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Abstract. This study investigates the dependencies between contiguity and hardness in nanostructured and ultrafine-grained tungsten-

cobalt cemented carbides and tungsten carbide samples fabricated using spark plasma sintering (SPS) and liquid phase sintering (LPS). 
The main microstructural parameters were determined: average WC grain size, grain contiguity, and mean free path in cobalt. 
The average WC grain size in tungsten-cobalt cemented carbides produced by spark plasma sintering does not exceed 0.2 µm, clas-
sifying them as nanostructured materials. In cemented carbides obtained by liquid phase sintering and tungsten carbide fabricated 
using spark plasma sintering, the average WC grain size ranges from 0.2 to 0.5 µm, which corresponds to ultrafine-grained materials. 
The applicability of existing models developed for medium- and fine-grained cemented carbides was analyzed to describe the depen-
dencies of contiguity on the cobalt volume fraction in the obtained ultrafine-grained and nanostructured materials. It was found that 
an exponential dependence adequately describes this relationship for the samples sintered in this study. The applicability of the theo-
retical hardness dependence on key microstructural parameters was also analyzed. The hardness of the obtained alloys was lower than 
predicted by the theoretical dependence based on the Hall–Petch law. The highest hardness (HV = 2260 ± 30) among all the samples 
was observed in the nanostructured WC–5Co–0.4VC–0.4Cr3C2 alloy produced by spark plasma sintering. The hardness of ultrafine-
grained sintered tungsten carbide was slightly lower (HV = 2250 ± 20). 
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IntroductionIntroduction
Tungsten-cobalt cemented carbides (WC–Co) are 

the most widely used tool materials in the industry for 
cutting applications due to their combination of hard-
ness, strength, heat resistance, oxidation resistance, 
and wear resistance. The microstructure of cemented 
carbides is primarily characterized by the cobalt phase 
volu me fraction (VCo) and the average WC grain size (d). 
In industrial practice, the most commonly used mate-
rials include medium-grained (MG) (d = 1.3–2.5 µm), 
fine-grained (FG) (d = 0.8–1.3 µm), and submicron-

grained (SM) (d = 0.5–0.8 µm) cemented carbides. 
Further improvement in the operational durabi lity 
of cemented carbides, which significantly depends on 
their hardness, remains an important task. Hardness 
can be increased either by reducing the cobalt content 
or by decreasing the average WC grain size. The lat-
ter approach is considered more promising, as it allows 
increasing hardness without a significant reduction in 
fracture toughness. 

In recent decades, ultrafine-grained (UFG) 
cemented carbides with grain sizes reduced to 0.2–
0.5 µm have gained widespread attention, offering 

  mea80@list.ru
Аннотация. Проведено исследование зависимостей смежности и твердости образцов наноструктурных и ультрамелкозернистых 

вольфрамокобальтовых твердых сплавов и карбида вольфрама, полученных методами искрового плазменного и жидкофаз-
ного спекания. Определены основные параметры микроструктуры: средний диаметр зерен WC, смежность зерна, средняя 
длина свободного пути в кобальте. Установлено, что средняя величина зерен WC в вольфрамокобальтовых металлокерами-
ческих твердых сплавах, полученных искровым плазменным спеканием, не превышает 0,2 мкм, поэтому их можно отнести 
к наноструктурным. Средний диаметр зерен WC в твердых сплавах, полученных жидкофазным или искровым плазменным 
спеканием, находится в пределах от 0,2 до 0,5 мкм, что позволяет классифицировать эти материалы как ультрамелкозер-
нистые. Проанализирована пригодность существующих моделей, разработанных для средне- и мелкозернистых твердых 
сплавов, для описания зависимости смежности от объемной доли кобальта в полученных ультрамелкозернистых и нано-
структурных материалах. Определено, что для спеченных в данной работе образцов подходит экспоненциальная зависи-
мость. Проведен анализ применимости теоретической зависимости твердости от основных параметров микроструктуры. 
Твердость получаемых сплавов оказалась ниже, чем это предсказывает теоретическая закономерность, основанная на соот-
ношении Холла–Петча. Наибольшей твердостью (HV = 2260 ± 30) из всех полученных образцов обладает наноструктурный 
сплав состава WC–5Co–0,4VC–0,4Cr3C2 , полученный искровым плазменным спеканием. Твердость ультрамелкозернистого 
спеченного карбида вольфрама оказалась немного ниже (HV = 2250 ± 20).  

