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Shrinkage, liquid formation and mass losses of WC-19 vol% FeNiCoCr alloys during sintering have been inves-
tigated in compositions either with coarse or submicron WC powders. Mass losses detected by thermogravimetry
are compatible with carbothermal reduction of the different oxides present in the powder mixtures. Hardness and
fracture toughness of materials based on submicron WC powders are within tolerances of those reported for WC-
Co materials with similar microstructures. However, fracture strength is approx. 25% lower.

1. Introduction

Cobalt partial or total substitution in hardmetals is still an active field
of research mainly driven by changes in its classification as toxic sub-
stance [1-4] and by the risk of supply associated to its use in Li-ion
batteries [5]. Among these alternative cemented carbides, those based
on the WC-Fe-Ni-Co system have been extensively studied due to their
good sinterability and mechanical properties [6,7]. Moreover, these
materials exhibit carbon windows compatible with industrial scale-up,
specially when the binder phase solidifies as austenite [8,9]. More
complex alloys have also been proposed not only for Co replacement in
hardmetals but also for improving their high temperature performance.
High entropy alloys (HEA) are one of such potential canditates [10-15].
However, sintering of WC-HEA materials seems to be a challenging task
since both thermodynamic studies and sintering experiments confirm
the precipitation of undesired phases, like M;C3 and other Cr-rich car-
bides [16-19]. More recent works have shown that Fe-Ni-Co-Cr multi-
component alloys are suitable binders for WC based cemented carbides
provided that Cr concentrations are below 8 wt% of the total metal
content. Under these conditions, the precipitation of M;Cg carbides is
completely avoided [20]. These has been confirmed for a limited num-
ber of compositions based on coarse WC powders. In this work, efforts
are focused on analyzing the effect of WC powder particle size on the
sintering behavior and mechanical properties of these new WC-Fe-Ni-

Co-Cr alloys. The aim is to explore the versatility of WC-Fe-Ni-Co-Cr
materials for obtaining materials with different combinations of hard-
ness and toughness, similarly to that described in WC-Co alloys.

2. Experimental procedure

Mean particle sizes of selected powders are included in Table 1 and
the compositions of the powder mixtures are given in Table 2.

Alloys 1 and 3 were prepared with the WC coarse grade and alloys 2
and 4 with the WC submicron one. As described in Table 2, the latter was
already doped with Cr and V in as-received state. Therefore, alloy 1 is
the only one without Cr or V additions. This is already taken into ac-
count in Table 2. In all cases, the metal content was 12 + 1 wt% (~ 19 +
1 vol%) and the ratio between Fe, Ni and Co was 40/40/20 (in wt%). Fe
and Ni powders were both from carbonyl-type materials. C and Cr
contents were adjusted via carbon black additions in all cases to ensure
that the materials were within their corresponding carbon windows
[20]. Mixing/milling was made in a planetary equipment at 100 rpm for
5 h using ethanol as liquid media and a ball to powder ratio of 6 (in wt
%). Paraffin, used as pressing aid, was added in the last milling hour.
Afterwards, the powders were dried for 40 min at atmospheric pressure
in a thermostatic bath (80 + 2 °C). Green compacts were obtained by
double action pressing at 160 MPa. The equipment used in dilatometric
experiments was a Netzsch TA 402 E/7 and that used in differential
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Table 1
Mean particle size of starting powders obtained from FSSS analyses.
Powders WC-coarse WC-submicron* Fe Co Ni Cr3Cy
Mean size (ym) 3.7 0.8 5.3 1.7 1.1 3.9

" WC submicron powder was already doped with 0.6 wt% CrsC, and 0.3 wt%
VC.

scanning calorimetric tests was a TGA/DSC Setaram Setsys Evolution
16/18. Dilatometric specimens were cylinders with both height and
diameter of 5 mm. DSC samples were cubes of aprox. 1 mm side. The
heating cycle was the same in both types of experiments. It consisted of a
heating ramp of 10 °C/min up to 1450 °C. Dwelling time at this tem-
perature was 10 min. Argon at atmospheric pressure was used as a
protective atmosphere. Temperatures Ti and Tf correspond to the upper
and lower bounds of the melting range of each DSC peak respectively
and were determined by using the SETSOFT software [21]. Peak areas
calculated by this software only provide a qualitative estimation of the
amount of liquid generated by each DSC peak, since quantitative cal-
culations require knowing the enthalpy of melting of Fe-Ni-Co-Cr-W
alloys, which are still unknown. Some DSC experiments were repeated
thrice for each specimen in order to compare melting phenomena of

Table 2
Composition of selected WC-Fe-Ni-Co-Cr alloys (in wt%).
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elemental powder mixtures with those of already alloyed Fe-Ni-Co-Cr-
(W) multicomponent binders.

