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Abstract

Cemented carbides are among the primary materials for tools and wear parts. Today, energy
prices and carbon emissions have become key concerns worldwide. Cemented carbides
consist of tungsten carbide combined with a binder, typically cobalt, nickel, or more recently,
various high-entropy alloys. Producing tungsten carbide involves reducing tungsten oxide,
followed by carburization of tungsten at 1400 °C under a hydrogen atmosphere. The
tungsten carbide produced is then mixed with the binder, milled to achieve the desired
particle size, and granulated to ensure proper flow for pressing and shaping. This study
aims to bypass the tungsten carburizing step by mixing tungsten, carbon, and cobalt;
shaping the mixture; and then applying reactive sintering, which will convert tungsten
into carbide and consolidate the parts. The mixtures were prepared by planetary ball
milling for 10 h under different conditions. Tests demonstrated that tungsten carburization
successfully occurs during sintering at 1450 °C for 1 h. The samples exhibit a typical
cemented carbide microstructure, characterized by prismatic grains with an average size of
0.32 um. Densification reached 92%, hardness is approximately 1800 HV30, and toughness
is 10.9 + 1.15 MPa-m!/2.

Keywords: cemented carbides; doped cobalt; reactive sintering

1. Introduction

Tungsten carbide is a staple product of the cemented carbide industry. The conven-
tional production of this material involves reducing tungsten oxides, carburizing tungsten,
mixing it with cobalt, and then shaping and sintering [1].

Traditionally, tungsten carbide is manufactured by carburizing tungsten at a temper-
ature of 1300-1400 °C under a hydrogen atmosphere; the size of the obtained powder
depends on the size of the tungsten particles subjected to carburizing [2,3]. After the carbur-
izing process, the resulting powder, which is somewhat agglomerated, requires grinding to
reach the desired particle size distribution [4]. Carburization of tungsten can also occur
at lower temperatures [5]. The presence of cobalt accelerates this process, as revealed in
Wangbin Zhan’s study [6].

Reactive sintering can bypass the carburization step [7]. Reactive sintering is a pro-
cess in which particle consolidation and conversion reactions between the elementary
components co-occur to form the main powder component.

Eliminating the carburizing process in the manufacturing route of hardmetals will
be a step forward in enhancing the sustainability of these highly technological materials.
Significant savings will result from avoiding the need to heat the powder at 1400 °C and
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from not using a hydrogen atmosphere, an expensive gas (which is not yet very “green”)
that requires additional safety precautions due to the risk of explosion [8].

Reactive sintering of WC-based cemented carbides is seldom documented in the
literature [9]. A review of existing studies shows few references that use tungsten—carbon-
cobalt mixtures followed by reactive sintering in traditional furnaces to produce wear-
resistant parts. However, Sun et al. [10] successfully manufactured WC powders and
compacts using spark plasma sintering (SPS). Reactive sintering with tungsten nitride as
the tungsten source, without cobalt or other binders, highlights the difficulty of managing
gas emissions during the reduction process of tungsten nitride. Therefore, using pure
tungsten as a raw material for reactive sintering is more attractive, as it avoids gas emissions
from carburization. A recent study [11] demonstrates that it is possible to produce Co-WC
composites from a 10 h milled W-C-Co blend through vacuum sintering, even though the
cobalt content, around 80 wt.%, makes it unsuitable for cutting tools.

This work will examine the feasibility of producing WC-Co composites with optimal
properties (hardness of 1700-1900 HV and toughness of at least 10 MPa-m!/?) from a
mixture of elemental powders, followed by reactive sintering within the composition range
(6-12 wt.% Co) used in the tool industry.

2. Experimental Section

The mixture used in this study consists of 90 wt.% tungsten and carbon in
a stoichiometric proportion, to which 10% by weight of doped cobalt was added
(described below).

Tungsten powder, provided by Goodfellow, with a purity of 99.9% and a particle
size of 0.5 pm was used for the study, to which black carbon powder from Alpha Aesar
(Ward Hill, MA, USA), with a particle size of less than 25 nm, was added. This carbon
powder is almost amorphous, giving it greater reactivity. Cobalt powder was produced in
a laboratory by grinding cobalt granules with a purity of 99.5% (the rest being iron and
manganese). The fraction used has a particle size smaller than 90 pm [12]. This cobalt
powder was mixed with 10% by weight of chromium carbide (Cr3C;) and milled for 10 h in
ethanol, following the procedure described in our previous paper [12], to produce a doped
binder powder with a dsy of 22 pm. The presence of chromium carbide in the binder limits
the solubility of tungsten carbide during sintering, acting as a grain growth inhibitor (GGI).
The effectiveness of this GGI method was also confirmed recently by Sadangi et al. [13]. The
mixture was homogenized by milling in a Fritsch Pulverizette 7 Premium Line planetary
mill (Idar-Oberstein, Germany), equipped with two 80 mL capacity bowls. Two types of
milling equipment were used: the first consisted of martensitic stainless-steel bowls and
100 g of martensitic stainless-steel balls that were 10 mm in diameter as the milling medium
and the second consisted of two WC-6Co-lined bowls and 200 g of WC-Co balls that were
10 mm in diameter as the milling medium in each bowl. A ball/powder ratio of 4:1 was
maintained in each milling series. The milling parameters are provided in Table 1.