Ключевые слова: наноструктурный твердый сплав, карбид вольфрама, жидкофазное спекание (ЖФС), искровое плазменное 
спекание (ИПС), твердость, смежность зерен
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enhanced hardness and wear resistance. Additionally, 
recent years have seen intensive research into the fab-
rication of nanostructured (NS) cemented carbides, 
in which the average WC grain size does not exceed 
0.2 µm. It has been confirmed that these materials 
demonstrate high hardness, with values reported as 
HV = 1941 [1; 2], 1620 [3], 2356 [4], 1836 [5], and 
2100 [6], resulting in improved wear resistance under 
abrasive wear [7] and cutting conditions. This has 
already led to their increasing production and applica-
tion as tool and wear-resistant materials in industry. 
Further progress in this field requires the development 
of models capable of accurately describing the struc-
ture and properties of UFG and NS cemented carbides. 

The main challenge in sintering such materials is 
grain growth caused by high temperature and pro-
longed sintering times. Previous studies have shown 
that UFG cemented carbides can be fabricated via 
liquid phase sintering (LPS) in vacuum [1–3; 7] or 
under pressure [8], using grain growth inhibitors (VC, 
Cr3C2 , etc.). However, these conditions are insufficient 
to produce nanostructured cemented carbides. In recent 
years, researchers have increasingly employed spark 
plasma sintering (SPS) [4; 9–11] for the fabrication 
of nanostructured and ultrafine-grained cemented car-
bides. During SPS, powder consolidation occurs under 
the action of pulsed electric currents and discharge 
plasma generated by spark discharges between powder 
particles. This process strongly enhances diffusion-
controlled densification, significantly reducing the sin-
tering time and preventing grain growth. 

Maximizing hardness by reducing the cobalt 
content has also led to the development of sintered 
WC [12–16], which can only be densified to a sufficient 
density (>99 %) under applied pressure. SPS techno-
logy is the most effective method for producing sin-
tered WC, as it combines the application of pressure 
with rapid heating, both of which help prevent exces-
sive grain growth. 

A large number of studies have investigated 
the microstructure and mechanical properties (prima-
rily hardness) of UFG and NS cemented carbides, as 
well as sintered tungsten carbide. One of the key micro-
structural characteristics in these studies is contiguity, 
which quantifies the fraction of the specific WC grain 
surface area involved in WC/WC grain contacts [17]:

   (1)

where SWC/WC and SWC/Co denote the interfacial areas 
of WC/WC and WC/Co grain boundaries, respectively. 

Contiguity affects the mean free path (λ) in 
the cobalt binder, hardness, fracture toughness, and 

other properties. Numerous empirical and theoretical 
dependencies describe the dependence of contiguity on 
the cobalt volume fraction in conventional tungsten-
cobalt cemented carbides [4; 7; 10; 11]. However, 
the applicability of these dependencies to ultrafine-
grained and nanostructured cemented carbides has not 
been confirmed. 

Several models have been developed to describe 
the relationships between key microstructural parame-
ters (d, VCo , C and λ) and hardness in medium-grained, 
fine-grained, and submicron-grained cemented car-
bides. Currently, there is particular interest in investi-
gating the applicability of the dependence of hardness 
on key microstructural parameters [18–20] for descri-
bing the hardness of UFG and NS cemented carbides, 
as well as sintered tungsten carbide. 

The aim of this study was to analyze the dependen-
cies between contiguity and hardness and the micro-
structural parameters in UFG and NS tungsten-cobalt 
cemented carbides produced by liquid phase sintering 
and spark plasma sintering.