After DSC tests, standard vacuum sintering experiments were carried
out in an industrial furnace with graphite heating elements at a heating
rate of 10 °C/min up to 1450 °C. The vacuum level used during this step
was 102 mbar. After reaching the sintering temperature, the pressure
was increased up to 100 mbar by introducing argon in the furnace
chamber and maintained during the 1 h sintering plateau. After vacuum
sintering, a hot isostatic pressing treatment (HIP) was applied in order to
eliminate any residual porosity. HIP cycles were made at 1400 °C and
150 MPa for 1 h.

C contents were measured by means of infrared spectrometry both in
green compacts and sintered materials. Green density was calculated
from geometric measurements, whereas standard ISO 3369 was used for
density measurements in sintered samples. These specimens were
ground and polished down to 1 pm diamond paste for microstructural
analysis, which was carried out by optical and scanning electron mi-
croscopy (FEG-SEM) and energy dispersive X-ray spectroscopy (EDS).
Phase identification was carried out by X-Ray diffraction (XRD) (with
Ni-filtered CuKa radiation) using Bragg-Brentano configuration.
Average WC grain sizes (L,), binder mean free paths (L) and contiguities
(Cy) were measured following ISO 4499-2-2020. Vickers hardness was

Powders WC-coarse WC-submicron Fe Ni Co Cr3Cy vC Nominal C content
Alloy 1 88.55 - 4.58 4.58 2.29 - - 5.43
Alloy 2 - 87.75 4.58 4.58 2.29 0.53 0.27 5.50
Alloy 3 87.83 - 4.59 4.59 2.29 0.70 - 5.47
Alloy 4 - 87.03 4.59 4.59 2.29 1.23 0.27 5.55
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Fig. 1. Shrinkage vs. temperature corresponding to the four investigated WC-FeNiCoCr alloys.
Table 3
Microstructural characteristics and mechanical properties of selected WC-Fe-Ni-Co-Cr alloys.
Alloy n° 1 2 3 4
VS HIP VS HIP VS HIP VS HIP
Green density (g/cm®) 8.2+0.1 7.2+0.1 8.2+0.1 7.2+0.1
Density after sinter (g/cm®) 13.8 14.2 13.2 14.2 13.6 14.1 12.3 14.0
%T.D. 97.2 100 92.6 100 96.3 99.6 86.7 99.1
Cy 0.50 0.49 0.63 0.69 0.53 0.47 0.63 0.79
Ly (pm) 1.43 1.24 0.32 0.33 1.49 1.48 0.31 0.35
Ly (pm) 0.59 0.53 0.17 0.18 0.49 0.53 0.13 0.24
HV30 (kg/mmz) 1101 + 14 1112+ 8 1265 + 63 1615 + 12 1094 + 14 1109 + 24 1165 + 82 1665 + 16
Kic (MPam'/?) 8.60 8.10 8.10 6.90
TRS (MPa) - - - 2696 + 63 - - - -

" No cracks are produced by indenting with 30 kg. of applied load.
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Fig. 2. Shrinkage rate vs. temperature and DSC endothermic peaks corresponding to melting events: (a) alloy 1, (b) alloy 2, (c) alloy 3 and (d) alloy 4.
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Fig. 3. DSC plots corresponding to alloys 1-4. These data correspond to the first heating ramp.

determined with 30 kg of applied load at room temperature (ISO 3878)
and Palmqvist fracture toughness was calculated from the cracks
generated by such indentations (ISO 28079:2009) [22]. Finally, the
fracture strength of alloy 2 has been measured by applying ISO-3327 on
rectangular prisms of 20 x 6.5 x 5.25 mm (5 specimens per alloy).

