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This work investigates the sintering behavior and microstructural evolution of extra-coarse WC hardmetals using
conventional Co and FeNiCo (40/40/20) (wt%) binder phases. Four compositions containing 15 and 20 wt%
metallic binder were produced by powder metallurgy and consolidated by sinter-HIP at 1475 °C. Dilatometry and
DSC analyses showed that replacing Co with FeNiCo significantly reduces sinterability, shifting densification to
higher temperatures despite similar calculated liquid-phase fractions. This behavior is attributed to the lower
solubility of WC in FeNiCo liquids compared with liquid Co. Microstructural characterization revealed complete
densification and the elimination of W2C after sintering. WC grain growth was strongly affected by binder
chemistry. FeNiCo-bonded alloys exhibited more pronounced changes in grain size distribution with increasing
binder content and developed more rounded WC morphologies than WC-Co grades. Hardness measurements
confirmed a significant softening associated with FeNiCo substitution, mainly due to the intrinsically lower

hardness of Ni-rich metallic matrices.

1. Introduction

Hardmetals with extra-coarse microstructures, i.e. with average WC
grain sizes exceeding 6 pm, are particularly suitable for mining appli-
cations in which components are subjected to severe abrasion, impact
loading and fatigue [1-9]. Typical wear mechanisms described in the
literature include loss of binder phase, microfracture of WC grains and
removal of the resulting WC fragments when binder retention is lost
[2-4,7]. The performance of extra-coarse hardmetals is governed not
only by the binder mean free path but also by the intrinsic mechanical
properties of the metallic phase. Key parameters for controlling these
properties are the WC grain size distribution after sintering and the
volume fraction and chemical composition of the metallic binder, which
critically depend on processing conditions. Promising results have been
reported by mixing submicron and coarse WC powders, where WC grain

growth is promoted because the submicron WC particles are dissolved in
the liquid phase during sintering and subsequently precipitated on the
surface of coarse WC grains [10-12]. With respect to binder phase
chemistry, several metallurgical strategies have been explored to
enhance hardness and strength, including precipitation hardening and
high-entropy alloying concepts [13-16]. In parallel, as cobalt is classi-
fied as a critical raw material [17], increasing efforts are being directed
toward its partial or complete replacement in WC-based cemented car-
bides for different applications [18-22]. Among these investigations,
only limited information is available regarding the application of
alternative binders in extra-coarse WC-based cemented carbides [23].
Existing studies have demonstrated that WC-FeNiCo extra-coarse
cemented carbides can be consolidated to full density using conven-
tional powder metallurgy routes while achieving reductions in cobalt
content of up to 50%. However, detailed investigations addressing
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dimensional control during sintering and the kinetics of WC grain
growth remain lacking. For further reduction of the cobalt content in
WC-based cemented carbides, the 40Fe-40Ni-20Co alloy (wt%) is being
considered as one of the most promising candidates because it combines
excellent sinterability, relatively wide carbon windows, and consider-
able flexibility for tailoring hardness, strength, and toughness [19,21].
In this context, the present work investigates the suitability of the
40Fe-40Ni-20Co alloy as a binder phase for the sintering of hardmetals
produced from WC powders with an average particle size exceeding 10
pm.

