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Abstract. This study investigated the hardness of lamella with varying thickness, obtained from a massive, fine-grained cemented carbide 

comprising WC–6 %Co–0.2 %TaC, characterized by an average grain size of approximately 5 μm. The picoindentation method was 
employed for this analysis. Picoindentation was carried out using a Berkovich diamond indenter with a radius of curvature around 
50 nm, and the experimental data were analyzed using the Oliver–Pharr model. The results revealed a significant correlation between 
hardness and lamella thickness. The hardness of the electron transparent section (thickness less than 100 nm) of the lamella measured 
11.3±2.8 GPa, while the electron nontransparent section (thickness more than 200 nm) exhibited a hardness of 20.8±1.2 GPa. The lower 
hardness in electron transparent objects (thickness ~100 nm) is likely attributed to a combination of factors, including the potential 
bending of thin cobalt layers, the presence of edge effect, and closely spaced structural defect dislocations on the lamella surface. In situ 
TEM studies were conducted to examine structural transformations during the heating of WC–6 %Co–0.2 %TaC lamella, including in 
the presence of oxide phases (WOx ). Oxide phases on the lamella’s surface were generated by oxidizing the lamella at 200 °C in an air 
atmosphere. The results indicated that heating up to 500 °C did not bring about significant changes in the structure. However, at 600 °C, 
there was a notable thinning of cobalt layers due to intense surface diffusion of cobalt. Simultaneously, the formation of nanosized 
particles of the Co3W3C phase, ranging in size from 5 to 20 nm, was observed in the binder.  These particles resulted from a shift in 
the equilibrium phase composition of the carbide, changing from a two phase region (WC + γ) to a three phase region (WC + γ + Co3W3C) 
as a consequence of the lamella’s oxidation. 
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IntroductionIntroduction
Cemented carbides, often referred to as hard metals, 

represent a class of metal composites characterized 
by a hard carbide skeleton embedded within a ductile 
metallic binder predominantly composed on iron-group 
metals. Due to their exeptional performance characte-
ristics, carbide tools are widely used in the metalwor king 
and mining industries, as well as in construction and 
mechanical engineering. 

In the metalworking and mining sectors, the most 
significant cost savings are often achieved by increa-
sing metal cutting speeds and rock drilling. This results 
in higher tool loads and elevated temperatures, which 
can reach 1000 °C or more on the tool surface. High 
contact stresses can lead to substantial plastic deforma-
tion of carbide cutting edges, and it is often this plastic 
deformation that determines the tool’s lifespan. Research 
into the plastic deformation of hardmetals at elevated 

temperatures [1] has revealed that the carbide skele-
ton is destroyed during high-temperature deformation. 
This, in turn, results in the formation of cohesive phase 
inter layers between WC grains, facilitating the of grain-
boundary sliding process.

In recent years, efforts have been made to enhance 
the plastic deformation resistance of hardmetals 
through the addition of refractory metal carbides [2–5]. 
Various works have employed Mo2C [6–11], TiC, and 
TaC [12–19] additives. It has been found that even 
small additions of TaC significantly improve the plastic 
deformation resistance of cemented carbides at higher 
temperatures. It is hypothesized that tantalum affects 
the interfacial energy at the WC/Co and WC/WC inter-
faces, resulting in the reinforcement of the carbide ske-
leton [18]. Nevertheless, the mechanism of tantalum car-
bide’s influence on the mechanical and high-temperature 
properties of hardmetals remains inadequately studied, as 
indicated by the data in [20]. 
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Аннотация. Методом пикоиндентирования изучена твердость ламели переменной толщины, вырезанной из массивного 