Materials and methods Materials and methods 
Three nanostructured tungsten-cobalt cemented 

carbide samples containing 4, 5, and 10 %1 cobalt, as 
well as one sintered tungsten carbide (WC) sample, 
were fabricated using the powder metallurgy method 
via spark plasma sintering (SPS). Additionally, four 
UFG cemented carbide samples containing 6, 8, 10, 
and 15 % cobalt were produced using LPS technique. 
In cemented carbides obtained by LPS, the cobalt 
content must be at least 6 %, as lower cobalt concen-
trations make it difficult to achieve sufficient density 
while simultaneously limiting grain growth.

All materials were produced using nanosized tung-
sten carbide powder (Hongwu, China, d = 80–100 nm, 
purity 99.95 %) and cobalt powder (grade PK-1, Russia, 
GOST 9721–79, d = 1–30 µm) (Fig. 1). To suppress 
WC grain growth, chemically pure vanadium car-
bide (VC) and chromium carbide (Cr3C2 ) powders, 
supplied by Reohim (Russia), were added to the pow-
der mixtures as grain growth inhibitors.

The powder mixtures (Table 1), each weighing 50 g, 
were prepared by mixing for 1 h in a PM-400 plane-
tary ball mill (Retsch, Germany) at a rotation speed 
of 250 rpm, with a ball-to-powder mass ratio of 10:1, 
followed by drying at 100 °C. Prior to SPS, cylindrical 
compacts were pre-pressed from each powder mixture 
(mixtures 1–4) under a pressure of 20 MPa. For mix-
tures 5–8, a 10 % rubber solution in gasoline was added 

1 Here and throughout the text, weight percent (wt. %) is implied 
unless otherwise stated.
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as a plasticizer, in an amount ensuring that the granules 
prepared for pressing contained 1 % rubber after dry-
ing. After secondary drying to remove gasoline, four 
compacts were pressed from each powder mixture, 
with dimensions of 24×8×8 mm and a mass of 12 g.

Mixtures 1–4 were sintered using SPS in a gra phite 
cylindrical die with an inner diameter of 10.5 mm 
on an SPS-515S system (Dr. Sinter LAB, Japan), 
under aconstant pressure of 57.3 MPa and a hea-
ting rate of 87.5 °C/min. To achieve the highest 
density, the cemented carbide samples were held at 
the maximum sintering temperature of 1200 °C for 
5 min, while the tungsten carbide samples were held 
at tmax = 2000 °С for 10 min. The temperature and 
dwell time were selected based on previous expe-
rience with spark plasma sintering of nanostructured 
cemented carbides [5; 10; 15], aiming to prevent 
WC grain growth and avoid cobalt extrusion from 

the samples under applied pressure. The sintering 
parameters for tungsten carbide were taken from [15] 
to ensure the highest possible density. The compacts 
obtained from mixtures 5–8 underwent liquid phase 
sintering in a Carbolite STF vacuum furnace (Carbolite 
Gero, UK) at tmax = 1450 °С for 1 h to achieve high 
density, following the recommendations in [1–3; 7]. 
The compositions of the fabricated samples, sinte-
ring techniques, and maximum sintering temperatures 
are presented in Table 1. The cobalt volume frac-
tion (VCo ) in the microstructure of tungsten-cobalt 
cemented carbides was calculated using the known 
densities of tungsten carbide (15.65 g/cm3) and cobalt 
(8.7 g/cm3), takin g into account the mass concentra-
tions of the components (see Table 1). 

The density of the samples was measured by hydro-
static weighing using Vibra scales (Shinko, Japan). 
The surfaces of the sintered samples were ground and 

Table 1. Compositions of cemented carbide samples, cobalt volume fraction, and maximum sintering temperature 
Таблица 1. Составы образцов твердых сплавов, объемная доля кобальта и максимальная температура спекания