2. Experimental procedure

The extra-coarse (EC) WC powder grade selected for this study,
supplied by Wolfram Bergbau und Hiitten AG, exhibited an average
particle size of 15.7 pm (Fig. 1 and Table 1). Scanning electron micro-
scopy (SEM) observations revealed the presence of well-defined grain
boundaries on the surface of most particles, thereby confirming their
polycrystalline nature (Fig. 2). To investigate the internal structure of
these coarse WC aggregates, the powders were embedded in a Cu matrix.
This was achieved by mixing EC-WC powders with pure Cu powders and
subsequently melting the mixture at 1200 °C in a graphite crucible
placed inside a muffle furnace under flowing H- atmosphere. A heating
rate of 20 °C/min was employed without any holding stage at the
maximum temperature. Under these conditions, neither WC dissolution
nor significant grain growth was detected. Polished cross-sections of the
embedded WC particles revealed that carburization was not fully
completed in some of the extra-coarse particles (Fig. 3). Backscattered
electron SEM (BSE-SEM) micrographs showed the presence of bright
cores within the coarser particles, indicating, according to Z-contrast
conditions, regions with higher W/C ratios than those corresponding to
the outer portions of the particles. X-ray diffraction (XRD) with Ni-
filtered CuKa radiation and Bragg-Brentano configuration was also
used to confirm the presence of W:C, in agreement with SEM observa-
tions. Although the intensity of the corresponding diffraction peaks was
low, it remained above the detection limit of the equipment (approxi-
mately 1 vol%) (Fig. 4). Carbon analyses performed by infrared com-
bustion indicated over-stoichiometric carbon contents in the EC-WC
powders (Table 1), suggesting the presence of free carbon. This excess
carbon was likely either intentionally added for carbon control during
sintering or remained unreacted after the production of the EC-WC
powders. Oxygen contents were comparatively low, which is consis-
tent with the low specific surface area characteristic of these coarse
powders. The metallic powders selected for the binder phase consisted of
Co powders supplied by Nanjing Hanrui Cobalt Co., Ltd., together with
Fe and Ni carbonyl powders provided by Umicore (Fig. 5). The Fe
carbonyl powders exhibited a characteristic spherical morphology and a
relatively narrow particle size distribution (Table 1). SEM observations
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Table 1
Characteristics of starting powders.

Particle size distribution* Chemical analysis

(Wt%)

Ref. D10 D50 D90 Carbon Oxygen
EC_WC 8.9 15.7 28.3 6.14 + 0.7 0.031 =+ 0.001
Fe 3.0 (:.;;,7)*% 11.7 0.055 + 0.001 0.74 £0.10

. 16.0
Ni 3.0 1) 50.1 0.19 +0.01 0.20 £ 0.01

4.3

Co 1.5 .7 11.0 0.06 + 0.01 0.51 £ 0.02

" Measured by Dynamic Image Analysis (QICPIC/L & RODOS/L, M5).
" Average particle size (FSSS) provided by the suppliers.
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Fig. 2. SE-SEM image of extra-coarse WC powders (characteristics included
in Table 1).

also showed that the Co and Ni powders were considerably finer, in
agreement with the Fisher Sub-Sieve Sizer (FSSS) data provided by the
manufacturers (Table 1). The larger particle sizes obtained by dynamic
image analysis are attributed to the high degree of agglomeration
exhibited by both Co and Ni powders, particularly the latter.

As summarized in Table 2, four hardmetal compositions were pre-
pared using the powders described above. Alloys 1 and 2 contained Co as
the sole binder constituent, with metallic binder contents of 15 and 20
wt%, respectively. Alloys 3 and 4 also contained 15 and 20 wt% metallic
additions; however, in these materials, Co was replaced by a 40 wt%
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Fig. 1. Particle size distribution obtained by dynamic image analysis corresponding to extra-coarse WC powders in as-received condition.
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Fig. 3. BSE-SEM images of polished cross-sections of extra-coarse WC powder samples embedded in copper. Cores of coarser particles show brighter Z-contrast
compatible with higher W/C ratios.
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Fig. 4. XRD pattern of extra-coarse WC powders: ¥ WC ICDD-2025 PDF: 2102283 * W,C ICDD-2025 PDF:1539792.
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Fig. 5. SE-SEM images corresponding to the metallic powders used in the mixtures: (a) Fe carbonyl, (b) Ni carbonyl, (c) Co.

