 16.43 13.1 0.8 µm (7)
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Table A1. Cont.

Ref. Hard Alloy
Sintering Mode (1) Characteristics of Hard Alloys

Initial PowderV,
◦C/min

P,
MPa

Ts,
◦C

ts,
min

ρ/ρth,
%

XRD Phase
Composition

d,
µm

Hv,
GPa

KIC,
MPa·m1/2

[23]

WC-11Co

100 40 1200 5

99.6

No data

- - -

WC: 0.25 µm, 0.38%O,
0.11%Cfree;

Co: 60 nm, 0.32%O,
Cr3C2: 3.6 µm, 0.22%O,

0.18%Cfree;
VC: 2.94 µm, 0.24%O,

0.75%Cfree

WC-11Co-0.3VC 99.7 - 18.3 ~12
WC-11Co-0.5VC 99.8 - 18.5 ~11.5
WC-11Co-0.7VC 99.4 - - -

WC-11Co-0.2Cr3C2 99.3 0.48 - -
WC-11Co-0.4Cr3C2 98.8 0.456 - -
WC-11Co-0.6Cr3C2 98.6 0.435 - -

WC-11Co-0.3VC-0.2Cr3C2 99.5 0.44 18.0 ~13
WC-11Co-0.3VC-0.4Cr3C2 98.8 0.366 18.6 ~12.2
WC-11Co-0.3VC-0.6Cr3C2 98.8 0.545 18.1 ~12.8
WC-11Co-0.5VC-0.2Cr3C2 99.6 0.41 18.6 ~16.2
WC-11Co-0.5VC-0.4Cr3C2 99.6 0.35 19.2 ~14.2
WC-11Co-0.5VC-0.6Cr3C2 97.5 0.488 17.5 ~14
WC-11Co-0.7VC-0.2Cr3C2 97.2 0.55 - -
WC-11Co-0.7VC-0.4Cr3C2 - 0.523 - -
WC-11Co-0.7VC-0.6Cr3C2 98.0 - - -

[24]

WC-12Co

100 60 1240 - - No data

0.28 15.69 ~9.4 (4)

0.18 µm (7), 6.16%C,
0.09%Cfree

WC-12Co-0.9NbC 0.26 ~16.4 ~8.8 (4)

WC-12Co-0.9Cr3C2 0.22 ~16.5 ~10.1 (4)

WC-12Co-0.9VC 0.18 17.26 ~9.2 (4)

[25] WC-10Co - 60 1150 10
~98.7

No data
~0.17 87

HRA ~6 0.2 µm (7). Co: 28 nm

~97.8 ~0.23 94.5
HRA 13.5 0.2 µm (7)

Co: 45 µm

[26] WC-12Co 100 60 1240 2 98.9 No data 0.27 15.5 - 0.18 µm(7), 6.16%C,
0.09%CfreeWC-12Co-0.9VC 98.5 0.17 ~17 -

[27] WC-10Co - 30 1200 - 95.7 No data - - - 200 nm (7)

[28] WC-12Co 100 100 1100 5
100 WC, Co, W3Co3C,

W6Co6C

~0.30 ~18.8 ~9.0 (4) 91 nm (7)

100 ~0.37 ~18.3 ~8.9 (4) 47 nm (7)

100 ~0.39 ~17.8 ~9.3 (4) 127 nm (7)

[29]
WC-12Co-0.8C

100 80 1100 5
99.94

WC, Co
0.216 ~18.3 ~10.6 (4)

40–80 nm(7)WC-12Co-0.8C-1Cr3C2 99.79 0.207 ~18.6 ~10.4 (4)

WC-12Co-0.8C-1VC 98.95 0.154 ~20 ~10 (4)
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Table A1. Cont.

Ref. Hard Alloy
Sintering Mode (1) Characteristics of Hard Alloys

Initial PowderV,
◦C/min

P,
MPa

Ts,
◦C

ts,
min

ρ/ρth,
%

XRD Phase
Composition

d,
µm

Hv,
GPa

KIC,
MPa·m1/2

[30]

WC-12Co-0.8C

100 80 1100 5

99.94

No data

0.216 20.4 9.1

30–80 nm (7)

WC-12Co-0.8C-1Cr3C2 99.74 0.207 20.1 9.3
WC-12Co-0.8C-1VC 98.95 0.154 19.6 10.4

WC-12Co-0.8C-
0.5Cr3C2–0.5VC 99.15 0.190 19.8 9.5
WC-12Co-0.8C 95.56 0.248 20.3 8.5