Mixture 
No. Sample designation

Component content, wt. %
VCo , vol. % Sintering 

method tmax , °С
WC Co Cr3C2 VC

1 WC–4Co–0.4VC–0.4Cr3C2 95.2 4.0 0.4 0.4 7.6 SPS 1200

2 WC–5Co–0.4VC–0.4Cr3C2 94.2 5.0 0.4 0.4 8.4 SPS 1200

3 WC–10Co–0.4VC–0.4Cr3C2 89.2 10.0 0.4 0.4 16.3 SPS 1200

4 WC–0.4VC–0.4Cr3C2 100.0 0 0.4 0.4 0 SPS 2000

5 WC–6Co–0.4VC–0.4Cr3C2 93.2 6.0 0.4 0.4 10.0 LPS 1450

6 WC–8Co–0.4VC–0.4Cr3C2 91.2 8.0 0.4 0.4 13.2 LPS 1450

7 WC–10Co–0.4VC–0.4Cr3C2 89.2 10.0 0.4 0.4 16.3 LPS 1450

8 WC–15Co–0.4VC–0.4Cr3C2 84.2 15.0 0.4 0.4 23.6 LPS 1450

Fig. 1. Images of the initial commercial powders: tungsten carbide (a) and cobalt (b),  
used for the fabrication of sintered tungsten carbide and cemented carbide 

Рис. 1. Фотографии исходных коммерческих порошков карбида вольфрама (а) и кобальта (b), 
использованных для получения спеченного карбида вольфрама и твердого сплава
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polished for further microstructural analysis using 
a Vega scanning electron microscope (Tescan Orsay 
Holding, Czech Republic). WC grain boundaries were 
revealed by etching according to Standard Method 3 
of ASTM B657-92. The etchant consisted of equal 
parts (by weight) of 10 % potassium ferricyanide and 
10 % sodium hydroxide solutions. The average WC 
grain size (d) and the mean free path in cobalt (λ) were 
determined using the linear intercept method in accor-
dance with ASTM E112-24. The experimental WC 
grain contiguity was determined using the intercept 
method according to the formula

   (2)

where NWC/WC and NWC/Co are the numbers of intersec-
tions of a random test line with WC/WC and WC/Co 
grain boundaries, respectively. 

Equations (1) and (2) are equivalent [2]. The hard-
ness of the samples was measured using an HVS-50 
hardness tester (Time Group Inc., China) under a load 
of 30 kgf.

Results and discussionsResults and discussions
Fig. 2 presents the microstructures of materials fab-

ricated using spark plasma sintering and liquid phase 
sintering. The density of the sintered cemented carbides 
(Fig. 2, samples 1–3) increases from 98.4 to 99.5 % as 
the cobalt content rises from 4 to 10 wt. %, which is 
attributed to the higher plasticity of cobalt (Fig. 3). 
Further increasing the density by raising the SPS tem-
perature above 1200 °C is limited by the need to pre-
vent grain growth and the extrusion of the cobalt phase 
from the samples. The use of a relatively low sintering 
temperature and the addition of grain growth inhibitors 
made it possible to limit the grain size to 0.17–0.19 µm 
(samples 1–3, Table 2). Therefore, all tungsten-cobalt 
cemented carbide samples sintered by SPS can be clas-
sified as nanostructured. In these samples, the grain 
faceting is not pronounced, since grain growth was 
insufficiently intensive.

The relative density of tungsten carbide produced 
by SPS reached 99.9 %, which is ensured by the high 
sintering temperature (2000 °C) and prolonged hold-
ing time (Table 2). The resulting WC is classified as 
an ultrafine-grained material, as its average grain size 
does not exceed 0.5 µm (see Fig. 2, sample 4), despite 
the presence of grain growth inhibitors. 

The maximum temperature and holding time dur-
ing LPS are limited only by grain growth. An increase 
in cobalt concentration from 6 to 15 % leads to a rise 
in the density of all fabricated samples (see Fig. 3, 

Table 2). During LPS, intense grain growth occurs 
through recrystallization via the liquid phase. As 
a result, the average WC grain size in samples 5–8 
is significantly larger than that in the SPS-processed 
samp les (Fig. 2, samples 1–4). The tungsten carbide 
grains in these alloys acquire a characteristic faceted 
shape.

