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Abstract: Due to the classification of Co as a CMR (carcinogenic, mutagenic, toxic to reproduction)
as well as the classification of both Co and WC as CRM (critical raw materials) more and more
research is being carried out to investigate possible substitutes for WC-Co hardmetals. To directly
compare their microstructure as well as mechanical and thermophysical properties, five very different
hardmetals were investigated. For this purpose, the compositions WC-Co, WC-FeNiMn, WC-HEA,
NbC-Co and HEC-Co were selected in order to investigate alternative binders for cobalt as well as
different alternative hard phases for WC. The results of the hardness measurements showed that for
the hardmetals with alternative binders (WC-FeNiMn and WC-HEA) hardness values of 1327 HV10
and 1299 HV10 comparable to WC-Co with 1323 HV10 can be achieved. When WC is replaced by
HEC as the hard phase, a significantly higher hardness of 1543 HV10 can be obtained, demonstrating
the great potential of high-entropy carbides. Furthermore, the hot hardness measurements between
RT and 900 °C showed significantly higher values (up to approx. 290 HV10) for the WC-HEA
and HEC-Co hardmetals compared to those of WC-Co. However, the fracture toughness of the
alternative hardmetals was lower compared to that of conventional WC-Co hardmetals. In terms
of thermophysical properties, the results of the hardmetals with alternative binders were close to
those of WC-Co. Thus, it can be shown that it is possible to produce alternative hardmetals with
comparable properties to WC-Co and that with further optimization they show great potential to
replace WC-Co in the near future.

Keywords: hardmetal; alternative binder; cermets; thermophysical properties; mechanical properties;
WC-Co; high entropy alloys

1. Introduction

Since hardmetals were invented by Schroter and Prof. Skaupy in the 1920s [1], it has
been clear that the marriage between tungsten carbide (WC) and cobalt (Co) is something
special. The combination of high hardness and high toughness is unique, and essential
in the machining industry. Due to the magnetic properties of cobalt, it is also possible
to perform non-destructive characterization by using different magnetic parameters of
the hysteresis curve. Unfortunately, regarding increasing material shortage around the
globe and geopolitical problems, WC and Co have been classified as critical raw materials
(CRM) [2]. Furthermore, cobalt is also classified as a carcinogenic-mutagenic and toxic
to reproduction material (CMR) [3]. This classification has led to more and more safety
precautions to be implemented in hardmetal processing industries. Therefore, the urgency
to find a worthy alternative with comparable or even better characteristics increases. In
recent years, the number of research activities regarding the substitution of WC-Co has
increased significantly. On the one hand, there is research and applications of so-called
cermets, in which WC is partially or completely replaced by alternative carbides or car-
bonitrides. Here, TiC, TiCN and NbC were successfully used as novel hard phases and
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partially tested in use. In recent years, there have also been studies on different high-
entropy carbides (HEC) as alternatives have increased in the field of hard phases [4-15].
Particularly regarding NbC- and HEC-based hardmetals, there is still some research to be
done to determine the full potential of these alternative carbides for hardmetals. Woydt
et al. have shown the high potential of NbC-based hardmetals for use as cutting tools and
for wear protection but produced the samples with SPS (spark-plasma sintering), which
cannot yet be used in industry [14,15]. Due to advent of HEC-based hardmetals, Potschke
et al. could demonstrate the possibility of producing dense HEC-based hardmetals using
industrial-related furnaces [4]. This work will investigate important properties to analyze
the further potential of a selected HEC hardmetal from the work of Pétschke et al. [4].

On the metal binder side, there is already a lot of research into substituting cobalt.
Among pure metals, only the metals next to Co in the PSE-positioned elements, nickel (Ni)
and iron (Fe), seem suitable. However, their mechanical properties in WC-based composites
are inferior to those of WC-Co [16-20]. Thus, currently more and more research is focused
on adjusted Ni- and Fe-based alloys with small additions of other metal elements [21-25].
Furthermore, high-entropy alloys (HEA) have gained interest in recent years, although
Co is often still used as an alloying partner [26-30]. Even if some research has already
demonstrated the high potential of Fe- or Ni-based and HEA binders, one of the main
problems is the reduced carbon window and the formation of unwanted phases [26,31].