WC-12Co-0.8C-0.5Cr3C2 98.18 0.240 19.9 8.8
WC-12Co-0.8C-0.5VC 97.99 0.235 19.4 9.0

[31] WC-12Co 100 50 1150 6 99.8 No data 1.02 14.17 10.9
WC-12Co-1.3Y2O3 99.7 0.98 14.47 11.9

[32]
WC-10Co-

-0.2VC-
0.8Cr3C2

SPS 100 60 1160 10 14.54
g/cm3

WC-Co, Co6W6C
0.35 17.07 12.1

90 nm (7), 5.61%C,0.19%O,
0.19%CfreeHIP 8 - 1420 60 14.50

g/cm3 0.50 15.43 13.6

[33] WC-10Co 100 60 1150 0 98.0 WC-Co 0.085 20.5 11.13 -

[34] WC-10Co-5TiC 85–90 57.3 1200 13 100 WC, Co,
TiC 1.2 14.84 - 0.45–0.9 µm (+ 5%

0.1–0.15µm) (7)

[35,36] WC-8Co 100 70 1250 5 14.4
g/cm3 WC, Co 0.20 21.1 10.4 60 nm (7). 6.13%C, 0.09%O

[37]
WC-3Co

400 80 1400 -
97.1

WC, Co
- 19.4 8.8

-WC-6Co 97.6 - 17.9 9.1
WC-9Co 98.1 - 16.4 9.8

[38–40]

WC-4Co

100 30 1300 5

97.6

No data

0.227 23.20 10.45 (5)

60 nm (7)

WC-6Co 97.8 0.258 21.47 11.2 (5)

WC-8Co 98.0 0.314 19.87 12.27 (5)

WC-10Co 98.5 0.356 18.32 13.16 (5)

WC-12Co 98.6 0.362 17.79 13.69 (5)

WC-14Co 98.6 0.374 17.48 15.46 (5)

WC-8Co-0.2VC-1CBN 1250 98.3 0.246 20.81 13.01 (5)
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Table A1. Cont.

Ref. Hard Alloy
Sintering Mode (1) Characteristics of Hard Alloys

Initial PowderV,
◦C/min

P,
MPa

Ts,
◦C

ts,
min

ρ/ρth,
%

XRD Phase
Composition

d,
µm

Hv,
GPa

KIC,
MPa·m1/2

[41]

WC-8Co

100 70 1350 5 - WC, Co

0.28 19.7 11.5 (6)

60 nm (7)

WC-8Co-0.4VC - 20.8 9.7 (6)

WC-8Co-0.4Cr3C2 - 20.2 10.0 (6)

WC-8Co-0.4TaC - 20.3 11.3 (6)

WC-8Co-0.8VC 0.17 21.8 9.4 (6)

WC-8Co-0.8Cr3C2 0.23 20.2 10.4 (6)

WC-8Co-0.8TaC 0.25 19.9 10.6 (6)

WC-8Co-0.4Cr3C2-0.4VC 0.20 21.2 10.4 (6)

WC-8Co-0.4%TaC-0.4VC 0.22 20.8 10.3 (6)

WC-8Co-0.4TaC-0.4Cr3C2 - 20.6 10.9 (6)

[42]

WC-8Co

100 40 1300 5

99.42

WC, Co,
Al2O3

1.1 16.2 ~12

1.54 µm (7), RAl2O3 = 20 nm
WC-8Co-0.25Al2O3 99.18 1.0 16.9 ~12.2
WC-8Co-0.5Al2O3 99.04 0.9 17.16 ~12.95
WC-8Co-0.75Al2O3 98.98 0.95 16.9 ~12.1

WC-8Co-1Al2O3 98.88 1.0 16.65 ~11.6

[43] WC-8Co 100 50 1300 5 97.2 WC - 18.26 10.63 (6) 2.71 µm (7)

[44] WC-10Co+graphite (3.25%C) - 30 1050 3 98.5 WC, Co 0.061 23.56 12.5 (6) -

[45] WC-9Co 100 45 1200 10 93.9 No data - 14.11 - 3.5µm (7)

50 1250 92.8 - 14.95 - 0.1 µm (7)

[46]

WC-10Co-0.2VC-1CBN

100 30 1300 5

98.3

WC, Co,
VC, cBN

~1 20.17 12.19 (5)