3. Results and discussion
3.1. Thermal analyses: dilatometry and calorimetry

Dilatometric data confirm that shrinkage is significantly higher for
the WC-Fe-Ni-Co-Cr compositions based on finer WC powders (Fig. 1).

This is similar to that described for WC-Co alloys and is mainly due to
the lower green density achieved when pressing the mixtures based on
finer powders (Table 3) [23]. As all four alloys reach densities close to
the theoretical values after sintering, those with lower green densities
have to shrink more.

On the other hand, it is observed that additions of CrsCy powders
tend to reduce the total shrinkage of WC-FeNiCoCr alloys. This effect is
more evident in alloys based on coarse WC powders. Thus, shrinkage is
18% lower for alloy 3 than for alloy 4, whereas this difference is only of
6% between alloys 1 and 2. It is also worth noting that alloy 3 exhibits
significant swelling between 740 °C and 1100 °C.

Assuming that shrinkage phenomena before melting are likely
related to the diffusion of Fe, Ni and Co atoms towards the surface of WC
grains, these results suggest that the resistance to shrinkage depends on
the way of adding chromium to the system. When it is added as rela-
tively coarse CrsCj particles, these may either act as physical barriers for
such diffusion or modify the diffusivity of the different metallic atoms by
their mutual dissolution during heating. On the other hand, when Cr is
added to WC powders by doping prior to carburization, this resistance to
shrinkage is overcome due to the higher driving force associated to the
reduction of the total surface energy of the system.

The effect of the liquid phase on shrinkage is analyzed by comparing
shrinkage rate and the DSC peaks (Fig. 2).These data confirm that, in
alloys based on submicron doped WC powders (alloys 2 and 4), most of
shrinkage occurs in solid state and shrinkage rate is not significantly
affected by liquid formation, whereas the opposite is found in alloys
based on coarse WC powders (alloys 1 and 3).

Therefore, the shrinkage acceleration observed in alloys 1 and 3 after
liquid formation is compatible with particles rearrangement due to
capillary forces. However, in alloys 2 and 4, densification in this tem-
perature range is likely controlled by solution-reprecipitation mecha-
nisms. As described for WC-Co ultrafine grades, these processes are
slower and less effective in removing the residual porosity, especially in

the presence of WC grain growth inhibitors as Cr and V [24] (Table 3).
This hypothesis is compatible with the higher shrinkage detected in al-
loys 2 and 4 during the dwelling segment of the sintering cycle. This
residual porosity, mainly present in alloys 2, 3 and 4, was completely
eliminated by HIP after sintering.

The effect of Cr on melting is better perceived in Fig. 3, where all
endothermic DSC peaks corresponding to liquid formation are put
together.

As observed in this graph, DSC peaks are wider, less deep and dis-
placed towards lower temperatures as Cr content increases. This is
detected not only when Cr is added via Cr3Cy powders to the mixtures
but also when it is done by doping during sinthesys of WC powders. This
behavior is consistent with that observed in WC-Co-Cr3Cy and TiCN-Ni-
Cr3Cy systems [16,24] and suggests that similar eutectic reactions could
be taking place in the WC-Fe-Ni-Co-Cr3Cy system. Exothermic DSC peaks
detected on cooling correspond to the solidification of the liquid phase
after sintering. As observed in Fig. 4, these peaks are 20-40 °C narrower
than those of melting.

This difference is likely related to the homogeneization of the
chemical composition of the binder phase that takes place after reaching
the plateau of the DSC cycle at 1450 °C. When DSC cycles are repeated
on the same specimens, both endothermic and exothermic peaks are less
intense and displaced towards higher temperatures. In addition, a sec-
ond endothermic peak is detected in all four alloys during the second
and third heating ramps at temperatures between 1400 °C and 1440 °C.
This behavior is qualitatively consistent with Thermocalc® predictions
(Fig. 5), suggesting that progressive decarburization occurs on subse-
quent heating and cooling events. This is confirmed by the precipitation
of 1 phases in all specimens after reheating (Fig. 6).