мелкозернистого твердого сплава WC–6 %Co–0,2 %TaC с размером зерна около 0,5 мкм. Пикоиндентирование проводилось 
алмазным индентором Берковича с радиусом закругления около 50 нм, а обработка экспериментальных кривых выполнена 
по модели Оливера–Фарра. Показано, что значения твердости, получаемые при пикоиндентировании ламели, существенно 
зависят от ее толщины. Твердость электронно-прозрачного участка (толщина менее 100 нм) ламели составляет 11,3 ± 2,8 ГПа, 
а электронно-непрозрачного (толщина более 200 нм) – 20,8 ± 1,2 ГПа. Пониженные значения твердости в электронно-
прозрачных объектах (толщина ~100 нм) предположительно связаны с комбинацией нескольких факторов: возможным 
изгибом тонких кобальтовых прослоек, наличием краевого эффекта и близко расположенных стоков дефектов структуры, 
в роли которых выступает поверхность ламели. Выполнены in situ ПЭМ-исследования структурных превращений при нагреве 
ламели WC–6 %Co–0,2 %TaC, в том числе в присутствии оксидных фаз (WOx ). Оксидные фазы на поверхности ламели 
были получены в результате окисления ламели при температуре 200 °С в воздушной атмосфере. Показано, что при нагреве 
до 500 °С существенных изменений структуры не наблюдается, а при температуре 600 °С начинается быстрое утонение 
кобальтовых прослоек за счет интенсивной поверхностной диффузии кобальта. Одновременно с этим зафиксировано 
образование в связке наноразмерных частиц фазы Co3W3C дисперсностью от 5 до 20 нм, которые появляются по причине 
смещения равновесного фазового состава твердого сплава из двухфазной области WC + γ в трехфазную WC + γ + Co3W3C 
в результате окисления ламели.  

Ключевые слова: твердые сплавы, in situ испытания, пикоиндентирование, твердость, деформация, карбид тантала, окисление 
твердых сплавов
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Over the last few decades, new approaches to study-
ing mechanical properties and structural characteristics 
of materials have been intensively developed. These 
approaches include micromechanical testing [21; 22], 
as well as the investigation of structural transforma-
tions during the heating of electron-transparent objects 
directly within the transmission electron microscope 
(TEM) column [23–25]. Such studies yield substantial 
fundamental insights, enabling a deeper comprehen-
sion of the deformation and fracture mechanisms of bulk 
materials, as well as the prediction of their performance 
characteristics. 

The objective of this study was to examine the  
mechanical properties at room temperature and structural 
transformations at elevated temperatures of hardmetals 
containing TaC additives. The investigations were con-
ducted in situ within a transmission electron microscope 
column at both ambient and higher temperatures. 

ExperimentalExperimental
The subject of investigation in this study was a fine-

grained WC–6 %Co–0.2 %TaC hard metal, which was 
derived from a mixture of WC, Co, and TaC powders. 
A lamella was cut out from a solid carbide sample using 
the focused ion beam method on the FEI Quanta 200 3D 
(FEI Company, USA) for the picoindentation experi-
ment and then soldered to a special holder, as depicted 
in Figure 1. 

Picoindentation [26] was carried out in situ within 
a PEM column using a “Hysitron PI 95 TEM Picoindenter” 
holder (Bruker, USA) designed for mechanical tes ting and 
equipped with a Berkovich diamond indenter. The inden-
tation process was recorded in situ in a JEM-2100 TEM 
column (JEOL Ltd., Japan). The lamella had a length 
of about 11 μm and consisted of two sections with vary-

ing thickness: one of them was electron-transparent (with 
a thickness ranging from 70 to 120 nm), while the other 
was nontransparent to the electron beam (with a thick-
ness exceeding 200 nm). 

According to the well-known Oliver–Pharr 
model [27], which is applicable for interpreting picoin-
dentation results, hardness is determined by the follow-
ing equation:

           H = Fmax/A, (1)

where Fmax represents the maximum load, N; A is the sur-
face area of the indenter’s contact with the sample, m2.

The contact area, accounting for the radius of curva-
ture of a real Berkovich indenter (approximately 50 nm), 
was determined as follows:

             (2)

The depth of contact between the indenter and 
the sample (hc , m) was calculated using the equation:

         (3)

where hmax is the maximum depth of indenter penetra-
tion, m.

The lamella was heated using a “Gatan heating 
holder 652” (Gatan, USA) by passing an electric current 
through a ring-shaped tantalum heater that surrounded 
the lamella. The heating rate was set at 50±5 K/min. 
In order to examine the alloy’s structure, temperatures 
of 300, 400, 500 and 600 °C were selected. In situ imag-
ing of the structure was performed within a JEM-2100 
TEM column (JEOL Ltd., Japan) at these specific tempe-
ratures. The samples were allowed to stabilize for several 

Fig. 1. Appearance of the lamella before picoindentation tests 

Рис. 1. Внешний вид ламели перед началом испытаний по пикоиндентированию
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minutes to eliminate temperature gradients, which could 
cause sample drift. The recording duration ranged from 
15 to 20 min before activating the heating process.