However, no alternative system has yet been found that could completely replace
WC-Co. To better understand and optimize possible alternative material systems, further
investigations are necessary. In this work, four different, alternative hardmetals (WC-
FeNiMn, WC-HEA, NbC-Co, HEC-Co), as well as a comparative variant made of WC-
Co, are investigated (Figure 1). For this purpose, the mechanical, thermophysical and
magnetic properties of the different hardmetals are compared with each other because
these properties are highly relevant for the production, quality control and application of
these materials.

WC-Co (reference)

alternative binder alternative hard phase

* WC-FeNiMn
* WC-HEA

16 vol.-%
binder
content

Figure 1. Schematic visualization of the investigated hardmetals.

2. Materials and Methods

The powders used to produce the different hardmetals can be seen in Table 1. The
powders were mixed with a standard mixing and milling process. All mixtures had the
same binder content of 16 vol.%. For the hard phase, WC, NbC and HEC powders with
similar grain sizes were used. The high-entropy carbide used was synthesized according
to the vacuum sintering profile described in [32]. After the milling process, the mixtures
were uniaxially pressed and sintered in a SinterHIP (SinterHIP furnace, FCT Anlagenbau,
Sonnenberg, Germany) at 1350 °C for WC-FeNiMn, at 1400 °C for WC-Co/HEC-Co and at
1450 °C for WC-HEA /NbCo. The holding time at the sintering temperature was 45 min
for all hardmetals in an atmosphere of Ar and at a pressure of 100 bar. During the mixing
and milling process, paraffin was added as a pressing aid, 2.5 wt.% for HEC-Co, 3.5 wt.%
for NbC-Co and 2.0 wt.% for all others. Before sintering, debinding was performed in the
same process, at a temperature of 400 °C for 60 min under a reducing H, atmosphere.
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Table 1. Overview of raw materials used for the production of the investigated hardmetal systems.

WC-Co

Powder Manufacturer Label Grain Size/um
WC H. C. Starck DS250 2.68
Co Umicore Half Micron 0.70

WC-75Fe20Ni5Mn (wt.%)

Powder Manufacturer Label Grain Size/um
WC H. C. Starck DS250 2.68
Fe BASF CEP HS 291
Ni Umicore NI2500A5 2.30
Mn Goodfellow MNO006020 4.00

WC-FepoMngNig3C00,Cug1 (WC-HEA; at.%)

Powder Manufacturer Label Grain Size/um
WC H. C. Starck DS250 2.68
Fe BASF CEP HS 291
Mn Goodfellow MNO006020 4.00
Ni Umicore NI2500A5 2.30
Co Umicore Half Micron 0.70
Cu CNPC POWDER UCU300 1.20

(W,V,Nb, Ti, Ta)C-Co (HEC-Co)

Powder Manufacturer Label Grain Size/um
WC H. C. Starck DN 2.5 0.50
VC H. C. Starck VC HV 160 1.30
NbC CBMM NbC 551 1.43
TiC H. C. Starck TiC <1 pm 2.20
TaC H. C. Starck TaC HGS 0.70
Co Umicore Half Micron 0.70

NbC-Co

Powder Manufacturer Label Grain Size/pm
NbC CBMM NbC 551 1.43
Co Umicore Half Micron 0.70

