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Abstract

Tungsten carbides are important materials for various application fields. Their unique com-
bination of mechanical properties makes them a good choice for applications demanding
high hardness and moderate fracture toughness, such as cutting tools, oil and gas, mining,
or machining industries. The microstructure is composed of a hard phase embedded in
a soft, ductile binder. Cobalt, which provides the best compatibility with the tungsten
carbide phase, is the main binder. However, some issues have been addressed to cobalt
during the last decades, including a classification as a critical raw material by the European
Commission, a fluctuation of its price due to intense use in batteries, and health and ethical
problems. Nickel-based binders are thus a good alternative to cobalt. Nevertheless, their
processing requires a higher sintering temperature to achieve full density, which leads to
abnormal grain growth and thus reduces mechanical properties. The proposed solution is
to use a small amount of boron, which is added during the milling of the powders, to re-
duce the sintering temperature. After vacuum sintering, the results show that the sintering
temperature can be decreased to reach full density. Mechanical properties show enhanced
hardness with moderately decreased fracture toughness compared to the parts without
boron additions (hardness around 1450 to 1515 HV3j and fracture toughness around 10 to
12 MPay/m). Those results provide a good hardness-to-toughness ratio.

Keywords: WC-Ni; boron additions; CalPhaD; alternative binder; mechanical properties

1. Introduction

Cemented carbides are high-performance materials that are used in various applica-
tions such as cutting tools (metal cutting inserts, wood knives), mining tools (drilling heads,
shearers’ teeth), and wear parts (dies, milling bowls) [1]. Their use is strongly dependent
on their mechanical properties, which are given by the combination of a hard phase and
a soft, ductile metallic binder. The microstructure of the composite provides an excellent
hardness-to-toughness ratio and great wear and corrosion resistance in comparison to other
conventional cutting tools, for instance [2-6].

Cobalt-based binders are widely used in the hardmetal industry due to their excellent
compatibility with the carbide phase. The advantages of cobalt include the formation of
a eutectic at low temperature (around 1320 °C), the high solubility of tungsten in cobalt,
and the good wettability of the molten cobalt around the carbide particles. All those
parameters are essential for the powder metallurgy processing route that is composed of
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milling of the different powders, followed by the shaping of the green bodies and liquid
phase sintering [7-10].

However, the use of cobalt in hardmetals is nowadays controversial due to different
factors: (a) its scarcity for the EU because most of the cobalt mines are found in the Republic
Democratic of the Congo (cobalt has been listed as critical raw material by the European
Commission since 2011 [11,12]), (b) its price increase because of the massive use of cobalt
for batteries in electrical vehicules [12], and (c) the toxicity of cobalt powders [13,14]. A
lot of research has been undertaken to find an alternative to cobalt [15,16]. Among the
candidates, nickel is a powerful alternative to cobalt in terms of corrosion resistance [17-19]
but has some drawbacks. Although the melting temperature of nickel is lower than that
of cobalt, the ternary eutectic temperature of the W-C-Ni system is 70 °C higher than that
of the W-C-Co system. Consequently, the sintering temperature of nickel-based binder
hardmetals is also higher in nickel binders [6,20-23]. Moreover, as the solubility of tungsten
is greater in nickel than in cobalt, nickel-based binders induce larger grain growth during
sintering [18,24].

A solution to limit the sintering temperature and thus to reduce the grain growth
during sintering is the use of a chemically activated liquid phase sintering. A small content
of an element that can form a eutectic at a lower temperature than the melting of the binder
is incorporated during the mixing of the powders [25-27]. Nickel-boron alloy, which has
been widely studied in various application fields (especially in coatings [28,29]), is known
for its eutectic at a much lower temperature (1093 °C) than the WC-Ni eutectic (Figure 1).
A previous study that was conducted on the use of boron-cobalt binder in recycled WC-Co
showed interesting results where the sintering temperature could be decreased by 100 °C
without modification of the density and mechanical properties [30]. The present paper
proposes a study of the sintering of tungsten carbide-based materials bound with Ni-B
alloy. The influence of the boron content on mechanical properties will be undertaken.
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Figure 1. Ni-B binary phase diagram [31]. Reprinted with permission of ASM International. All
rights reserved.