It can be expected that the contiguity values 
of materials obtained by SPS and LPS in vacuum will 
also deviate from existing empirical relationships [4; 7; 

Fig. 2. Microstructures of the samples fabricated  
using spark plasma sintering (1–4) and liquid phase  

sintering vacuum (5–8) 

Рис. 2. Микроструктуры образцов, полученных методом 
ИПС (1–4) и по технологии ЖФС в вакууме (5–8)
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10; 11]. To describe contiguity, the authors of [21] pro-
posed using exponential and power-law dependencies:

         (3)

          (4)

In [22], linear and power-law dependencies were 
presented:
     C = 0.85 – 1.8VCo , (5)

          (6)

The authors of [17] described the results of conti-
guity measurements using a scanning electron micro-
scope, employing a power-law relationship:

 
        (7)

The authors of [23] proposed an additional exponen-
tial dependence and a quadratic function-based equation 
to describe contiguity in their experimental data [23]:

            (8)

   (9) 

Fig. 4 presents the experimental contiguity values 
of the obtained materials alongside the theoretical rela-
tionships (3)–(9). For each equation, the coefficient 
of determination was calculated to assess the deviation 
of the experimental data from the theoretical predic-
tions. It can be observed that the relationships (3), (5), 
(6), and (7) provide the best fit, with determination 
coefficients in the range of 0.75–0.89, which is sig-
nificantly higher than the threshold value (0.5), and are 
superior to the remaining equations (4), (8), and (9). 
This may be attributed to the fact that the contiguity 

Table 2. Characteristics of the sintered samples 
Таблица 2. Характеристики спеченных образцов

Sample 
No. ρrel , % dWC , µm l, µm С HV K1c , MPa·m1/2

1 98.4 0.19 0.06 0.60 2160 ± 10 10.6 ± 0.2
2 99.0 0.17 0.11 0.57 2260 ± 30 11.0 ± 0.4
3 99.9 0.19 0.16 0.47 1850 ± 20 15.0 ± 0.6
4 99.9 0.50 0 1.00 2250 ± 20 9.1 ± 0.3
5 98.3 0.25 0.08 0.68 1870 ± 40 8.6 ± 1.0
6 99.0 0.24 0.14 0.46 1920 ± 20 9.7 ± 0.4
7 99.4 0.29 0.12 0.42 1880 ± 30 10.4 ± 0.7
8 99.9 0.28 0.12 0.16 1610 ± 20 12.1 ± 1.6

Fig. 3. Dependence of the relative density  
of sintered samples on the cobalt volume fraction 

Рис. 3. Зависимость относительной плотности  
спеченных образцов от объемной доли кобальта

Fig. 4. Dependence of the experimental contiguity values  
on the cobalt volume fraction in the microstructure  

of ultrafine-grained cemented carbide fabricated using SPS  
and LPS in this study 

Рис. 4. Зависимость экспериментальных значений  
смежности от объемной доли кобальта в микроструктуре  

исследуемых ультрамелкозернистых твердых сплавов,  
полученных методами ИПС и ЖФС в данном исследовании
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of WC grains in UFG and NS cemented carbides is 
higher than in conventional cemented carbides. A pos-
sible reason for this is that cobalt atoms are not always 
able to completely fill the intergranular space between 
WC grains when the intergranular distance approaches 
the lattice parameter of cobalt (≈0.4 nm). In such 
cases, the length of WC/WC contacts increases, while 
the length of the WC/Co phase boundary decreases. It is 
important to note that the limited resolution of scan-
ning electron microscopes makes it difficult to observe 
such microstructural features. 

To confirm this effect, an additional analysis was 
performed to assess the applicability of these relation-
ships (Figs. 4 and 5) for describing the microstruc-
tures of ultrafine-grained cemented carbides compared 
to conventional cemented carbides based on literature 
data [4; 5; 11; 18; 23–26]. It should be noted that all 

contiguity measurements in the cited studies were per-
formed using images obtained by conventional scan-
ning electron microscopy (SEM). The use of electron 
backscatter diffraction (EBSD) enables the identi-
fication of a greater number of WC/WC grain boun-
daries, thus providing a more accurate assessment 
of conti guity [6; 19–23; 25–28]. However, applying 
this method to UFG and NS tungsten-cobalt cemented 
carbides is challenging due to its limited resolution. 
Moreover, the existing relationships between hardness, 
strength, contiguity, and other microstructural parame-
ters have been established based on SEM-derived data. 
Consequently, contiguity values obtained via EBSD 
are not applicable to these models.