Quantitative predictions of carbon windows and temperature ranges
for solidification obtained with the abovementioned TC® model for al-
loys 1 and 3 are not consistent with experimental data (Table 4). No free
carbon is found in neither of the two alloys after sintering, although their
total carbon content measured by IR spectrometry is higher than the
lower bound calculated for such precipitation (Fig. 7). Moreover, the
actual temperatures corresponding to the onset and end of melting are
too high compared to these predictions. Work is still needed in order to
provide enough data for a new assessment of the WC-FeNiCoCr system.

On the other hand, carbon contents measured after HIPing (Table 4)
are close to those calculated from the stoichiometry of the carbides used
in the powder mixtures (excluding that of the paraffin) (Table 2).
Assuming that approximately 0.3 wt% C is lost to the carbothermal
reduction of powder oxides, there should be other carbon sources
available to explain the final C contents measured in as-HIPed speci-
mens. These could be, for example, the residues of paraffin pyrolysis or
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possible above 1265 °C.

As described in the experimental procedure, alloys 3 and 4 were
obtained by adding 0.7 wt% Cr3Cy powders to the mixtures corre-
sponding to alloys 1 and 2 respectively. As alloy 4 is based on Cr—V
doped WC powders, its total Cr content is 76% higher than that of alloy
3, but added in a different way. Below 800 °C, these two materials
exhibit similar mass loss rate peaks as those described for alloys 1 and 2.
Between 450 °C and 500 °C, those associated to carbothermal reduction
of Ni and Co oxides and, at temperatures between 500 °C and 900 °C,
those corresponding to carbothermal reduction of Fe and W oxides.
Above 800 °C, mass losses are much higher for alloy 4 than for alloy 3.
This could be consistent with its higher total Cr content. However,
oxidation of Cr added by doping to submicron WC does not seem to be
very high (see difference between alloys 1 and 2 in Fig. 8a). Moreover,
alloys 3 and 4 contain the same amount of Cr3Cy powders and milling
conditions have been the same in both cases. The higher content of
Cr,03 oxides in alloy 4 could be explain by considering that Cr3C, could
reduce other oxides present in the compact, like WO3 or FeO generating
additional CryO3 as product apart from Fe, W and CO. These reactions
have been calculated by Thermocalc® SSUB4 database and are highly
exothermic.

Melting ranges and carbon windows calculated by Thermocalc ® and TCFE10 database.

Ref. ThermoCalc® estimates Temperatures of DSC solidification peaks (°C) C content * (wt%)
C window (wt%) Solidification range (°C) Onset End

Alloy 1 5.37-5.46 1319-1238 1369 1352 5.55 + 0.03

Alloy 3 5.33-5.45 1302-1179 1352 1318 5.46 + 0.02

" Measured in dense specimens by infrared spectrometry.

the C provided by the slight decomposition of the heating elements and
the furnace crucible, both made of graphite.

Mass losses measured during the first heating ramp after paraffin
burnout are shown in Fig. 8.

These data confirm that mass losses are higher for the grades based
on finer WC powders, which is compatible with their higher oxygen
contents. The derivatives of these graphs with respect to time show
peaks compatible with outgassing phenomena related to carbothermal
reduction of the different oxides present in the powder mixtures (Fig. 9
and Table 5). Although actual reactions can be quite complex, a good
correlation is found between temperatures calculated for the viability of
simple oxide reduction reactions and mass loss rate peaks found in TGA
experiments.

Alloy 1, based on coarse WC powders without Cr additions, exhibits 3
mass loss rate peaks at 461 °C, 602 °C and 770 °C (Fig. 8b). The first one
is compatible with carbothermal reduction of nickel and cobalt oxides.
Temperatures corresponding to AGg = 0 calculated by Thermocalc® for
these reactions differ only by 50 °C, suggesting that both phenomena
could overlap during the heating ramp. On the other hand, peaks at
602 °C and 770 °C are consistent with reduction of oxides like Fe;Os;
WO3 and FeO.