Fe-40 wt%Ni-20 wt%Co alloy, hereafter referred to as “FeNiCo”. to-powder weight ratio of 6:1 (balls made of WC-6wt%Co material).
Powder mixing and milling were carried out in a planetary mill oper- Paraffin wax, used as a pressing aid, was added during the final hour of
ating at 50 rpm for 5 h using ethanol as the milling medium and a ball- milling. Subsequently, the powder mixtures were dried for 40 min at
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Table 2

Compositions of the powder mixtures (in wt%).
Alloy EC-WC Co Fe Ni
Alloy 1 (A1) 85 15 - -
Alloy 2 (A2) 80 20 - -
Alloy 3 (A3) 85 3
Alloy 4 (A4) 80 4 8 8

atmospheric pressure in a thermostatically controlled bath maintained
at 80 + 2 °C. Green compacts were produced by uniaxial pressing at 160
MPa. Paraffin removal was performed at 680 °C in a refractory muffle
furnace under a H2/N: protective atmosphere using a heating rate of
5 °C/min.

Following powder processing, differential scanning calorimetry
(DSCQ), dilatometry, and vacuum sintering experiments were carried out.
DSC analyses were performed using a TGA/DSC Setaram Setsys Evolu-
tion 16/18 system in order to determine the onset and endset temper-
atures associated with liquid-phase formation for each composition.
Samples weighing 100 + 20 mg were heated to 1400 °C at a rate of
10 °C/min and held for 10 min under flowing Ar atmosphere at 1 bar.
Heating and cooling cycles were repeated twice to ensure complete
homogenization of the binder constituents. Consequently, the onset and
endset temperatures obtained during the second heating cycle were
considered representative of the solidus and liquidus temperatures of
each alloy. Dilatometric analyses were conducted under conditions
identical to those used in the DSC experiments employing a Netzsch TA
402 E/7 dilatometer. Cylindrical specimens with both diameter and
height equal to 6 mm were used. Final densification was performed in a
sinter-HIP furnace equipped with graphite insulation and heating ele-
ments. Three pressure stages were applied during the thermal cycle: (i)
10~2 mbar during heating from room temperature to 1300 °C to promote
degassing and carbothermal reduction of surface oxides; (ii) 100 mbar
from 1300 °C up to 1475 °C and during the first 45 min of the holding
stage to control binder evaporation; and (iii) 40 bar during the final 15
min at 1475 °C to eliminate residual porosity. Carbon contents in the
sintered specimens were measured by infrared combustion analysis
using a LECO CS-200 analyzer. Determination of the corresponding
carbon windows additionally required detailed microstructural charac-
terization by field-emission gun scanning electron microscopy (FEG-
SEM). Prior to observation, specimens were ground and polished down
to 1 pm diamond finish. WC grain sizes were determined using ImageJ
software (National Institutes of Health, Bethesda, MD, USA) from
backscattered electron images, which provided enhanced contrast be-
tween WC grains and the metallic binder. Grain size was evaluated as the
equivalent circle diameter. For each composition, at least 600 WC grains

Temperature (°C)

0 250 500 750 1000 1250
[0 e e

5 | —A1_15wt.%Co
----- A2_20 wt.% Co
-10 | —A3_ 15 wt.% FeNiCo

----Ad4_20 wt.% FeNiCo

Shrinkage AL/L, (%)

-25 -
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were measured, resulting in an estimated relative error of approximately
+5%. Thermodynamic analyses of the experimental results were per-
formed using Thermo-Calc software in combination with the TCFE13
commercial database for steels and a thermodynamic database devel-
oped in previous studies [20,22]. Finally, Vickers hardness was deter-
mined with 30 kg of applied load at room temperature (ISO 3878).

3. Results and discussion
3.1. Densification

Dilatometric curves corresponding to the extra coarse WC- metal
alloys show that the substitution of Co by FeNiCo induces a significant
loss of sinterability (Fig. 6a). Using the original height of the compacts as
a reference (represented by the dotted blue line), it is confirmed that
absolute shrinkage (AL < 0) occurs at temperatures much higher for the
compositions based on FeNiCo than on Co binders: at a temperature 263
°C higher for the alloys with 15 wt% of metallic addition (Alloys 1 and 3)
and at 533 °C for those with 20 wt% of metal (Alloys 2 and 4).