After the sintering process, the density of the specimens was measured according to
Archimedes’ principle using ISO 3369 [33] with a Mettler Toledo AT261 balance (Mettler-
Toledo, Columbus, OH, USA). The magnetic properties, magnetic saturation (mS) and
coercivity (Hc) were determined with a SETARAM Sigmameter S60 (KEP TECHNOLOGIES
SA, Mougins, France) and a FOERSTER Koerzimat 1.097 HCJ (Institut Dr. Foerster GmbH
& Co. KG, Reutlingen, Germany) according ISO 3326 [34]. For the investigation of the
microstructure, an optical light microscope ZEISS Axioscope 7 (Zeiss Ltd., Oberkochen,
Germany) and a field emission scanning electron microscope, FESEM (ZEISS CrossBeam,
Zeiss Ltd., Oberkochen, Germany), was used. The phase composition of sintered hardmet-
als was analyzed with an X-ray diffractometer with Cu-Ko radiation (Bruker D8 Advanced,
Bruker AXS, Karlsruhe, Germany) and an energy dispersive X-ray spectroscope (EDS).
For FESEM and EDS analysis, polished embedded and lite silver-contacted specimens
were used and during EDS, a drift correction was applied. Hardness (HV10) and fracture
toughness (K;c) were measured with a KB 30 S hardness tester (KB Priiftechnik GmbH,
Hochdorf-Assenheim, Germany) according to ISO 3738 [35] and using the Shetty for-
mula [36]. Hot hardness at different temperatures was determined with a custom-built
high-temperature hardness testing system (Hegewald & Peschke Mef3- und Priiftechnik
GmbH, Nossen, Germany). To analyze the sintering shrinkage and outgassing behavior
under an inert atmosphere (Argon or Helium), a NETSCH Simultaneous Thermal Analyzer
STA 429 and a NETZSCH Thermodilatometer 402 /ES (NETZSCH-Geridtebau GmbH, Selb,
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Germany) were used (DIN 51007 [37]). The heating rate was 10 K/min. Heat capacities at
room temperature were determined according to DIN EN 821-3 [38] with a Perkin-Elmer
Differential Scanning Calorimeter DSC 7 (PerkinElmer Inc., Waltham, MA, USA) and the
thermal diffusivities according to DIN EN 821-2 [39] by a NETZSCH light flash analyzer,
the LFA 447 (NETZSCH-Geratebau GmbH, Selb, Germany). The electrical conductivities
were determined using five (32 x 5 x 4 mm?®) samples with the 4-point probe method
using a Keithley 199 DMM (Keithley Instruments, Cleveland, OH, USA) with a Voltcraft
VLP-2403Pro power source (Conrad Electronic SE, Hirschau, Germany).

3. Results
3.1. Microstructure and Mechanical Properties

Microstructures of all produced and studied hardmetals are shown in Figure 2, where
the dark gray phase represents the hard phase, and the light gray phase represents the
binder phase. At the first glance, the biggest difference was the much coarser grain size of
the hard phase in the case of NbC-Co. Since the grain size plays an important role in some
mechanical and thermophysical properties, the results for NbC-Co can thus not be directly
compared with those of the other hardmetals. In contrast, the grain sizes of the WC-Co, WC-
FeNiMn, WC-HEA and HEC-Co were quite comparable. However, WC-FeNiMn, WC-HEA
and NbC-Co showed a higher degree of porosity after sintering. The results of XRD-analysis
(also in Figure 2) showed no presence of an unwanted phases like the well-known “eta”
phase, which is a brittle carbide phase (MgC/M;12C), or any intermetallic phase, which
would deteriorate mechanical properties such as fracture toughness or bending strength.
However, comparing only hardmetals with Co as a binder, different cobalt phases formed.
Most Co-based hardmetals showed only the cubic cobalt phase, but for the NbC-based
hardmetal, the hexagonal cobalt phase was also prominent. For the coarser NbC hardmetal,
it was unclear if these changes happened due to sample preparation, larger free-path length
of the Co phase, or due to a less alloyed binder phase, which then more easily transformed
to the thermodynamic, more stable hexagonal Co phase. The sample with HEC-Co seemed
to have some tungsten and/or titanium dissolved in the cobalt binder, since a shift of
the reflex positions of the cobalt phase was seen. Considering the studied binder phases,
FeNiMn in Figure 2b and HEA in Figure 2c as well as the hard phase HEC in Figure 2d
show no specific reflex positions could be found in the PDF database. By matching similar
alloys from the elements used here, the reflections were assigned to the respective fitting,
more complex alloys. The PDF cards used are listed in Table 2.

Table 2. Detected phases, corresponding crystal structures, assigned PDF cards and used XRD
analysis results in Figure 2.