In alloy 2, based on submicron WC powders doped with Cr and V,
there are also three mass loss rate peaks at 486 °C, 764 °C and 1000 °C.
As described in the previous paragraph, the first peak is likely due to
carbothermal reducion of Co and Ni oxides. As the heating ramp con-
tinues, a single broad peak is detected between 550 °C and 900 °C. As
expected from the higher oxygen content of WC submicron powder,
mass losses are mainly due to the reduction of tungsten oxides. The large
width of this peak is probably related to overlapping of peaks, since the
reduction of FesO3 or FeO oxides occur at temperatures just below and
above that of WOj3 respectively. The peak detected at 1000 °C is
compatible with reactions occurring between chromium oxide and
carbon having Cr3C; or Cr;C3 and CO as products [25]. As seen in Fig. 9,
carbothermal reduction of CroO3 having Cr and CO as products is only

3.2. Sintering experiments

The scale of microstructural segregation can be estimated from EDS
mapping analyses obtained from the surface of green compact in alloy 3
(Fig. 10).These analyses confirm the presence of Fe, Ni and Co ag-
glomerates with sizes ranging from 8 to 20 pm. Fe, Ni and Co agglom-
erates disappear during the sintering process and form a homogeneous
solid solution which spreads surrounding the WC grains. These EDS
mapping images also prove that chromium accumulations (corre-
sponding to the added Cr3Cy powder particles) also disappear after
sintering, due to their almost total dissolution in the Fe-Ni-Co binder
phase (Fig. 11) [20].

SEM images confirm that neither free C nor n phases are present in
the sintered specimens (Fig. 7). Twenty alloys with different C contents
were prepared in order to define low and high carbon limits. The pres-
ence of Cr-rich carbides is very difficult to identify in WC-FeNiCoCr
submicron grades. For alloys 2 and 4, the absence of M;Cs or other
rich carbides was confirmed up to the resolution level of our X-ray
diffractometer. Although the 0.8 pm WC powder particle size in the case
of alloys 2 and 4 was almost an order of magnitude smaller than that of
the Fe powders (mean size = 5.3 pm), the final distribution of the binder
phase after sintering is reasonably homogeneous.

Data included in Table 3 confirm that the alloys 1 and 3 with higher
WC grain size, has higher density in vacuum sintering (VS) than alloys 2
and 4 with lower WC grain size. However, all the alloys have porosity
levels that are unacceptable and this have an important effect on the
density achieved. These results prove that the elimination of the last
residual porosity in these alloys is more difficult as the WC grain size
decreases and also is related to worse wetting of WC grains. The effect of
HIP treatments on the removal of this residual porosity is included in
Table 3. Alloy 1 and 2 with 97.2% and 92.6% theoretical density (T.D.)
after VS had additional densification after HIPing increased these values
up to 100% T.D. However, alloys 3 and 4 with 96.3% and 86.7% T.D.
increased this value up to above 99% T.D. On the other hand, when HIP
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(d) alloy 4.
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is applied to alloys 1 and 2 densification is more efficient than in the case
of alloys 3 and 4. This corroborates that the wetting properties of the
liquid are very important in order to remove residual porosity.

As seen in Table 3, there are no large differences between mean WC
grain sizes. One reason, in the case of alloys 1 and 3, is that the selected
WC powders were already large (that is, the original surface area, which
is the driving force for the grain growth process, is low in the starting
powders). Moreover, the dissolution of WC grains in Fe based binders is
much slower than in Ni or Co based ones [26]. The strong influence of
the iron-binder on WC grain growth can be explained as a result of
changes in the interface energy of the respective WC/binder interface as
well as an increase in activation energy of the interface reaction due to

interactions between the binder atoms with the growth active carbon
atoms. This supports the concept of an interface-controlled growth
mechanism [27]. This combined with the WC grain growth inhibition
effect of chromium additions could explain the rounded morphology
found for WC grains in alloy 3. However, alloy 1 (without Cr) show some
WC polygonal grains after sintering (Fig. 7). The observed shape change
in WC crystals could be due to the activation of 2D nucleation phe-
nomena [26].

Comparing results, it is concluded that for these levels of metallic
content, Cr does not affect the overall hardness of the composite mate-
rial, contrary to that found by other authors for lower metal contents
[8]. It would like to point out that the densification obtained after
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Fig. 9. Gibbs energies corresponding to the reactions related to carbothermal reduction of the different oxides present in the WC-FeNiCoCr powder mixtures

(Thermocalc® SSUB4 database).