A magnified view of the dilatometric curve during the heating ramp
up to 1250 °C reveals that, although all alloys exhibit swelling, several
relative solid-state contraction events occur between 500 °C and 700 °C
(Fig. 6b). This change in trend may be associated with the carbothermal
reduction of the oxides present in the samples, namely CoO, FeO, NiO,
and WOs, which would facilitate diffusion processes within the metallic
phase leading to partial densification [21]. This is very effective in the
case of Alloy 2, where one third of the volume (not considering porosity)
is already thermally activated for spreading on the surface of WC par-
ticles and through prior WC-WC grain boundaries present in the powder
(see Fig. 3). As observed in Fig. 6b, this leads to 2.5% linear shrinkage at
1200 °C, that is, 136 °C below the melting onset measured by DSC for
this alloy (Table 3). In the other three compositions (Alloys 1, 3 and 4),
swelling is more pronounced, especially above 800 °C in the materials
with FeNiCo binder. Apart from thermal expansion itself, this swelling
could be related to the porosity induced by interdiffusion of Fe, Co and
Ni atoms in the new lattice generated during the alloying process (Kir-
kendall porosity) [24].

Densification in solid state is very limited in the four investigated
alloys below 1300 °C, that is, very near the melting onset in all cases
(Fig. 7). This is expected from the very low specific surface area of WC
extra-coarse powders, which is the main driving force for solid state
sintering in these materials [25]. As observed in the shrinkage rate vs.
temperature plots, shrinkage is strongly accelerated in all compositions
by the formation of the liquid phase.

As the wetting behavior of Fe, Co and Ni liquids on the surface of WC
grains is reported to be very similar (i.e. in the three cases wetting angles

Temperature (°C)

0 250 500 750 1000 1250
2 1 1 1 1 1
11 (b)
< o0
o
=
g —A1_15wt.%Co
% R — A2_20 wt.% Co
£ 45 —A3_ 15 wt.% FeNiCo
[72]
----A4_20 wt.% FeNiCo
4
-5 -

Fig. 6. (a) Shrinkage of extra-coarse WC-Co and WC-FeNiCo hardmetals with 15 and 20 wt% metallic addition, (b) zoom showing the initial swelling of the

specimens during the heating ramp.
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Table 3
Correlation between shrinkage rate and DSC peaks corresponding to the for-
mation of the liquid phase during the heating ramp.

Ref. Temperature (°C)
Dilatometry DSC
Onset Peak Endset Onset Peak Endset
Alloy 1 1309 1342 1369 1337 1364 1370
15 wt.% Co
Alloy 2 1330 1354 1389 1336 1364 1372
20 wt.% Co 1374
Alloy 3 1334 1365 1394 1350 1378 1382
15 wt.% FeNiCo
Alloy 4 1330 1377 1395 1356 1385 1391

20 wt.% FeNiCo

Temperature (°C)

1200 1250 1300 1350 1400
0 4 L L i 1 =
0.5 -
-1 4
~ -15
c
£ >
B -25 -
= —A1_15wt.% Co
g 3
3‘ s8d = A2_ 20 wt.% Co
©
4 —A3_ 15 wt.% FeNiCo
45 4 - A4_20 wt.% FeNiCo
-5 ol

Fig. 7. Shrinkage rate curves corresponding to WC-Co and WC-FeNiCo hard-
metals with 15 and 20 wt% metallic addition. Circles of the same color
superimposed on each graph correspond to the beginning and end of melting
during the heating ramp.

at 1500 °C are close to zero [26,27]), densification associated with
rearrangement of WC grains due to capillary forces should be similar.
However, liquid Co dissolves a much higher quantity of WC than Ni or Fe
at the corresponding eutectic temperatures: 22 wt%, 12 wt% and 7 wt%
respectively [28].