Hardmetal Phase Crystal Structure pdf-Card
WC P-6m2 00-051-0939
WE-Co Co P63/mmec 01-071-4239
. WC P-6m2 00-051-0939
WC-FeNiMn FeNi P4/mmm 01-085-4088
WC P-6m2 00-051-0939
WC-HEA F60_612Ni()'388 P4/mm 01-074-5839
CuO.gl Ni0419 Fm-3m 00-047-1406
Ti0‘25Ta0‘25W0.5 Fm-3m 01-071-6211
TaWC, Fm-3m 01-077-7203
HEC-Co Tio11Coo.89 Fm-3m 01-085-8633
C00'87W0'13 Fm-3m 01-071-7508
NbCy g7 Fm-3m 01-089-4306
NbC-Co Co Fm-3m 00-015-0806

Co P63/mmc 01-071-4239




Metals 2023,

13,1803

50f 16

WC-FeNiMn
1a0] @ WC A Co(hex) 140d @ WC & Fe-based binder 1404 ™ WC A HEA-binder
[}
£ 130 £ 130 £ 430
8 8 8
Ho L] - — L - [~ -
w w w u
c c e
£ 20 2 20 2 20
104 104 & 10+
A A A A ”
0 T T T T T 0 i T T T T 0 v T T v T
30 35 40 45 50 55 60 30 35 40 45 S0 55 60 30 35 40 45 50 55
20 /° 20 /° 20 /°
(a) (b) (<)
140 ™ HEC & CoggWos 1a0] ™ NBC A Co(hex) 4 Co(cub)
‘g 130 - % 1304
-S.. L] ] § L] - "
g 2
g 204 [ g 20
10 A 10 } A
A -
0 T T T T g 0 r T T T T
30 35 40 45 50 55 60 30 35 40 45 50 55 60
2@!' 2@ ‘f o
(d) (e)

60

Figure 2. Optical microscopy and XRD analysis of the different hardmetals. (a) WC-Co; (b) WC-
FeNiMn; (¢) WC-HEA; (d) HEC-Co; (e) NbC-Co. (dark gray phase = hard phase; light gray phase =

binder phase).

More details of the microstructures of the different hardmetals are shown in FESEM
images in Figure 3. Because we used a phase contrast detector (BSED), the hard phase is
represented here by the light gray phase due to a higher atomic number of the hard phases
compared to the binder represented through the dark gray phase. The microstructures of
WC-Co/-FeNiMn and -HEA look quite similar. The WC grains have sharply defined edges,
whereas the NbC and HEC grains are more rounded. The grain size of all hardmetals
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except NbC-Co are comparable, with average grain sizes of roughly 2-3 pm. As in XRD, no
unwanted phases could be identified.

f : ‘-{ 2
I ) 5 A
b ” *‘ '
blnder phase (Co) q ; ‘g ‘
My *" . ‘ 5 5 um
x U -
v

Figure 3. FESEM images of microstructure of different hardmetals, BSED contrast mode.

The results of the EDS analysis are presented in Figures 4-8. Area analyses are shown
over the entire range of the microstructure under consideration, designated as composite
(Spectrum 1), and several point or area analyses are shown for the respective hard phase as
well as for the binder phase. The homogeneity of the compositions can be well shown with
the measurement at several points and the overlapping of the spectra. In each hardmetal, a
small amount of oxygen was detected. However, since neither microstructural examinations
nor XRD analyses revealed the presence of an oxide phase, it is very likely that the low
oxygen content was an artefact from the preparation.

Since no segregation of the more complex HEA and HEC phases (Figures 7 and 8)
could be detected via the EDS analyses either, or any other undesirable phases, these results
reflect well those of the previous microstructure and XRD analyses.

Results of the hardness and fracture toughness are presented in Figure 9a. The hot
hardness measurements at room temperature show an offset of approximately +50 to +80
HV10 compared to the measured values in Figure 9a. However, this deviation can be
attributed to a systematic error caused by the use of different devices for the hardness
measurements. Thus, the curves of the hot hardness measurements can be compared.
The WC-Co sample provides the best combination of hardness and fracture toughness.
The hardmetals WC-FeNiMn and WC-HEA had a similar hardness, but a lower fracture
toughness. The highest hardness but also the lowest fracture toughness was measured
for HEC-Co. NbC-Co showed the lowest hardness and second-lowest fracture toughness,
which is most likely due to the coarser grain size [6,40,41]. Consequently, NbC-Co also had
the lowest hardness values for hot hardness, shown in Figure 9b. Likewise, even at higher
temperatures, HEC-Co showed the highest hot hardness values followed by WC-HEA.
WC-Co and WC-FeNiMn showed comparable hot hardness values up to a temperature of
400 °C. At higher temperatures, the values of WC-Co approached those of WC-HEA.
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Figure 7. EDS analysis of WC-HEA.
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3.2. Thermophysical Properties
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Figure 9. (a) Hardness HV10 and fracture toughness; (b) hot hardness HV10 from RT to 900 °C.
The error bars represent the measurement uncertainty (£2% for hardness and £10% for fracture
toughness).