Results and discussionResults and discussion
The average grain size of the examined hard metal, 

composed of WC–6 %Co–0.2 %TaC, measured approxi-
mately 0.5 μm (Fig. 2). The thickness of the cobalt inter-
layers fell within the range of 100 to 200 nm. As a result, 
the size relationship between the indenter and the struc-
tural elements of the alloy leads us to conclude that dur-
ing picoindentation, multiple grains of the carbide phase 
and cobalt interlayers were concurrently deformed. 
The resultant picohardness characterizes the hardness 
of the entire composite, rather than individual structural 
components.

Figure 3 displays two characteristic curves obtained 
during picoindentation of a hard metal. A series of 12 
individual tests were conducted in different areas 
of the lamella, with a maximum test load of 900 µN, and 
the exposure time at maximum load was 5 s. The result-
ing curves can be categorized based on the maximum 
indenter penetration depth (hmax). The first group com-
prises tests with a penetration depth ranging from 100 
to 115 nm, while the second group covers tests with 
a depth of 50 to 60 nm. Notably, all tests in the first 
group were executed on a thin (electron-transparent) sec-
tion of the lamella, whereas those in the second group 
were performed on a thicker section. Figure 3 illlustrates 
that at the maximum load, there is a slight displace-
ment (drift) of the testing system, ranging from 1 nm 
(Fig. 3, a) to 2 nm (Fig. 3, b). This corresponds from 2 
to 4 % of the maximum indenter penetration depth. 
Consequently, the displacement of the testing system has 
minimal impact on the shape of the displacement-load 
curve. The drift rate fluctuates between 0.2 to 0.4 nm/s 
at a load of 900 μN. However, since the relationship 
between drift speed and load is unknown, no adjustments 
were made to the experimental data.

Figure 4 presents a videogram depicting the indenta-
tion of a thin section of the lamella. Clearly, during the test, 

Fig. 2. EDS maps of electron-transparent part  
of the WC–6 %Co–0.2 %TaC lamella

a – STEM image; b–e – W, Ta, Co and C EDS maps, respectively 

Рис. 2. Карты распределения элементов  
в электронно-прозрачной части ламели твердого сплава 

WC–6 %Co–0,2 %TaC
а – изображение, полученное в режиме СТЭМ;  

b–e – изображения, полученные в характеристическом  
излучении W, Ta, Co, C, соответственно

Fig. 3. Typical indentation curves  
in “load–displacement” coordinates

a – electron-nontransparent part of the lamella  
b – electron-transparent part of the lamella 

Рис. 3. Характерные кривые индентирования  
в координатах «нагрузка–перемещение» 

а – для электронно-непрозрачного участка ламели  
b – для электронно-прозрачного участка ламели
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the indenter made contact with multiple WC grains 
and the cobalt layers that separate them. Importantly, 
no cracks or defects were observed after the indenta-
tion of the electron-transparent portion of the lamella 
(Fig. 4, d).

The picoindentation results were analyzed using 
the Oliver–Pharr model [22], and the calculated hardness 
values are summarized in Table.

The hardness of the electron-transparent sec-
tion of the lamella measured 11.3±2.8 GPa, while 
the electron non-transparent section records a hardness 
of 20.8±1.2 GPa. Indentation of the electron-transparent 
part of the lamella is associated with significantly greater 
deformations, resulting in an underestimation of hard-
ness and greater result dispersion. This reduction in hard-
ness is likely attributed to edge effects and the proximity 
of structural defects, which are often located on the sur-
face of the sample. The proximity of structural defects 
also accounts for the higher plasticity observed in 
nanoscale objects during in situ micromechanical tests. 
Another possible factor that could distort the picoinden-
tation results is the bending of cobalt layers. It’s probable 
that during picoindentation, there is a transition from 
purely compressive to mixed bending-compressive loads. 

The hardness obtained from the electron nontrans-
parent region correlates well with published data, 
which suggests that for massive samples of fine-grained 
WC–6 %Co alloys, hardness typically falls within 
the range of 18 to 20 GPa [28].