The importance of WC solubility in the liquid phase is evidenced by
analyzing the effect of increasing the amount of metallic addition on
shrinkage during the sintering plateau of 1 h at 1400 °C (marked by red
and black arrows in Fig. 6a). During this isothermal dwelling, shrinkage
is 71% higher when the amount of Co increases from 15 wt% to 20 wt%
(Alloys 1 and 2, respectively). However, in EC_WC-FeNiCo materials (A3
and A4 alloys), the same increase in the metallic content leads to an
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Fig. 8. Isothermal shrinkage vs. time (at 1475 °C) for WC-Co and WC-FeNiCo
hardmetals with 15 and 20 wt% metallic addition.
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increase in shrinkage of only 33% (Fig. 8). This is relevant considering
that the calculated amount of liquid phase at 1400 °C in the four com-
positions is very similar for Co and FeNiCo alloys with the same metal
addition: 31.5 vol% for Alloys 1 and 3 and 40.1 vol% for Alloys 2 and 4
(Fig. 9). These calculations are consistent with experimental measure-
ments of the binder volume fraction after sintering (Table 4), suggesting
that the solubility of WC grains in the liquid phase plays a key role in
densification kinetics.

Both simulation-based and experimental data show that, for alloys
based on Co binders, the onset, peak and endset temperatures are lower
than FeNiCo binder alloys (Fig. 10 and Table 3). The C windows
calculated with both the TCFE13_TC® database and the W-C-Fe-Ni-Co-
Cr database generated in previous works [20,22] show that the sintered
EC-WC-Co grades (A1 and A2) are closer to the boundary with the C-free
region, and EC-WC-FeNiCo materials (A3 and A4) are closer to the “eta”
phase precipitation boundary.

It is well known that, within the C-window, a reduction in carbon
content leads to an increase in the temperature at which liquid-phase
formation occurs [29]. This behavior is consistently captured by both
the DSC results and the thermodynamic calculations. It is worth noting
that, in WC-FeNiCo materials, both solidus and liquidus temperatures
and the prediction of the roofing effect is better predicted with the
database described in refs. [20, 22] than with the TCFE13® steel data-
base. The model also predicts the shifting of the melting range toward
higher temperatures when the binder volume fraction increases
(Table 5).

3.2. Microstructural characterization of sinter-HIPed samples

SEM micrographs of the materials obtained after sinter-HIP at
1475 °C confirm the absence of both residual porosity and binder-phase
pooling (Fig. 11). WC polycrystalline aggregates present in as-received
extra-coarse WC powders (Figs. 2 and 3) are disintegrated by the com-
bined action of different mechanisms, including fracturing induced
during mixing with metallic powders, liquid penetration through WC-
WC grain boundaries, etc. As expected, no W,C is detected after sin-
tering since the total C content has been adjusted to compensate the
incomplete carburization of the powder (Table 1). Analysis of the grain
size distributions obtained by ImageJ software (Fig. 12) shows that
increasing the liquid-phase volume fraction produces a much larger
relative increase in WC grain size in FeNiCo-based alloys than in Co-
based alloys. This is because, owing to the much higher solubility of
WC in the latter [19,21,29,30], the liquid formed with 15 wt% Co does
not become saturated in W and C at the sintering temperature.
Increasing the cobalt content to 20 wt% shifts the grain size distribution
slightly toward larger sizes, with a significant effect only in the 8-10 ym
fraction. In the remaining size fractions, the change is much smaller. In
contrast, for the FeNiCo-based materials, the liquid becomes saturated

50 -
R 40 ] —Aloy1:15wt.% Co
c
-g ----- Alloy 2: 20 wt.%Co
Q
& 309 Aoy 3: 15 wt.% FeNiCo
(]
E | Alloy 4: 20 wt.% FeNiCo
=]
2 20
o
>
T
g 10 -
2
0 ;

1000 1100 1200 1300 1400 1500
Temperature (°C)

Fig. 9. Liquid volume fraction as a function of temperature calculated with
Thermocalc® software and TCFE13 dabase.
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Table 4
Metallic binder phase volume fraction (%) measured by Image J software on
SEM images obtained from specimens sintered at 1475 °C for 1 h.