In addition to understanding the differences in the mechanical properties, it was
also important to better understand their different thermophysical behaviors. Since some
thermophysical properties depend on the grain size, the results of NbC-Co were not directly
comparable with those of the other carbides, due to its coarse NbC grain size. Table 3
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provides an overview of some results of the thermophysical and magnetic properties of
the samples.

Table 3. Measured density, magnetic and physical properties of the sintered hardmetals.

Density Heat Thermal Heat Electrical Magnetic Coercivity
Hardmetal Jem3 Capacity Diffusivity = Conductivity Conductivity = Saturation KA/m
& JI(gxK) mm/s? W/mxK)  1/(Qxm)x10°  pTm3/kg

WC-Co 14.56 0.200 429 125.0 5.76 17.8 94
WC-FeNiMn 14.45 0.199 31.9 91.7 4.79 0.5 44.0
NbC-Co 7.90 0.357 5.81 16.4 1.51 33.9 1.4
WC-HEA 14.58 0.198 334 96.4 4.79 10.2 33
HEC-Co 9.78 0.306 3.1 9.2 0.95 20.1 7.2

dL/Lo /%
[2.2]

0

In order to characterize the difference in the sintering behavior of the different hard-
metals, thermodilatometry and thermogravimetry measurements were carried out. In
Figure 10, the results of the thermodilatometry show the length change behavior during
the sintering process. Interestingly, the shrinkage of the HEC-Co hardmetal already began
between 700 °C and 1050 °C, but for all other hardmetals the shrinkage started between
900 °C and 1000 °C. For WC-Co, WC-FeNiMn, WC-HEA and HEC-Co, the main shrinkage
occurred between 1100 °C and 1250 °C. For NbC-Co, the main shrinkage happened at
significantly higher temperatures of 1250 °C to 1400 °C. The shrinkage almost ended at
1320 °C for WC-Co and WC-FeNiMn, but for the other hardmetals shrinkage was not
finished up to 1430 °C.

WC-FeNiMn

600

700 800 900 1100 1200 1300 1400

1000
Temperature /°C
Figure 10. Length change behavior during sintering measured by thermodilatometry.

The mass change along the temperature of outgassing and sintering is presented in
Figure 11. HEC-Co showed the highest mass change rate between 700 °C and 1100 °C and
one of the highest mass losses at approximately 1100 °C. Furthermore, NbC-Co showed
a significant mass loss, mainly through outgassing of carbon monoxide, up to highest
temperatures. Outgassing processes for WC-Co, WC-FeNiMn and WC-HEA ended at a
temperature of approximately 1000 °C. The different additions of paraffin as a pressing
aid caused a visible difference in the loss of mass after the debinding phase <600 °C; for
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the samples HEC-Co and NbC-Co, 2.5 wt.% paraffin and 3.5 wt.% paraffin was used,

respectively.
TG 1% DTG /(%/min)
1007—;‘::—_-,:,5_,—,vstv\#\»a,/wﬁleﬂxﬂgy;%\ s \Z 0.00
—_—— =TT / /£ ~L ~ N A \
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= 3 5\4« 7 / —~ |
e ) e o ]
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-0.14
95 |
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Temperature /°C

Figure 11. Mass change behavior during sintering and outgassing measured by thermogravimetry
(mass: TG, straight lines; mass change rate: DTG, dashed lines).