Table 1. Milling parameters for powder preparation.

Milling Speed Milling Time

Milling Series [rpm] [h] Milling Environment Milling Media
S1 600 10 20 mL of ethanol @10 mm, steel
S2 600 10 20 mL of ethanol 10 mm, WC-6Co

Four samples were prepared by dry pressing 3 g of powder in a 1 cm? die at 294 MPa
for about 20 s.
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Samples were sintered in a tubular furnace (ThermoConcept, Bremen, Germany) at
1450 °C for 1 h, with a heating rate of 4 °C/min. The sintering process was conducted under
vacuum until 350 °C, where a 30 min isothermal hold was used to remove the pressing
agent. Subsequently, a flux composed of 95% Ar and 5% Hj was circulated at a flow rate
of 10 L/h.

The samples’ density was measured using the Archimedes method.

Sintered samples were embedded in resin and polished with a Struers hard materials
polishing kit. The microstructure was revealed by etching with Murakami’s metallurgical
reagent. It was examined using optical microscopy (Hirox KH-8700, Tokyo, Japan), SEM-
EDX (Hitachi SU8020, Tokyo, Japan/Jeol JSM-IT200, Tokyo, Japan)), and XRD Siemens
D5000 (Munich, Germany) with a cobalt anticathode (A = 1.78 A)and Panalytical (Malvern
Panalytical Ltd., UK) with a copper anticathode (A = 1.54 A)) to identify the crystalline
phases. The Rietveld analysis was performed using Profex 5.5.0, an open-access software.

Samples were tested for hardness by the Vickers method using a 30 kg load with an
EMCO-TEST, (Kuchl, Austria) instrument. The toughness was calculated by the Palmqvist
method [14].

The medium grain size for a sample was calculated as the figure’s surface divided by
the number of grains manually counted, inspired by ASTM E112 [15]. For this purpose,
high-magnification SEM images (10,000 x) were used.

3. Results and Discussion

The powders fabricated by wet milling with different kinds of balls were analyzed by
X-ray diffraction (Figure 1).
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Figure 1. XRD patterns for W-C powder mixture after 10 h of milling. Only peakscorresponding to
tungsten and cobalt are present.

Due to the amorphous nature of black carbon, only the peaks of tungsten and cobalt
are visible. Cobalt exists in the FCC form (peaks at 44.5° and 52.15°), but its intensity is
low compared to that of tungsten. Additionally, no signs of contamination were detected
by the XRD analysis, although minor contamination with iron from milling ball wear is
quite probable. In both batches of milled powder, there were no significant contaminations
from iron or tungsten carbide resulting from the wear of milling tools. Furthermore, as
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demonstrated in a previous study, milling parameters do not provide enough energy to
initiate carburization during milling and homogenization [16].

The XRD pattern of the sintered samples is shown in Figures 2 and 3. The Rietveld
analysis was carried out using the Profex 5.5.0 software. The XRD diffractograms with
the Rietveld analysis are displayed in Figure 3 for the samples ground with steel tools
and in Figure 4 for the samples milled with WC-6Co tools. The proportion of detected
phases is listed in Table 2. The WC peaks are prominent, while the cobalt peaks are very
small. The tungsten peaks are no longer visible in the diffractogram, indicating that the
tungsten has been completely converted into tungsten carbide. Several cobalt-containing
phases were identified, most of which were at the detection limit. Chromium carbide
was not detected in the WC-6Co ball-milled mixture and was at the detection limit in
the steel ball-milled samples, suggesting that the prior homogenization with cobalt effec-
tively achieved a homogeneous distribution of the grain growth inhibitor. The eta phase
(an undesirable, fragile carbide of the MgC or M, C type, which occurs due to a local lack
of carbon) appears in very small quantities, especially in samples milled with steel balls.
The M;,C form (WCogC) is present in larger amounts in the steel ball-milled sample but
does not exceed 2 wt.%.
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Figure 2. XRD pattern and Rietveld refinement for samples milled with steel balls.

Table 2. Phase proportion after Rietveld refinement.