Table 5

Mass loss rate peaks and temperatures needed for carbothermal reduction of the different oxides present in the powder compacts.

Reaction Temperatures for AGg = 0 Mass loss rate peaks (°C)

Peak Alloy 1 Alloy 2 Alloy 3 Alloy 4
CoO + C = Co + CO 450 °C (€)) 461 486 473 490
NiO + C =Ni + CO 500 °C
1/3 Fe;03 + C = 2/3 Fe + CO 650 °C (@) 602 - 607 690
1/3 WO;3 + C=1/3 W + CO 708 °C 3) 770 764 746 747
FeO + C = Fe + CO 787 °C
1/3 Cr,03 + C=2/3 Cr + CO 1265 °C “4) - 1000 981 1027

HIPing provides higher hardness in all alloys due to the remove of re-
sidual porosity. Hardness values of alloys 1 and 3 inside the C windows
show values in the range reported for WC-Co coarse grades with similar
volume fraction of binder phase (19 vol% Co): from 940 to 1100 kg/
mm? (HV30). In addition, commercial references of WC-Co (ultrafine
grain size and 10-12 wt% Co) show hardness and toughness values of
1600-1675 HV30 and 10.2-10.4 MPa-m'/2. This mean that alloys 2 and
4 have hardness values similar to commercial references, but the values
of toughness are lower than commercial references.

In the case of alloy 2, TRS values are 25% lower than that particular
grade. Crack initiation places have been clearly identified (Fig. 12). As
seen in these images, they correspond to abnormally large WC grains.
These phenomenon has been already described in ultrafine WC-Co
grades [28] and it is also clearly evidenced in WC-FeNiCo materials.
The size of this zone consisting of coalesced abnormally large WC grains

islc &~ 12.5 pm. An alternative calculation of K; for alloy 2 can be made
by assuming that this defect is a penny shaped microcrack, ¢ being the
TRS value:

K. =6 (21/m)"* = 7.840.2 MPa-m"/?

This value is in good agreement with that obtained from Palmqvist
cracks and suggests that this is the key issue to be solved in order to
reach TRS values above 3 GPa.

4. Conclusions

WC-19 vol% FeNiCoCr cemented carbides have been obtained from
two WC powder grades with mean particles sizes of 3.7 and 0.8 pm
respectively. The sinterability of both types of materials is poorer than
that of similar WC-Co standard grades. In all cases, vacuum sintered

Fig. 10. BSE-SEM image corresponding to the surface of green compact of alloy 3 after uniaxial pressing at 160 MPa. EDS mapping images of relevant chemical
elements are included to show the degree of segregation of the constituents before sintering. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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Fig. 11. BSE-SEM image showing the microstructure of alloy 3 compact after processing by VS + HIP. EDS mapping images are also included to show the

homogeneization achieved after sintering.

Alloy 2 TRS: 2766 MPa

EHT= 1500 kV.
WD =14.5mm

200 pim Signal A= SE2

Mag= 50X

4.
HT = 15.00 kV
WD =140 mm

Mag= 10.00KX

Fig. 12. SEM images corresponding to the fracture surface of test specimen of alloy 2 with highest TRS value.

specimens require post-HIP treatments for complete elimination of re-
sidual porosity, which is higher as the content of WC grain growth in-
hibitors increase. As described for WC-Co materials, shrinkage in alloys
based on WC submicron powders is control by solid state diffusion
mechanisms. On the other hand, liquid spreading by capillary forces is
the dominant densification phenomenon in alloys based on coarse WC
powders. The introduction of Cr in the W-C-Fe-Ni-Co system induces
significant changes in the position of carbon windows and in the solidus
and liquidus temperatures with respect to those predicted by Thermo-
calc®-TCFE10 database. Mass losses detected during the heating ramp
occur at temperatures compatible with those required for carbothermal
reduction of the oxides present in the mixtures. Differences are found
between coarse and submicron grades, specially above 800 °C. Hardness
and fracture toughness of materials where Cr is added by doping are
close to those reported for WC-Co materials with similar microstruc-
tures. However, strength data are 25% lower.
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