2. Materials and Methods

The composite WC-Ni-B powders have been prepared by a two-step ball milling as in
previous studies [32,33]. First, the nickel powder (Sigma-Aldrich, Saint-Louis, MO, USA,
3 um average particle size, 99.7%) and the boron powder (Merck, Darmstadt, Germany,
99%) have been milled in ethanol for 10 h of effective milling at 600 rpm. Four batches
at different boron contents have been made (0, 1, 2 and 3 wt.%). Those values have been
chosen to have the best efficiency of the boron: indeed, the eutectic at 1093 °C (Figure 1)
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limits the maximum amount of boron addition to 18 at.% (3.5 wt.%). Then, the boron-doped
nickel powders have been milled with tungsten carbide powder (Wolfram Bergbau und
Hiitten, Mittersill, Austria, 1 um average particle size) for 6 h in ethanol at 300 rpm to form
WC-10wt.%Ni powders (the composite powders contain 0, 0.1, 0.2 and 0.3 wt.% of boron).
The samples will be named WC-10Ni, WC-10(Ni-1B), WC-10(Ni-2B) and WC-10(Ni-3B)
respectively. No grain growth inhibitors have been used. All millings have been carried out
with a Fritsh Pulverisette 7 Premium Line Planetary Ball Mill (Idar-Oberstein, Germany)
equipped with tungsten carbide bowls and balls. The composite powders have then been
shaped by uniaxial pressing (500 MPa, sample size 10 mm in diameter and a few millimetres
in thickness) before sintering in vacuum (pressure lower than 10~3 MPa). The sintering has
been carried out at four different temperatures (1375 °C, 1400 °C, 1425 °C, and 1450 °C) for
1 h in a ThermConcept tubular furnace (Hemelingen, Germany). The heating and cooling
rates are 4 °C/min. All sintering conditions have been reproduced three times to ensure
the validity of the results.

Porosities have been calculated with the open-source software Image]J (version 1.53e)
at different areas of the samples and have been correlated with the measurement of the
relative density realized by Archimedes’ principle. The phases and the crystallite size
of the powders and sintered parts have been analyzed by X-ray diffraction, using a 6-6
configuration device equipped with a copper anti-cathode, A = 1.54 A (Siemens D5000,
Munich, Germany). The samples have been cut, mounted into resin, and then polished.
Murakami etchant (5 g K3[Fe(CN)]g, 5 g NaOH, 100 mL distilled water) has been used
to reveal the microstructure. Optical (Leica, Wetzlar, Germany) and scanning electron
(HITACHI SU8020, Tokyo, Japan) microscopes have been used to acquire microstructures.
The grain size distribution has been determined by the linear intercept method from
the SEM images. The analysis of grain size distributions has been achieved with the
characterization of more than 500 WC grains for each set of chemical composition and
sintering temperature.

Mechanical properties have been characterized from macro-Vickers hardness (EMCO-
Test M4U-025 device, Kuchl, Austria) under 30 kgf load and fracture toughness using the
Palmqvist Equation (1).

HV3
Yl

where Kj, is the stress intensity factor (MPa,/m), A is a constant (A = 0.15 if hardness is

Kie=A

1)

realized with a Vickers indenter under 30 kgf), HV 3 is the Vickers macro-hardness under
30 kg load (HV3y), and ) [ is the sum of the cracks (mm) that appeared at the corners of
the print.

Thermodynamical assessment was achieved with Thermo-Calc software (version
2022b, Solna, Sweden) using the TCFE11 Steel and Fe-alloys database. Pseudo-binary
phase diagrams with fixed binder contents of 10 wt.% were generated to evaluate the
compatibility between the binder and the carbide phase.

3. Results

Phase diagrams have been generated with Thermo-Calc (TCFE11 database) and are
displayed in Figure 2. According to the thermodynamical modelling, boron additions
have two effects on the phase formation. As stated by the literature review, the liquidus
temperature decreases with boron additions. Sintering at a lower temperature is thus
possible thanks to the formation of a eutectic transformation between nickel and boron.
The second effect is a shift in the graphite stability toward higher carbon contents, which
is extremely interesting because graphite must be avoided in cemented carbides due to
its harmful effects on the mechanical properties. Some phases containing (Ni,W)3;B and
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(Ni,W);B might be formed, but their amount is really low due to the low percentage of
boron that is used. The effect of those phases on the mechanical properties can thus be
neglected. A higher amount of boron is thus preferential since it decreases the sintering
temperature and avoids the formation of the graphite phase without forming the n-phase.
The latter phase is a brittle carbide with the generic formula MC, which has the tendency
to highly decrease the fracture toughness. It is thus preferable to also avoid this n-phase.
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Figure 2. Pseudo-binary W-C-Ni-B phase diagrams with fixed binder amount and compositions:
(a) WC-10(Ni-1B), (b) WC-10(Ni-3B).