Phase Proportion

Phase Milled with Steel Balls Milled with WC-6Co Balls
Qwc 0.91 £ 0.05 0.97 +0.02
QCobalt 0.02 +£0.02 0.02 +0.02
QTongbaite Cr3C, 0.02 + 0.04 0+0
QW3Cos3C 0.006 % 0.009 0.001 4 0.004
QWCogC 0.014 4+ 0.009 0+ 0.004
Q alfaFe 0.017 + 0.01 0.003 4 0.009
QCosW 0.004 + 0.01 0.003 £ 0.007
QCoFe 0.007 + 0.01 0+0
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Figure 3. XRD pattern and Rietveld refinement for samples milled with WC-6Co balls.
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Figure 4. Sample density measured by Archimedes’ principle.

This is caused by oxygen absorption on the surface during milling, which is reduced

by carbon from the carbides, leading to the formation of the eta phase. To prevent this, it is

recommended to use a sintering atmosphere with a higher redox potential [17,18].

The presence of the eta phase was also reported by Wangbin Zhan [6] when the

reaction occurs above 1100 °C. To avoid the appearance of this phase, he recommends

maintaining the temperature constant at 850 °C until carburization is complete. However,

this process takes a very long time; in his study, after 10 h at 850 °C, only 50% of the

tungsten was transformed into WC.

Iron is also present in higher proportions in milled steel tool samples, which is normal.

Although the proportion of cobalt is lower than the actual amount, it must be ac-

knowledged that phases containing elements with a high atomic number absorb more
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radiation than those with lighter elements. In a quantitative analysis, these phases tend to
be overestimated [19].

The density of the samples was measured using Archimedes’ method. The results
are shown in Figure 4. Samples milled with WC-Co balls have a significantly higher
density than those milled with steel balls. The densification of powders milled with WC-Co
balls reaches nearly 90%, whereas for the samples made with steel-milled powder, it is
about 70%.

This difference can be attributed to the higher reactivity of the powder, which is caused
by the increased energy generated during milling by the heavier balls [16]. Of course, these
values fall below the requirements for industrial applications (+99%), and solutions such as
pressure-assisted sintering (sinterHIP) can make up for this shortfall [20]. In any case, the
study will continue to optimize other parameters, such as the pressing force and sintering
temperature, to overcome this drawback and ensure densities close to the theoretical level.

To examine the samples” microstructure, several specimens were sectioned based on
their diameter, mounted in resin, and polished. A cross-sectional view of the samples
is shown in Figure 5. Figure 5a,b reveal that concave cracks connect the corners of the
samples. These cracks form due to internal stress within the sample, induced during
powder compaction [21-25]. Pressure is unevenly distributed throughout the powder due
to friction with the mold wall and the piston’s surface, creating regions of different densities
and varying internal stresses, which lead to cracking [26]. In this case, the most probable
cause is the use of a manual hydraulic press, which does not allow uniform pressure
application during sample pressing. Another source of internal defects is the inability to
expel gases produced during sintering by reducing the oxides inherently present on the
surface of the particles [17].

The presence of these voids in the samples’ structure explains the low density recorded
and favors the additional cracking of the samples during the cutting.

To avoid this situation, it is essential to control the powder homogeneity and chemical
composition more rigorously during sintering to prevent the formation of the eta phase,
which induces fragility [27]. The absence of carbon results in a higher dissolution of
tungsten into cobalt, the appearance of more liquid phases, and an increased eta phase
during solidification [28]. Problems caused by uneven pressing can be fixed by using a
press that maintains consistent pressure (such as bilateral pressing) and/or by employing a
pressure-assisted sintering method, like SinterHIP, which significantly reduces porosity by
applying pressure during the hold period at the sintering temperature [29,30].

The delamination of the samples perpendicular to the pressing direction reveals
several “levels” where the material is dense. Few porosities are observed, mostly small in
size, around one micron, and, more rarely, pores ranging from 10 to 30 pm (Figure 5¢,d).
The SEM investigation results are shown in Figures 6 and 7. Low residual porosity is noted,
with pore sizes of 1 to 2 microns.

The tungsten carbide grains are well individualized, exhibiting a characteristic pris-
matic shape for this material [31]. The grain size is relatively uniform, with no evident
abnormal grain growth (AGG), thanks to a good distribution of the grain growth inhibitor
(GGI), achieved not through prolonged milling of the mixture but by utilizing a doped
binder [32]. The average grain size for samples milled with steel balls (Figure 6b) is 0.70 pum,
while for samples milled with WC-6Co balls (Figure 6d), it is 0.32 pum. The detailed mi-
crostructure of the samples milled with WC-6Co balls is shown in Figure 7. The WC grain
size does not exceed 3 pm, and many submicronic grains are visible. The average grain size
for Figure 7 is 0.32 pm, calculated as the figure’s surface divided by the manually counted
number of grains.
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Steel balls WC-6Co balls

30 um : ;. 50 pm I

Figure 5. Samples’ macrostructure after cutting and mounting in resin ((a,b) MO 35x, no etching),
and details of the dense zones ((c,d) OM, 1000, no etching).