As previously mentioned, during the opera-
tion of hardmetals in cutting metals and mining minerals, 
local temperature increases of up to 1000 °C or more are 
observed. This rise in the temperature of the air-exposed 
surface layers of the tool results in the formation of oxides 
due to interaction with atmospheric oxygen, contribu-
ting to abrasive (or hydro-abrasive) corrosion-abrasive 

Fig. 4. Videogram of the picoindentation of electron-transparent section of the lamella
F, μN: 0 (a, before indentation); 450 (b); 900 (c); 0 (d after indentation, the indenter is pulled back) 

Рис. 4. Видеограмма процесса пикоиндентирования электронно-прозрачной части ламели
F, мкН: 0 (а, до начала индентирования); 450 (b); 900 (c); 0 (d, после индентирования, индентор отведен)

Picoindentation curve results analized  
using the Oliver–Pharr model

Результаты обработки кривых пикоиндентирования 
по модели Оливера–Фарра

Measure -
ment No. Indentation point Hi , GPa H, GPa

1

Electron-transparent 
part of the lamella

13.2

11.3 ± 2.8

2 6.7
3 8.9
4 13.3
5 12.4
6 13.0
7

Electron non-
transparent part 
of the lamella

19.6

20.8 ± 1.2

8 22.1
9 19.3
10 21.3
11 20.8
12 21.9
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wear. Therefore, the study of structural transformations 
of carbide surface layers during heating in an oxidizing 
atmosphere is crucial for understanding the dynamic pro-
cesses occurring in hardmetals tool during operations.

In order to investigate the characteristics of structural 
transformations in lamellas when heated within a trans-
mission electron microscope column in the presence 
of oxide phases, a lamella was created from a fine-grained 
hard metal WC–6 %Co–0.2 %TaC. The TEM column 
is maintained under deep vacuum (less than 10–5 Pa), 
ma king it impossible to create even a very rarefied 
oxidizing atmosphere. As a result, the lamella was sub-
jected to oxidation at a temperature of 200 °C for 4 h in 
an air atmosphere. These mild oxidation conditions led 
to the development of an oxidized layer on the lamella’s 
surface, which was intended to serve as a source of oxy-
gen with further temperature increases.

TEM images of the lamella structure after oxida-
tion are depicted in Figure 5. The sample exhibited 
a typical hard metal structure with faceted WC grains 
ranging in size from 0.2 to 0.6 μm, embedded within 
a γ phase binder (cobalt-based solid solution), with 
interlayer thicknesses spanning from 50 to 250 nm. As 
seen in Figure 5, b, the binding γ phase contains needle-
shaped particles measuring about 5 nm in diameter, 
the composition of which can presumably be described 
by the formula: WxTayCozCu . The surface of WC grains 
is uniformly covered with nanoparticles ranging in size 
from 5 to 30 nm, which, according to electron probe 
microanalysis (EPMA), are tungsten oxides WOx with 
variable stoichiometry. 

It’s worth noting that the presence of copper, as indi-
cated by EPMA data (Fig. 5, e), is an artifact attributed 
to the soldering of the lamella to the copper holder. 
No oxide particles were detected in the cobalt phase, 
which confirms the greater affinity of tungsten for oxy-
gen compared to cobalt. 

In order to investigate the behavior of the oxidized 
hard metal after heating, the lamella was subjected 
to temperature increases within the TEM column, 
reaching 400, 500 and 600 °C. The images illustrating 
the alloy’s structure after heating phase are presented in 
Figures 6, 7 and 8, respectively. 

Up to a temperature of 500 °C, no significant altera-
tions in the lamella’s structure are observed. Some thin-
ning of the cobalt layers was detected, which enhances 
the contrast of the WxTayCozCu phase. At a temperature 
of 600 °C, rapid thinning of the cobalt interlayers com-
mences, leading to the formation of voids (Fig. 8, b). 
The redistribution of cobalt across the sample’s surface, 
including the surface of tungsten carbide grains, appears 
to occur through a mechanism of surface diffusion. This 
effect was previously established when heating a lamella 
composed of a hard metal that has not undergone oxida-
tion [29]. In the case of grains coated with WOx nanopar-

ticles, no droplet accumulations of the cobalt phase are 
formed, which is explained by the limited wettability 
of oxide particles by cobalt. 

Another phenomenon observed in the γ phase 
at a temperature of 600 °C is the development of equiaxed 
nanoparticles with sizes ranging from 5 to 20 nm, as 
clearly depicted in Figure 8, d. Based on the results 
of microdiffraction analysis (see the inset in Figure 8, c), 
the following interplanar distances were identified within 
this phase, measured in nm: 0.239, 0.205 and 0.1846. 
These correspond to reflections from crystallographic 
planes with indices (422), (440) and (620) of Co3W3C 
phase, with reference interplanar distances of 0.2269, 
0.1965, and 0.1758 nm, respectively. The noticeable dis-
crepancy between the experimental and reference inter-
planar distances can be attributed to the temperature-
induced expansion of the crystal lattice. Without account-