Figure 3 shows the evolution of the porosity of the samples as a function of the
temperature and boron additions. With no boron additions, the density is high, but the
samples contained large porosities with an average size higher than 10 um (type B). At
low temperature (1375-1400 °C), both WC-10Ni and WC-10(Ni-1B) samples showed high
porosity content. The amount of boron is not sufficient to reach a good liquid spreading
around the carbide, and thus, the densities of the samples are lower. From 0.2 to 0.3 wt.%
boron in the composite powder, it is shown that the porosity content is low and will
remain more or less constant with decreasing temperature. At 1425-1450 °C, the samples
containing 0 and 0.1 wt.% boron show a decrease in their porosity contents. In these cases,
the higher temperatures create higher liquid amounts, and thus a better sinterability. The
relative densities measured by Archimedes’ principle are in good agreement with the
measures of the porosity. The relative density of WC-10Ni parts is low at 1375 °C (92%)
and increases with the increase in the sintering temperature to reach 99% at 1450 °C. The
parts containing 0.1 wt.% boron in the composite powder have relative densities around
95% at low sintering temperatures. The relative densities of boron-doped parts (0.1 wt.%
boron from 1425 °C, and 0.2 and 0.3 wt.% boron are all above 99%).

Grain size distributions are provided in Figure 4: it is clearly seen that the addition of
boron promotes grain growth during sintering, as shown by arrows on the graphs. This
is probably linked to the formation of a liquid at a lower temperature than the conven-
tional sintering temperature because the WC grain growth is governed by the solution-
reprecipitation process. As that process is diffusion-dependent [34], larger WC grains are
expected for higher sintering temperatures or higher boron contents.

Without boron additions, the average grain size is thus low, around 650-720 nm, with
only a few WC grains larger than 2 pm. Their grain size distributions are also narrower.
The 0.3 wt.% boron samples admit larger grains, with many grains between 3 and 5 pm.
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With increasing temperature, larger WC grains are observed due to the higher diffusion
rates that govern the liquid-phase sintering of cemented carbides.
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Figure 3. Evolution of the porosity as a function of the sintering temperature.

L L 50 L L L L g L L L 1

(a) WC-L0Ki - 1375°C (b) WC-10(1i-LB) - 1375°C (c) WC-10(Ni-2B) - 1375°C (d) WC-10(Ni-38) - 1375°C
240 Average grain size: 682 nm [ 5405 Average grain size: 682 nm [ 540 Average grain size: 782nm [ 240] Average grain size: 904 nm
s 9 s 3
S & s s
< < < s

30 F 3304 £ 30 F 330 F
§ H ] g
gzo— r 320- E 320- F 220 E:
- H s H
104 E E107 l F 10 l l F 10 l l F
o T T T T T o = T T T T o i T T T T e T T T T
0 1 23 4 5 0 1 2 3. 4 5 1 2 3 4 5 1 2 3. 4 5 6
WC Grain Size (um) WC Grain Size (pm) WC Grain Size (pm) WC Grain Size (pm)

50 . . . L L L sod . L \ . L sod . . | . . L 5o . . . . . -

(e) WIC-10Ni - 1400°C (f) VIC-10(Ni-18) - 1400°C (g) WC-10(Ni-28) - 1400°C (h) WC-10(Ni-3B) - 1400°C
~40-] Average grain size: 717 nm [ ~40] Average grain size: 689 nm [~ 40 ] Average grain size: 836 nm |- 940 Average grain size: 823 nm |-
5 5 5 >
< < < <
30 E 230 F 5307 E 530 E
3 2 g I
§ § § H
S 20 E 5201 F 520 E 320 F
H H H g
i 104 E L1004 l FE104 l EE109 l l l F

0 T T T T T 0 ey T T T T o T Y T T T Y e T T T T
0 1 2 3 4 _ 5 6 0 1 2 3 4 5 6 0 1 2 3 4 6 [ 1 2 3 4 5 6
WC Grain Size (pm) WC Grain Size (um) WC Grain Size (pm) WC Grain Size (pm)
50 . | | 1 | L s I . . | . 504 L . . . | TR, . L . |

(i) WC-10Ni - 1425°C (i) WC-10(Ni-1B) - 1425°C (k) WC-10(Ni-2B) - 1425°C () WC-10(Ni-38) - 1425°C
<407 Average grain size: 710 nm [ =40 4 Average grain size: 857 nm{- 40 Average grain size: 801 nm [ 540 Average grain size: 845 nm [
> > B >
< < < <
30 Fo>304 F >30 304 F
3 3 3 2
§ H § ]

520 E 5207 F 520 F 320 E
H g H s
£ 104 E 104 l l E 104 l b &107 l l E
0 ) T T T T Y T r T T T 0 s r T T T aa) T T ? T
0 1 2 3 4 5 6 0 1 2 3 4 5 6 0 1 2 3 4 56 0 1 2 3 4 5
WC Grain Size (um) WC Grain Size (um) WC Grain Size (pm) WC Grain Size (pm)
%0 | L . | \ L 5o . I . I . L s . . 1 . . % s . . . .