Using magnetic saturation (mS) and coercivity (Hc) is well known as a non-destructive
characterization method for controlling the binder content, grain size and presence of
unwanted phases in the microstructure (eta phase/free carbon). The results of the magnetic
saturation and coercivity measurements in Table 3 and Figure 12a reveal that for some
hardmetals, this common characterization method can no longer be used. WC-FeNiMn
showed no magnetic saturation, due to its mostly austenitic nature [42]. In contrast, NbC-
Co had the highest magnetic saturation and the lowest coercivity. The mS and Hc values of
WC-Co and HEC-Co were quite comparable, while WC-HEA showed lower values.
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Figure 12. (a) Magnetic saturation and coercivity; (b) density and heat capacity. The error bars
represent the measurement uncertainty (+0.3 uTm3/kg for magnetic saturation; 0.1 kA /m for
coercivity; +0.01 g/ cm? for density; 3% for heat capacity).
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heat conductivity /

With a different elemental composition of the hardmetals came a change in density and
heat capacity. Figure 12b shows the values for the investigated hardmetals. The hardmetals
with only WC as a hard phase showed the highest density and the lowest heat capacity. In
contrast, NbC-Co had the lowest density and highest heat capacity.

The results of heat conductivity and electrical conductivity measurements are given
in Figure 13a. WC-Co reached the highest values for these measurements as well as for
thermal diffusivity, shown in Figure 13b. The values for the hardmetals WC-FeNiMn
and WC-HEA were comparable, suggesting that both electrical and thermal conductivity
are mainly influenced by the hard phase WC. The hardmetals with another hard phase,
NbC-Co and HEC-Co, showed lower values, with those of HEC-Co being the lowest.
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Figure 13. (a) Heat conductivity and electrical conductivity; (b) thermal diffusivity. The error bars
represent the measurement uncertainty (8% for heat and electrical conductivity; 3% for thermal
diffusivity).

4. Discussion

Microstructure and phase analyses of studied hardmetals confirmed that for all hard-
metals, the targeted two-phase compositions were achieved. No dissolution of the more
complex phases HEA and HEC occurred either. All hardmetals except NbC-Co showed
comparable grain sizes. Even though the microstructures showed that for NbC-Co, an ad-
dition of a grain growth inhibitor would be needed to avoid coarse grains, the composition
was nevertheless used for this study.

With the substitution (also partially) of WC, the fracture toughness noticeably de-
creased. However, the investigated HEC-Co achieved a significantly higher hardness
compared to the other grades. With further research in regard to the investigated HEC,
an enhancement of the interface between the HEC and binder and with investigation
regarding different binder systems, the fracture toughness could be increased. Pétschke
et al. [43] have shown already that when using Ni, the fracture toughness can be increased
significantly. The samples with WC-FeNiMn and WC-HEA achieved a fracture toughness
close to that of the WC-Co reference material. Comparing the grain size between WC-Co,
WC-FeNiMn and WC-HEA, the reference WC-Co (Figure 3) showed a slightly larger grain
size, which may be responsible for the higher fracture toughness. Likewise, the samples
with alternative binders showed a certain residual porosity. If the remaining porosity can
be eliminated with further research, it is thought the mechanical properties may increase
as well.

HEC-Co showed the highest values in hot hardness up to temperatures of 900 °C,
which shows the great potential of this material. The WC-HEA also showed, especially
between RT and 500 °C, higher hardness values, followed by WC-Co and WC-FeNiMn.
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This suggests that the HEA binder has visibly better hardness properties up to 500 °C.
Explanations for this could of course be the high disorder and stability of alloy partners or
because of a slightly smaller average WC grain size as compared to the WC-Co reference ma-
terial [28]. WC-FeNiCo also showed a slightly smaller average WC grain size as compared
to WC-Co, and showed lower hot hardness values over the whole temperature range.

The results of thermodilatometry and thermogravimetry showed how the sintering
and outgassing of WC-Co is influenced when the hardmetal composition is changed.
Additional elements (HEC-Co, WC-HEA, WC-FeNiMn) within the hardmetal composition
shifted the sintering to lower temperatures. The shrinkage due to sintering of NbC-Co
started at lower temperatures and finished at higher temperatures than the sintering of
WC-Co. Outgassing due to the reaction of oxides or hydroxides (for instance, on the particle
surfaces) with carbon or carbides is expected in the temperature range between 600 °C up
to highest temperatures. Carbon dioxide, carbon monoxide or water is formed, and mass
loss is detected. Higher mass losses were noted for more complex hardmetals and NbC-Co
in comparison to WC-Co. This information can be used for optimization of the outgassing
and sintering temperature-time cycles. The aim should be to finish gas reactions before
closing open porosity during sintering. Thus, porosity can be avoided or reduced.