60 nm (7)

WC-10Co-0.2VC-5CBN 96.3 - 18.33 11.93 (5)

WC-10Co-0.2VC-9CBN 89.1 - 11.58 10.25 (5)

WC-10Co-0.5VC-1CBN 97.4 - 19.87 11.82 (5)

WC-10Co-0.5VC-5CBN 94.1 - 16.26 11.48 (5)

WC-10Co-0.5VC-9CBN 90.0 - 11.11 10.13 (5)

WC-10Co-0.8VC-1CBN 96.8 - 20.48 11.78 (5)

WC-10Co-0.8VC-5CBN 94.0 - 15.22 10.34 (5)

WC-10Co-0.8VC-9CBN 89.3 - 10.75 9.80 (5)

[47]
WC-8%Co

100 40 1250 5 WC, Co 60 nm (7)- ultrasonic vibration method 99.1 0.28 18.8 11.4 (6)

- ball-milling method (12 h) 97.1 0.35 18.1 11.7 (6)

- ball-milling method (24 h) 94.6 0.42 17.7 10.5 (6)

[48] WC-10Co 50 50 1300 10 99.27 WC, Co - 13.0 12.97 <1 µm (7)

[49] WC-
8Co

SPS - 50 1200 5 - No data ~1 13.5 16.46 -
Sinter-HIP 6 1500 - - ~0.5 18.73 12.09
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Table A1. Cont.

Ref. Hard Alloy
Sintering Mode (1) Characteristics of Hard Alloys

Initial PowderV,
◦C/min

P,
MPa

Ts,
◦C

ts,
min

ρ/ρth,
%

XRD Phase
Composition

d,
µm

Hv,
GPa

KIC,
MPa·m1/2

[50]

WC-12Co

100 50 1200 5

~98.1

WC, Co,
CeO2

0.34 18.7 12.5

200 nm (7), RCeO2 = 10 nm
0.11%Cfree

WC-12Co-0.05CeO2 ~98.6 0.27 19.05 13.4
WC-12Co-0.1CeO2 ~99.5 0.22 19.98 14.4
WC-12Co-0.3CeO2 ~98.2 0.23 19.62 14.3
WC-12Co-0.6CeO2 ~98.0 0.23 19.1 12.9

[51]
WC-12Co

100 80 1100 5

99.9
WC, Co

0.216 18.47 -

40–80 nm (7)WC-12Co-1Cr3C2 99.8 0.207 18.72 -
WC-12Co-0.5Cr3C2-0.5VC 99.2 0.19 19.23 -

WC-12Co-1VC 98.9 0.154 19.98 -

[52]

WC-10Co-0.86VC

100 60 1150 0 - WC, Co, VC,
Co3W3C

0.127 19.6 10.2

-
WC-10Co-1.15VC 0.123 19.3 9.9

WC-10Co-2VC 0.102 20.2 9.7
WC-10Co-5VC 0.097 21.0 9.0

WC-10Co-10VC 0.097 18.46 8.0

[53] WC-12Co
50 79.6 1220 3 96.9

WC, Co
0.192 ~15 ~9

SBET = 3.932m2/g (7)100 63.7 1250 5 97.1 0.182 ~15.4 ~9
400 79.6 1300 1 95.5 0.194 ~13.5 ~9.2

[54] WC-12%Co - - 1250 5 99.8 No data 0.195 16.7 10.6 -

[55]

WC-9Co-0.6VC

100 50

1200

-

98.83

No data

0.042 13.76 13.0
3.5 µm (7)

WC-9Co-0.6Cr3C2 1200 99.15 0.036 14.59 12.3

WC-9Co-0.6VC 1200 97.47 0.02 8.52 11.23

10 nm (7)

1300 98.43 0.042 6.05 10.25
WC-9Co-0.6Cr3C2

1200 97.54 0.019 8.0 9.0
1300 98.36 0.039 14.45 13.15

WC-12Co-0.6VC 1200 98.35 0.037 9.57 9.41
1300 98.78 0.065 14.32 8.53

WC-12Co-0.6Cr3C2
1200 97.55 0.071 3.12 10.15
1300 99.13 0.071 15.2 9.23

[56]
WC-5Co - 50 1400 10 98

No data

- 13.71 -
300 nm (7), “core WC—shell

Co”
1450 98 - 12.78 -

WC-10Co - 1400 10 97 - 12.72 -
1450 96 - 13.49 -

[57] WC-12Co 100 60 1250 10 98.2 WC, Co 0.22-
0.591

19.8-
23.6 - -

[58] WC-12Co 106 50 1130 5 13.8
g/cm3 WC, Co 2.22 13.19 14.6 2.3 µm (7)