(m) WC-10Ni - 1450°C (n) WC-10(Ni-18) - 1450°C (o) WC-10(Ni-2B) - 1450°C (p) WC-10(Ni-38) - 1450°C
S4 Average grain size: 652 nmf- 540 ] Average grain size: 944 nm £ —.403 Average grain size: 882 nm |- 401 Average grain size: 821 nm [
S B > B
< < < <
304 F 230 E 2304 F 2304 r
H H s H
520 E 520 E 3207 F 5204 E
-3 -3 -3 -3
(3 g a a
10 l F 109 l l F 109 F &0 E

0 ey ¥ T T T o iy T T - T 0 T i T T T 0 T T \ T T
6 0 1 6 0 6 0 6

1 2 3 4 5
WC Grain Size (pm)

2 3 4 1 2 3 4 5 1 2 3 4 5
WC Grain Size (pm) WC Grain Size (pm) WC Grain Size (um)

Figure 4. Grain size distributions, calculated based on the analysis of more than 500 WC
grains per sample: (a) 1375 °C—WC-10Nj, (b) 1375 °C—WC-10(Ni-1B), (c) 1375 °C—WC-10(Ni-2B),
(d) 1375 °C—WC-10(Ni-3B), (e) 1400 °C—WC-10Nj, (f) 1400 °C—WC-10(Ni-1B), (g) 1400 °C—WC-
10(Ni-2B), (h) 1400 °C—WC-10(Ni-3B), (i) 1425 °C—WC-10Ni, (j) 1425 °C—WC-10(Ni-1B),
(k) 1425 °C—WC-10(Ni-2B), (1) 1425 °C—WC-10(Ni-3B), (m) 1450 °C—WC-10Nj, (n) 1450 °C—WC-
10(Ni-1B), (o) 1450 °C—WC-10(Ni-2B), (p) 1450 °C—WC-10(Ni-3B).

The hardness properties (Figure 5) depend on two different factors: firstly, higher
density (i.e., lower porosity) will induce higher hardness, and secondly, as hardness and WC
grain size are linked by the Hall-Petch relationship, the hardness is inversely proportional
to the grain size. Hardness measurements are in good agreement with the grain size
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distributions. Without boron additions, the hardness remains constant, between 1425
and 1450 HV3g because the grain size distributions and the average grain size are similar.
However, a decrease in the sintering temperature to 1425 and 1375 °C shows a lower
average hardness with large standard deviations linked with a higher amount of porosity
and a less homogeneous microstructure. With increasing the boron content in the binder,
the hardness decreases with higher sintering temperature due to the increase in the average
grain size and the formation of large WC grains (>4 um). At low sintering temperature
(1375-1400 °C), hardness is higher with boron additions due to the higher densities obtained
after sintering (1450-1525 HV3p) and narrower grain size distributions. Fracture toughness
(Figure 6) does not show a particular trend since standard deviations are high due to higher
porosity content in 0 wt.% B samples, and the large WC grains above 3 um. Fracture
toughness values are comprised between 10 and 20 MPa/m. At low sintering temperature
(1375 °C), fracture toughness is low due to narrow grain size distributions and lower
average grain size. In summary, the mechanical properties are consistent with the literature
and, in particular, with the work of Chychko et al. [35].
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Figure 5. Evolution of hardness as a function of the sintering temperature.
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Figure 6. Fracture toughness as a function of the sintering temperature.
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4. Discussion

The selection of the optimum sintering temperature has been made by the combined
analysis of the porosity and mechanical properties. The standard deviations of hardness
and fracture toughness are indeed high for some parts. For boron-free parts, it is explained
by the lower relative density of the parts sintered at low temperatures. The presence of
type B porosity (size superior to 10 um) leads to a deviation of the hardness values. From
1425 °C, the standard deviations are lower, a sign that the samples have reached almost
full density. For boron- doped parts, the standard deviations of fracture toughness suffer
from the disparity of the WC grain size because fracture toughness is greatly influenced
by large WC grains. To guarantee consistent mechanical properties, parts sintered at
1375 °C have been selected for further analyses. They are indeed promising because they
provide better mechanical properties than the boron-free parts. Despite wider WC grain
size distributions, their hardness shows a 10% improvement, mainly due to the higher
relative density obtained after sintering, while the fracture toughness is comparable to
that of boron-free parts. Moreover, sintering at a lower temperature is preferable for
energy saving.