Ref. WC area Metal area WC volume Metal volume
(hm?) (m?) (%) (%)

Alloy 1 39027 12660 76 24

Alloy 2 35842 15844 69 31

Alloy 3 38444 13243 74 26

Alloy 4 35962 15724 70 30

when its volume fraction is low. Increasing it by approximately 33%
(from A3 to A4) substantially enhances the diffusion of W and C, leading
to significant changes across all WC grain size fractions (Fig. 12a).

It is also worth noting that the percentage of WC grains below 2 pm is
double for Alloy 3 than for the rest of the materials (20% vs. 10%,
respectively) (Fig. 12a). This finding is again consistent with the lower
solubility of WC in the FeNiCo-based liquid when compared with that in
liquid Co and has an effect of the WC-D50 value (Fig. 13).

As described by several authors, 2-D nucleation is the main WC
coarsening mechanism during liquid phase sintering of hardmetals,
leading to different morphologies depending on the carbon content of
the system: from low truncation and elongation factors for high carbon
activities to the opposite for low carbon ones [31-34]. In these experi-
ments, the main morphological difference appears when substituting Co
by FeNiCo (Fig. 14). These images show that WC grains in the WC-
FeNiCo materials exhibit a more rounded morphology than those in
the WC-Co alloys, where the grains are generally compatible with the
truncated trigonal prism morphology. WC-Co hardmetals with rounded
WC carbides have been produced starting with already rounded large
WC powder particles and the correct addition of grain growth inhibitors
(VC, Cr3Cy) [35]. In our experiments, no grain growth inhibitors were
added, therefore, the observed shape change is likely related to the
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different dissolution-reprecipitation behavior promoted by the FeNiCo
binder. The lower solubility of WC in FeNiCo liquids is expected to
reduce the extent of dissolution and subsequent reprecipitation during
sintering, which may limit the development of well-defined crystallo-
graphic facets and result in a less faceted, more rounded grain
morphology. Further TEM studies are currently underway to clarify the
nature of the WC/binder interfaces.

The results of hardness tests carried out on extra-coarse hardmetals
confirm the trends already reported for finer WC grades [19,21], namely
that there is a significant softening associated with the substitution of Co
by the FeNiCo (40/40/20) binder phase (Table 6): 18.6% for 15 wt%
addition of binder and 23.1 wt% for 20 wt% binder content. As it is well
known, nickel is significantly softer than cobalt because of its higher
stacking fault energy. These results indicate that this effect is dominant
in the FeNiCo austenitic binder phase, where solid-solution strength-
ening is insufficient to maintain the hardness levels achieved with
cobalt-based matrices. However, this reduction cannot be attributed
exclusively to the binder chemistry. Hardness is also affected by the
binder content [29,36-38]. As shown in Table 6, increasing the binder
content from 15 to 20 wt% decreases the hardness from 909 to 809
HV30 (Alloys 1 and 2) in the Co-bonded system and from 740 to 622
HV30 (Alloys 3 and 4) in the FeNiCo-bonded system. In addition, the WC
median grain size (D50) increases from 4.2 to 4.5 pm (Alloys 1 and 2)
and from 3.3 to 4.3 pm (Alloys 3 and 4). The increase in WC grain size is
also expected to contribute to the reduction in hardness, as larger WC
grains generally result in lower hardness values [29,36-38]. Therefore,
the measured hardness reflects the combined effects of binder chemistry,
binder content, and WC grain size.