The chemical composition of the samples, measured by EDS, is presented in Table 3.
Although this method of determining chemical composition is not very precise for carbon
(due to the presence of oil vapors from the vacuum pump), the results are very close to
the nominal composition of this material: 84.5 wt.% W, 5.517 wt.% C, 9 wt.% Co, and
1 wt.% Cr3C,.

Table 3. Chemical composition of sintered samples (Figure 4).

Chemical Composition [%, by Weight]

C Cr Fe Co \4
Steel balls 5.80 1.02 1.320 8.75 83.10
WC balls 5.38 0.77 9.32 84.7

Contamination with iron from the milling media is also observed. This wear explains
the higher chromium content in the samples milled with steel balls, as these milling media
contain a high chromium content. Weak detection of iron by X-ray diffraction in the samples
milled with WC-6Co occurred, because it is present in small quantities and is dissolved in
other phases. Traditionally, the presence of iron in the binder composition was avoided,
because iron has lower oxidation resistance than cobalt, especially at high temperatures
during milling or turning [33]. However, the use of iron as a binder has been pursued for
50 years, driven by research led by Leo Prakash [34,35]. In recent years, many studies have
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been conducted to replace cobalt with various iron-based alloys [36—43]. The properties
of composites with alternative binders are inferior to those with cobalt binders [44-47],
although some of them are better [48]. Nevertheless, the presence of iron along with certain
other elements does not negatively impact the behavior of such materials [40].

SU8020 15.0kV 10.5mm x2.00k SE(L) . SU8020 15.0kV 10.5mm x5.00k SE(

HighVac. [81x2,000

Figure 6. Microstructure of sintered samples: (a,b) samples milled with steel balls; (c,d) samples
milled with WC-Co balls. SEM at 2000x and 5000, respectively.

From the perspective of mechanical properties, the samples were tested for hardness
using the Vickers method with a 30 kg load. The results are presented in Table 4. Samples
made with powder milled using WC-Co balls exhibit slightly higher hardness values
(1809 HV30) compared to 1762 HV30 for the steel ball-milled samples. This is attributed to
a more homogeneous microstructure. One explanation for this is that a greater amount of
energy is transferred to the powder during milling, as WC-Co balls are twice as heavy as
steel balls [16].

The obtained hardness is very good, with values in the upper range of typical results
(1000-1900 HV) for this type of composition [14]. The toughness results are also quite
satisfactory, as literature data collected by A. Chychko and others [14] show toughness
values between 9 and 11 MPa-m!/? for WC-9 wt.% Co compositions with a density above
98%. Porosity does not appear to have a major impact on hardness but does significantly
reduce toughness [49]. We expect that improving the density will lead to a noticeable
increase in toughness.
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Figure 7. Microstructure of samples milled with WC-Co balls after sintering. SEM, in SE mode, at
20,000x (blue arrows indicate the smallest grains, or micrograins, and the red ones, the biggest ones).

Table 4. Mechanical properties for sintered samples.

Hardness Toughness
[HV30] [MPa x m'?]
Steel balls WC-Co balls Steel balls WC-Co balls
Value 1762 1809 10.81 10.98
Standard 23 61.0 16 12
deviation

4. Conclusions

The purpose of this study was to examine the reliability of producing WC-Co parts
using elemental powders, tungsten carburization, and the sintering of parts developed
during the same thermal cycle.

After analyzing the results obtained, we can say the following:

The reactive sintering of tungsten, carbon, and cobalt powders was successfully
conducted in normal sintering conditions for WC-Co composites.

The obtained product has good mechanical properties, with a hardness of 1800 HV30.

1/2 This value falls within

The toughness of samples reaches a value of 10.9 MPa x m
the range reported in the literature and can be increased by enhancing the density.

A small amount of the fragile eta phase is present in the samples’ microstructure:
better control of the carbon balance is thus necessary. The absence of the eta phase will
improve toughness.

It is necessary to optimize the homogenization process of the powder to prevent
segregation and the formation of cracks when extracting from the mold, which increases
green strength, as is the case when using bilateral pressing.

The use of WC-6Co balls (twice as heavy steel balls) ensures better densification due

to a higher degree of powder activation, which provides better reactivity during sintering.
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Densification is not satisfactory at this stage of research. Pressure-assisted sintering
will be necessary to achieve densities close to 100%.

In conclusion, it is perfectly possible to produce WC-Co composites by reactive sinter-
ing of elementary powders with properties necessary for wear tools.

From this perspective, it will be necessary to optimize pressing and sintering in terms
of temperature to improve density towards values suitable for industry applications.
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