From Fig. 5, a, it can be seen that only depen-
dence (9) satisfactorily describes (R2 = 0.52 > 0.50) 
the conti guity of conventional tungsten-cobalt cemented 
carbides, based on a sufficiently large dataset (87 values) 
from 10 different studies. Dependence (9) is positioned 
lower than relationships (3), (5), (6), and (7), which 
describe ultrafine-grained and nanostructured cemented 
carbides. Fig. 5, b presents contiguity values for UFG 
and NS cemented carbides, extracted from the same lit-
erature sources. It is evident that the dataset is incomp-
lete due to the uneven representation of different cobalt 
concentrations, making it impossible to reliably assess 
the applicability of these dependencies for describing 
the contiguity of UFG and NS tungsten-cobalt cemented 
carbides. However, from Fig. 5, b, it follows that the con-
tiguity values of UFG and NS cemented carbides fall in 
the upper range, close to dependencies (3)–(7) and far 
from (8)–(9), which are positioned lower. This suggests 
that the literature data also confirm that the contiguity 
of UFG and NS cemented carbides is higher than that 
of conventional cemented carbides. 

All existing models describing the hardness 
of cemented carbides are based on the theory of mutual 
dislocation motion blocking in the cobalt matrix 
and the carbide skeleton [11; 18; 29]. The influence 
of microdefects on the hardness of cemented car-
bides has not been sufficiently studied [11]. The most 
widely accepted and commonly used model for descri-
bing the hardness of conventional cemented carbides 
is the one proposed by [18–20], which serves as 
the null hypothesis for all researchers developing new 
mo dels [30–33]. This model is based on the rule of mix-
tures and the hypothesis of mutual dislocation motion 
blocking in the carbide framework and cobalt layers:

  HV = HVWC VWCC + HVCo (1 – VWCC). (10)

The hardness of the carbide framework (HVWC ) 
and cobalt layers (HVCo ) is determined using the Hall–
Petch law [11; 18; 29]:

Fig. 5. Dependence of the experimental contiguity values  
on the cobalt volume fraction in the microstructure of submicron, 

fine-, and medium-grained (a), as well as nanostructured  
and ultrafine-grained (b) tungsten-cobalt cemented carbides 

fabricated by various researchers 

Рис. 5. Зависимость экспериментальных значений  
смежности от объемной доли кобальта в микроструктуре 

субмикронных, мелко- и среднезернистых (а), а также  
наноструктурных и ультрамелкозернистых (b)  

металлокерамических вольфрамокобальтовых сплавов,  
полученных разными исследователями

Powder Metallurgy аnd Functional Coatings. 2025;19(2):51–61 
Dvornik M.I., Mikhailenko E.A., and etc. Grain contiguity of tungsten carbide and hardness ...



58

            (11)

              (12)

where d is the average WC grain size, µm; λ is the mean 
free path in cobalt, µm.

Fig. 6 shows that the experimental hardness values 
of all samples are lower than the theoretical estimates 
calculated using equations (10)–(12) based on micro-
structural parameters (see Table 2). This discrepancy is 
likely related to deviations in the hardness of the alloy 
constituents (WC and Co) from the values predicted by 
the Hall–Petch relationships (11) and (12). The most 
significant deviation is observed in nanostructured 
alloys 1–3. The hardness values of ultrafine-grained 
cemented carbides reported by other research-
ers [5; 6], the highest of which does not exceed 
2100 HV, are satisfactorily described by the relation-
ship (10) (R2 = 0.53 and 0.88). However, the hardness 
of the nanostructured alloy (2356 HV) reported in [4] 
was found to be 50 % lower than the calculated value 
(3517 HV). The deviations of experimental hardness 
values from theoretical predictions in nanostructured 
cemented carbides, as confirmed in this study, are 
likely due to the activation of non-dislocation defor-
mation mechanisms. 