Fig. 5. TEM images of the fine-grained WC–6 %Co–0.2 %TaC 
lamella after oxidation

a – general view of the lamella; b – γ-phase structure 
with of WxTayCozCu nanoparticles; c, d – lamella areas with clearly 

visible nanoparticles of the oxide phase on the surface of WC grains; 
e – EDS spectrum from the region depicted in Fig. 5, c 

Рис. 5. ПЭМ-изображения ламели из мелкозернистого 
твердого сплава WC–6 %Co–0,2 %TaC после окисления
а – общий вид ламели; b – структура γ-фазы с наночастицами, 

состоящими из WxTayCozCu ; c, d – участки ламели с хорошо 
видимыми наночастицами оксидной фазы на поверхности зерен WC; 

e – спектр ЭДС с области, показанной на рис. 5, c
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ing for the anisotropy of the linear expansion coeffi-
cient of the Co3W3C phase (approximately 9·10–6 K–1) 
at 600 °C, the reference lattice periods increase to 0.23212, 
0.20172, and 0.18102 nm, aligning more closely with 
the experimental data. The formation of the Co3W3C 

phase arises as a consequence of a shift in the carbon bal-
ance due to the lamella’s oxidation, leading to an altera-
tion in the equilibrium phase composition of the carbide 
from a two-phase region (WC + γ) to a three-phase 
region WC + γ + Co3W3C. In addition to the sur-

Fig. 6. TEM images of the WC–6 %Co–0.2 %TaC lamella after heating to 400 °C 

Рис. 6. ПЭМ-изображения ламели из твердого сплава WC–6 %Co–0,2 %TaC после нагрева до 400 °С

Fig. 7. TEM images of the WC–6 %Co–0.2 %TaC lamella after heating to 500 °С 

Рис. 7. ПЭМ-изображения ламели из твердого сплава WC–6 %Co–0,2 %TaC после нагрева до 500 °С
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face diffusion of cobalt and the formation of Co3W3C 
phase, the appearance of WOx particles along the edges 
of the lamella was observed. Some of these particles 
took the form of nanofibers with a diameter of roughly 
30 nm and a length of approximately 0.8 μm. Electron-
probe microanalyzer (EPMA) was employed to deter-
mine the composition of these particles, as illustrated in 
Figure 9, which corresponds to tungsten oxide with stoi-
chiometry closely resembling WO2 .

ConclusionsConclusions
The study examined the hardness of the lamella with 

varying thickness, composed of WC–6 %Co–0.2 %TaC 
alloy, using picoindentation. The results clearly illustrate 
that the hardness values obtained via picoindentation are 

notably influenced by the lamella’s thickness. The hard-
ness of the electron-transparent segment of the lamella 
measures 11.3±2.8 GPa, while the electron-opaque por-
tion records a hardness of 20.8±1.2 GPa. The lower hard-
ness observed in electron transparent regions (thickness 
~100 nm) is likely due to a combination of various fac-
tors, including potential bending of thin cobalt layers, 
the presence of edge effects, and the proximity of closely 
spaced structural defect sites along the lamella’s surface.

In situ studies were conducted to investigate structural 
transformations during heating of WC–6 %Co–0.2 %TaC 
alloy, including in the presence of oxide phases. The fin-
dings revealed that up to a temperature of 500 °C, no 
significant structural changes were observed. However, 
at 600 °C, a rapid thinning of cobalt layers com-
menced, due to intensive surface diffusion of cobalt. 

Fig. 8. TEM images of the WC–6 %Co–0.2 %TaC lamella after heating to 600 °С 

Рис. 8. ПЭМ-изображения ламели из твердого сплава WC–6 %Co–0,2 %TaC после нагрева до 600 °С

Fig. 9. EPMA results of oxide particles formed at the edge of the WC–6 %Co–0.2 %TaC lamella after heating to 600 °С 

Рис. 9. Результаты МРСА оксидных частиц, сформировавшихся на краях ламели  
из твердого сплава WC–6 %Co–0,2 %TaC после нагрева до 600 °С
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Simultaneously, the formation of nanosized par-
ticles of the Co3W3C phase, with sizes ranging from 5 
to 20 nm, was documented within the binder. This for-
mation can be attributed to a shift in the equilibrium 
phase composition of the carbide, shifting it from a two-
phase region to a three-phase region as a consequence 
of the lamella’s oxidation. 
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