4. Conclusions

This study evaluated the feasibility of using a 40Fe-40Ni-20Co (wt

Temperature (£C)

1200 1250 1300 1350 1400
25 L L L L
(b)
2 4
—Alloy 1

N
o
L

Heat flow (mW/mg)
o
S -

-0.5 -

Fig. 10. DSC plots of the WC-Co and WC-FeNiCo hardmetals with 15 and 20 wt% metallic addition: (a) heating ramp, (b) cooling ramp.

Table 5

Temperatures corresponding to the beginning and end of melting of the liquid phase of alloys. C contents measured in specimens are also included. These data are
compared to Thermocalc ® estimates (TCFE13 database and database developed in previous works [20,22]).

Ref. Temperature (°C) C content after sintering Calculated C-window
0, 0,

ThermoCalc DSC (wt.%) (Wt%)
Onset Endset Onset Peak Endset

Alloy 1 1304+ 1347+ 1350 1364 1370 5.22 + 0,01 5.02-5.23*
1304+ 1347+ 5.03-5.24"*

Alloy 2 1301* 1344~ 1336 1364 1372 4.93 £+ 0,02 4.65-4.94*
1301%* 13447* 4.65-4.94"*

Alloy 3 1283 1315* 1365 1378 1382 5.21 + 0,02 5.15-5.28*
1311%* 1406+ 5.17-5.29**

Alloy 4 1284+ 1315* 1360 1385 1391 4.90 + 0,02 4.82-5.00"
1310** 1407+ 4.85-5.00"*

* TCFE13.

“* Database developed in previous works [20,22].
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Fig. 12. WC grain size distributions in WC-Co and WC-FeNiCo hardmetals: (a) frequency plot, (b) cumulative plot.

%) alloy as an alternative binder phase in extra-coarse WC hardmetals
and compared its behavior with that of conventional Co-bonded grades.
Main conclusions are:

e The substitution of Co by FeNiCo significantly reduces the sinter-
ability of extra-coarse WC hardmetals, shifting the onset of liquid-
assisted densification to higher temperatures. This effect is
observed despite similar calculated liquid-phase fractions in both
systems.

e FeNiCo-based alloys exhibit higher solidus and liquidus tempera-
tures than their Co-based counterparts, as confirmed by DSC mea-
surements and thermodynamic modelling.

e Densification kinetics are strongly influenced by WC solubility in the
liquid phase. The lower solubility of WC in FeNiCo liquids leads to
reduced dissolution-reprecipitation activity and consequently
slower shrinkage during liquid-phase sintering.

e All investigated compositions achieved full densification after sinter-
HIP, and no residual W2C was detected, indicating effective carbon



LS. Talaya et al.

7.0 {

6.0 1

5.0

4.0

3.0

2.0

D50 WC grain size (um)

1.0

0.0

Alloy 1: 15 wt.% Co Alloy 2: 20 wt.% Co  Alloy 3: 15 wt.%

Alloy 4: 20 wt.%
FeNiCo FeNiCo

Fig. 13. WC D50 values corresponding to the WC grain size distributions
of Fig. 12.

control and complete reaction with extra C additions during
processing.

e WC grain growth is more sensitive to binder content in FeNiCo-based
systems than in Co-based alloys. Increasing the metallic fraction
produces a more pronounced shift in grain size distribution in
FeNiCo-containing hardmetals.

e WC grains in FeNiCo-bonded materials display more rounded mor-
phologies compared with the faceted truncated trigonal prism shapes
typically observed in WC-Co systems, suggesting a modified balance
between dissolution and reprecipitation processes.
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e The observed softening in FeNiCo-based hardmetals is mainly
attributed to the intrinsically lower hardness of FeNiCo austenite,
which cannot fully compensate through solid-solution strengthening
effects.

Overall, FeNiCo alloys represent a viable but mechanically softer
alternative to Co binders, offering distinct sintering and microstructural
evolution characteristics that must be carefully considered for extra-
coarse WC hardmetal design.
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