Due to their smaller grain size, all samples 
(Fig. 6) exhibited significantly higher hardness valu es 
(HV = 1770÷2260), compared to conventional cemented 
carbides (HV = 1063÷1630). As a result, such tool mate-
rials are expected to demonstrate superior operational 
performance, including wear resistance and machining 

precision. The hardness of samples 5–8, produced via 
liquid phase sintering, was lower than that of the SPS-
sintered samples (samples 1–4). This can be attributed 
to their higher cobalt content and larger average WC 
grain size. Due to its small carbide grain size (0.17 µm) 
and high WC content, nanostructured cemented car-
bide sample 2 (WC–5Co–0.4VC–0.4Cr3C2 ) exhibited 
the highest hardness (HV = 2260 ± 30). The SPS-
sintered tungsten carbide, with a larger average grain 
size (0.5 µm), demonstrated slightly lower hardness 
(HV = 2250 ± 20). 

ConclusionsConclusions
Nanostructured tungsten-cobalt cemented carbides 

with an average grain size of d ~ 0.2 µm can be fabri-
cated via spark plasma sintering of nanopowders with 
grain growth inhibitors at 1200 °C. Increasing the cobalt 
volume fraction from 6.8 wt. % to 16.3 wt. % leads 
to an increase in the relative density of sintered nano-
structured cemented carbides from 98.4 to 99.5 % while 
having little effect on the WC grain size. Using liquid 
phase sintering at 1450 °C for 1 h, alloys with a density 
ranging from 98.3 to 99.9 % and d = 0.24–0.28 µm can 
be obtained from powders containing 6–15 wt. % Co. 
An increase in cobalt concentration results in higher 
density (due to an increased pore-filling rate) and larger 
grain size due to recrystallization via the liquid phase. 
Spark plasma sintering of nanopowdered tungsten car-
bide at 2000 °C enables the fabrication of an ultrafine-
grained ceramic material with an average grain size 
of 0.5 µm and a maximum relative density of 99.9 %. 

Measuring contiguity in nanostructured tung-
sten-cobalt cemented carbides is challenging due 
to their small grain size. The dependence of contigu-
ity in sintered nanostructured and ultrafine-grained 
cemented carbides on the cobalt volume fraction was 
best described by a known exponential relationship 
C = 1.03exp(–5VCo ). Analysis of literature data has 
shown that many previously developed contiguity 
dependencies for conventional medium-grained, fine-
grained, and submicron-grained cemented carbides 
are not applicable for describing nanostructured and 
ultrafine-grained materials, as their predicted values 
underestimate the experimental data. 

The tungsten-cobalt cemented carbides obtained 
in this study exhibited significantly higher hardness 
than conventional medium-grained, fine-grained, and 
submicron-grained cemented carbides, primarily due 
to their smaller WC grain size. However, the experi-
mental hardness values of the sintered cemented car-
bides were lower than theoretical predictions based 
on the Gurland and Lee model [18], which is derived 

Fig. 6. Comparison of experimental and theoretical hardness 
values of ultrafine-grained and nanostructured conventional 
cemented carbides and those fabricated using LPS and SPS 

Рис. 6. Сопоставление экспериментальных и теоретических 
значений твердости образцов УМЗ и НС обычных твердых 

сплавов и полученных методами ЖФС и ИПС 
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from the Hall–Petch relationship. This discrepancy 
is likely due to the activation of non-dislocation 
deformation mechanisms. Due to its small WC grain 
size and high tungsten carbide content, sample 2 
(WC–5Co–0.4VC–0.4Cr3C2) with an average WC 
grain size of 0.17 µm exhibited the highest hardness 
(HV = 2260 ± 30). The SPS-sintered tungsten carbide, 
with a larger WC grain size of 0.5 µm, exhibited a com-
parable hardness (HV = 2250 ± 20).
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