(1) SPS mode: V—heating rate, P—pressure, Ts—sintering temperature, ts—holding time; (2) Pretreatment at 1300 ◦C with SPS fracture toughness (K1C);(3)—Anstis formula; (4)—Shettly formula; (5)—Charles and
Evan formula; (6)—Schubert formula (the rest values in the table use calculations according to the Palmquist formula);(7)—mean sizes of initial WC particles.
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Appendix B

Investigation of Uniformity of the Phase Composition of the WC-10Co Hard Alloys Obtained
by SPS

Earlier, an intensive carbonization of the surfaces of specimens from hard alloys [86],
alloys Ni-W [78,79], and binderless tungsten carbide [87] during SPS was reported. In some
works, some differences in the properties of the central parts of the hard alloy specimens
and of the side ones were reported [108].

The task of the investigation was to find the depth distributions of the η-phase particles
in the WC-10%Co hard alloy specimens. The specimens were obtained by sintering the
plasma chemically synthesized WC+10% Co nanopowders without an addition of graphite.
A detailed description of the plasma chemically synthesized nanopowders is given in
the Materials and Methods section. The sintering temperature was 1050 ◦C, the heating
rate was 100 ◦C/min, and the pressure was 70 MPa. In the course of sintering specimens
2 and 3, a degassing at 850°Cfor 10 min was performed in order to remove the oxygen
contamination from the nanopowder particle surfaces. Specimen 1 was sintered without
degassing. The initial height of the sintered specimens was 3 mm. The graphite punches
and mold were protected by graphite washers and by graphite paper for multiple use. A
partial “baking” of the graphite washers to the specimen surfaces took place during the
course of sintering. To remove residual graphite and to achieve plane-parallel surfaces
on the specimens, a mechanical grinding with diamond paste was performed. A total of
~300 µm were removed. A sequential polishing of the specimens’ surfaces with diamond
paste down to a roughness level of ~1 µm was performed after each grinding cycle. On
average, 30–60 µm per single mechanical processing cycle were removed from the sintered
specimens’ surfaces. The specimens’ heights were measured using a micrometer.

The layer-by-layer XRD phase analysis was performed on the top surfaces (from the
viewpoint of the positioning of the specimen in the Dr. Sinter® model SPS-625 setup) of the
sintered specimens (Figure A1). The calculated “diffraction depth” of the CuKα radiation
for the investigated specimens of the WC–Co system did not exceed 7 µm. Therefore, the
removing of the layer 30–60µm in thickness was enough to study the specimens’ layers,
which did not contribute to the results of the previous stage unambiguously. In the course
of the investigations, the parameters of the (101) XRD peaks for α-WC, (111) for β-Co, and
(511) for the η-phase (Co3W3C) were analyzed using the corundum number method.

Figure A1. General view (a) and representation of a specimen’s positioning in the Dr. Sinter® model
SPS-625 setup (b).
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The results of the XRD investigations of specimens are presented in Figure A2. The
labels at the XRD curves match the stages of the layer-by-layer analysis. Label 0 marks the
XRD curve of the surface layer of the specimen before mechanical processing, labels 1 and
2 marks the XRD curves of the surface after the two-stage removal of residual graphite,
and label 6 marks the XRD curve from the layer closest to the specimen center (at a depth
of ~ 550 µm from the surface).

Figure A2. Fragments of the XRD curves from the WC-10Co hard alloy specimens after successive
mechanical grinding of the surfaces: (a) the specimen sintered without degassing; (b,c) the specimens
sintered with degassing at 850 ◦C for 10 min.

The analysis of the XRD curves presented in Figure A2 has shown the intensity of the
(111) β-Co peak to increase with the increasing depth of the removed layer (at the transition
from the specimen surface to its center). Starting from the third stage of surface processing
(corresponding to the removed layer with a thickness of ~350 µm), the “traces” of the
η-phase composed of Co3W3C were observed in the range of expected peaks. However,
the intensity of these peaks did not match the 3σ criterion (i.e., did not exceed the triple
noise magnitude). At the fourth stage of processing(matching the removed layer with a
thickness of ~400 µm), the intensity of the (511) XRD peak from the η-phase (Co3W3C)
increased drastically (Figure A2).