Using elements other than W, C and Co, magnetic properties could be different or
could lead to no magnetic properties at all. WC-FeNiMn showed nearly no magnetic
properties. The reason for this was the forming of an austenitic iron binder phase which
was not magnetic. Moreover, Ni and Mn are well known austenite stabilizers. Therefore,
for this kind of hardmetal, a new characterization method using other material properties
must replace the classical methods. The reason why WC-FeNiMn had the highest Hc value
could be the very thin ferritic iron layers which would lead to very low magnetic properties
and a higher force (Hc) being needed to demagnetize the samples. The magnetic saturation
of WC-HEA is also lower than for WC-Co, due to the addition of alloy partners with
nonmagnetic properties. For these kinds of new hardmetals, the new correlation between
coercivity und magnetic saturation must be investigated first, before these parameters can
be used for quality classification.

Comparing the different results for the heat capacity and density of the hardmetals,
it is clear that using other elements and compositions produces a change in density and
heat capacity. Hardmetals with WC as hard phase still had a comparable density and heat
capacity. However, with the substitution of WC with other hard phases, the density became
lower, and the heat capacity in turn higher. The reason was the relatively high density and
low heat capacity of WC in comparison to NbC and (WVNDbTiTa)C. In the literature, there
is hardly any information on thermophysical properties of hardmetals, and if there is, it is
mostly for WC-Co [44].

The results of the heat conductivity, thermal diffusivity and electrical conductivity
were mostly influenced by the type of hard phase used. For pure WC hardmetals, the values
were noticeably higher. The different binder composition of the hardmetals WC-FeNiMn
and WC-HEA could have had a small influence, which means that the values for these
were slightly smaller compared to those of WC-Co. Furthermore, the heat conductivity
depends mainly on the thermal diffusivity, whereby the heat conductivity is the product
of density, heat capacity and thermal diffusivity. Interestingly, it should be emphasized
that for WC-FeNiMn and WC-HEA, heat conductivity with values of almost 100 W/ (m xK)
could still be achieved.

5. Conclusions and Outlook

The comparison of the investigated properties of the five selected hardmetal grades
with different alternative binders and hard phases showed that although no equal successor
to WC-Co has yet been found among them, it is apparent that WC-FeNiMn and WC-
HEA already produce properties fairly close to the here investigated properties of WC-Co.
The hardness values of WC-FeNiMn with 1321 HV10 and WC-HEA with 1299 HV10
were comparable to the hardness of WC-Co with 1323 HV10. However, their fracture
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toughness of 12.5 MPam!/2 (WC-FeNiMn) and 11.1 MPam!/2 (WC-HEA) was still lower
than that of WC-Co with 16.7 MPam!/2. The hot hardness curves of WC-HEA showed
even higher hardness than WC-Co up to 900 °C. HEC-Co had the highest hardness with
1543 HV10 and noticeably higher hot hardness values up to 900 °C in comparison to the
other materials, while having a similar grain size. This confirms the high potential of
such high-entropy-based hard phases. Furthermore, the heat and electrical conductivity
values of WC-FeNiMn with 91.7 W/(mxK) and 4.79 1/(Qxm)x10°, and of WC-HEA
with 96.4 W/(mxK) and 4.79 1/(Qxm)x10°, were close to the values of WC-Co with
125 W/(mxK) and 5.76 1/(Qxm)x10°. To avoid the pores in WC-FeNiMn and WC-HEA,
an optimization of the sintering conditions, mainly outgassing time and temperature or
sintering time and temperature.

Another challenge with some of the new hardmetal variants will be the necessary
adaptation or replacement of the non-destructive quality analysis via the magnetic prop-
erties, as some of the new potential alternatives to WC-Co showed reduced magnetic
properties or none at all.

In summary, the results obtained here provide information to improve potential
alternatives to WC-Co and also show their great potential for possible application in the
machining industry or for wear parts.
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