X-ray diffraction and microstructure evaluation have thus been achieved on the parts
sintered at 1375 °C. Figure 7 shows the X-ray diffractograms of the samples sintered at
1375 °C for 1 h. As suggested by thermodynamical modelling, no graphite phase was
formed during the sintering of the parts. Moreover, only WC and Ni phases are observed
and not the (Ni,W)3B phase, suggesting that their proportions are really small in the
microstructures. XRD patterns thus show appropriate phases for mechanical investigation.
The microstructures shown in Figure 8 are homogeneous in terms of WC grain size and
phase distributions. Without boron, nickel pools are observed due to the lower amount
of liquid available at the sintering temperature. On the other hand, the parts containing
boron do not show any nickel pools thanks to the eutectic liquid between boron and nickel.
Even if it is not shown in the XRD patterns, the sample without boron additions admits
large porosities that could be residues of graphite precipitation. Figure 9 shows low and
high-magnification images of the parts sintered at 1375 °C. The distribution of nickel in the
boron-doped parts is better than in the boron-free part, as indicated by the formation of
nickel pools in part WC-10Ni (Figure 9a,b). The promotion of large WC grains is clearly
observed for the boron-doped samples (Figure 9c-h).

A WC
O : Ni (fcc)
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Figure 7. X-ray diffraction of the powders sintered at 1375 °C: WC-10Ni, WC-10(Ni-1B), WC-10(Ni-2B),
WC-10(Ni-3B).
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(a)
50 um 50 um
—_ [ —
(c) (d)
50 um 50 um

Figure 8. Optical microstructures of the parts sintered at 1375 °C: (a) WC-10Ni, (b) WC-10(Ni-1B),
(c) WC-10(Ni-2B), (d) WC-10(Ni-3B).

Figure 9. SEM (backscattered electrons images) microstructures of the parts sintered at 1375 °C:
(a,c,e,g) low magnification, x1000, (b,d,f,h) high magnification, x5000 (a,b) WC-10Nj, (c,d) WC-
10(Ni-1B), (e,f) WC-10(Ni-2B), (g,h) WC-10(Ni-3B).
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In the paper of Chychko et al. [35], HV-Kjc properties maps of cemented carbides
with different binders are plotted. According to their plots, the parts of this work (Vickers
hardness of 1450-1550 HV3 and fracture toughness 10-14 MPa,/m) are situated in the
average values for WC-10Co and in the top values for WC-10Ni. Compared to a previous
publication [32], the hardness of the WC-10Ni(B) is, however, lower than that of WC-10Co
(1715 £ 15 HV3), while the fracture toughness is slightly enhanced (10.7 & 0.8 MPa,/m).
In summary, the properties of boron-doped WC-10Ni(B) composites are in good agreement
with the required properties of cutting tools or cutting inserts operating at low temperature
and low cutting speed [36].

5. Conclusions

The analysis of the mechanical properties shows that the hardness is strongly affected
by the relative density, while the fracture toughness is more affected by the WC grain size
distribution, and in particular by larger grains. The sintering temperature has been selected
to enhance the homogeneity of the microstructures and to decrease the dispersion of the
mechanical properties.

With small amounts of boron, the sintering temperature of cemented tungsten carbide-
nickel was decreased. Full density was achieved at 1375 °C for parts containing 0.2 and
0.3 wt.% boron in the composite powder. No graphite precipitation was observed in the
microstructure or in the XRD patterns. The microstructures are also more homogeneous,
without the presence of nickel concentrations, which are usually responsible for poor
mechanical properties. Although the addition of boron promoted WC grain growth during
conventional vacuum sintering, the mechanical properties, such as hardness, have not
been affected. Fracture toughness has slightly decreased compared to higher sintering
temperature but is of the same order of magnitude as WC-10Ni sintered at 1375 °C (boron-
free part).

The measured mechanical properties and the observed microstructure are thus con-
sistent with use in cutting applications operating at low temperature and/or at low
cutting speed.
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