To determine the depth distributions of the η-phase in the investigated specimens,
the ratios of the intensities of the analytical XRD peaks of the η-phase (Co3W3C) and the
α-WC one were plotted vs. the total thicknesses of the removed layers (Figure A3a). On
the basis of these data, the dependencies of the mass fractions of the η-phase (Co3W3C)
on the removed layer’s thickness were calculated using the corundum number method
(Figure A3b, Table A2).

One can see from Figure A3b and from Table A2 the mass fraction of the η-phase
(Co3W3C) to increase abruptly from 0 up to ~12–15% mass at a depth of ~400 µm from the
specimens’ surfaces. Starting from a depth of ~440 µm, the mass fraction of the η-phase
saturated. The calculations according to the corundum number method have shown this
value to reach 18 ± 1% mass for the investigated specimens. Unfortunately, the mechanical



Ceramics 2021, 4 359

grinding technique employed did not allow for the performance of further investigations
since the thicknesses of the specimens reached the minimum values, and the microcracks
arose on the specimen surfaces at further polishing.

Table A2. The mass fraction of the η-phase in the WC-10Co hard alloy specimens obtained by SPS
subject to the removed layer thickness.

Processing
Stage

Depth from the
Surface L, µm

Fraction of the η-Phase (Co3W3C), % Mass
Specimen #1 Specimen #2 Specimen #3

0 0 0 0 0
1 150 0 0 0
2 300 0 0 0
3 340 “Traces” of η-phase detected
4 380 12.7 ± 0.8 12.1 ± 0.7 15.2 ± 0.9
5 440 17.5 ± 0.9 13.7 ± 0.8 16.6 ± 0.9
6 500 17.7 ± 0.9 19.8 ± 0.9 18.2 ± 0.9

Thus far, using layer-by-layer XRD phase analysis, we have found the phase compo-
sition of the specimens to be nonuniform. The η-phase particles affecting the mechanical
properties of the hard alloy negatively arose at a depth of >100 µm, and the concentration
of these ones saturated (at the value ~18 ± 1% mass) at a depth of >400 µm. This indirectly
confirms the hypothesis of the carbon diffusion from the graphite punches contacting the
sintered specimen surfaces and allows expanding the spectrum of parameters affecting the
SPS process of the hard alloys.

Figure A3. Depth distributions of the ratio Iη (511)/Iα-WC (111)(a) and the mass fraction of the η-phase
particles (b) in the WC-10% Co hard alloy specimens: line (1)—without degassing; lines (2) and
(3)—the specimens sintered with degassing at 850 ◦C for 10 min.

In conclusion, it is worth noting that such a high carbon diffusion intensity when
sintering tungsten carbide—up to ~400–500 µm in depth at 105 ◦C—is unusual. As it
has been shown in [109], the typical diffusion depth of carbon 14C in dense tungsten
carbide does not exceed several microns at temperatures over 2000 ◦C. The exact physico-
chemical origin of such an intensive diffusion is not clear at present, and this effect needs
a thorough investigation. In our opinion, the origin of the effect of abnormal carbon
diffusion in tungsten carbide can be, first, the formation of a considerable gradient of
carbon concentration ∆C between the mold wall and the central part of a specimen when
sintering in a graphite mold. This should lead to a drastic increase in the carbon flux
intensity from the graphite mold into the specimen surface because of Fick’s equation. A
change of the mechanism of carbon diffusion—from the diffusion in the crystal lattice of α-
WC to diffusion along the grain boundaries in the ultrafine grained tungsten carbide—may
be the second probable origin of the accelerated carbon diffusion. Since the grain boundary
diffusion coefficient, Db, is much higher than the one in the crystal lattice, Dv, [109,110],
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one can expect more intensive carbon diffusion from the surface towards the central part of
the hard alloy specimen.

A detailed investigation of the physico-chemical nature of the effect of the abnormal
acceleration of carbon diffusion will be the subject of our further work. From the viewpoint
of the tasks of the present paper, it is worth noting that in order to obtain correct information
on the phase composition of the UFG WC-10Co hard alloy specimens, it is necessary to
perform the mechanical grinding and polishing of the specimen surfaces not less than
450–500 µm in depth.
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