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Abstract

High-density WC-FeNi ceramic-metal (cermet) composites were fabricated using liquid-phase
spark plasma sintering/field-assisted sintering technology (SPS/FAST) with in-situ formation of
metal binder phase. The precursor materials were micron-sized powders of WC, Fe, Ni, and C. A
low melting point from a eutectic reaction of the powders enabled the in-situ formation of FeNi
alloy and facilitates liquid-phase sintering of the WC. The carbon powder was added to stabilize
the formation of the binder phase. Electron backscatter diffraction (EBSD) was performed to
measure grain size and orientation. The composite exhibited a 99% theoretical density and a
microstructure consisting of rounded and contiguous WC grains. The average grain size is 10.5
um. The composite has a maximum hardness of 16.1 GPa. This research provides a fast and cost-
effective approach to fabricate hard metals.
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Introduction

Ceramic-metal (cermet) or hardmetal tungsten carbide-cobalt (WC-Co) comprised of less than
15 wt.% Co has been used as cutting tools and wear parts since the early 1930s because of its
excellent combination of hardness and fracture toughness [1]-[7]. WC-Co cermet materials have
been processed via hot pressing, pressing and sintering, and spark plasma sintering. The particle
sizes of WC typically ranged from micron- to nano-scale [8], [9]. Co is a favorable metal binder
phase due to its complimentary properties relative to WC and its capability to assist liquid-phase
sintering [10]. However, Co is expensive relative to Fe and Ni. The cost of Co is 31.75 USD/Ib.,
Ni is 6.09 USD/Ib., and Fe is <1 USD/Ib. [11]. Therefore, alternative metal binder materials need
to be explored to develop cost-effective composites of WC while maintaining mechanical
properties, such as high hardness, comparable to WC-Co composites. One metal binder material
system of interest is the Fe-Ni binary alloy, which provides adequate mechanical properties with
hardness around 10 GPa and fracture toughness around 15-18 MPa* m'2, good corrosion
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resistance, and lower costs than Co. Since the amounts of Ni in the Fe are usually very small, it is
economic to use FeNi, or form it in situ.

Earlier work showed that WC-(Fe-Ni) materials exhibited superior mechanical properties
compared to WC-Co. Gonzélez et al. used liquid-phase sintering to make a WC-(Fe-Ni)
composite with a Fe-10 wt.% Ni alloy as the metal binder, and the metal binder content was 10
wt.% of the total cermet. It was found that the WC-(Fe-Ni) composite had a higher fracture
toughness than a WC-Co composite containing less than 15 wt.% Co [12]. Kakeshita and
Wayman showed how a martensitic Fe-Ni phase can be achieved in the presence of WC and the
WC-martensitic FeNi composite also exhibited a fracture toughness that is superior to WC-Co
[13]. Other processing methods can generate an austenitic metal binder phase or FeNi;
intermetallic, and austenitic metal binder phase with WC has mechanical properties comparable
to WC-Co. Specifically, a hardness increase was observed by Gao et al. when they sintered a
powder mixture of WC, Fe, and Ni powder via hot isostatic pressing, with a total 20 wt.% of the
metallic components and a 3:1 Fe:Ni weight ratio [14].

While WC-(Fe-Ni) systems are advantageous in terms of cost saving and mechanical properties
compared to WC-Co systems, controlling the alloy composition is still challenging due to the
dissolution of WC. Cramer et al. used melt infiltration of Ni into WC/Fe pressed preforms to
form stabilized WC-(FeNi) cermet without tooling and found that hardness is comparable to
WC-Co, but the microstructure was different with more rounded WC grains [15]. A previous
study on the thermodynamics of processing WC with many other metal phases suggests that
carbon should be added to FeNi phase to stabilize martensite or to stabilize the narrow carbon
window, or the range of carbon contents where a two-phase structure of WC and metal binder is
obtained. If the carbon window is missed, the formation of ternary or carbon phases can occur
[16]. The carbon addition stabilized the carbon window during dissolution and liquid phase
sintering of the composite [17]. In terms of chemical composition, best properties were achieved
when 12 wt.% of Fe-Ni metallic component was added with 10 wt.% of Ni in the metallic
component [16], so that is the composition used in the current research plus addition of carbon.

In the current research, Spark Plasma Sintering/Field Assisted Sintering (SPS/FAST) is used to
liquid-phase sinter WC with Fe and form FeNi in-situ by starting with micron-sized WC, Fe, Ni,
and carbon powder. SPS/FAST is a method to consolidate powders like hot pressing, but the
conduction of electrical current goes through the die and sometimes the sample (if the sample is
conductive) resulting in much faster processing than hot pressing and inducing some electric
fields on the specimens during processing [18]-[20]. Using SPS/FAST improves processing
times because the processing is up to 20 times faster than pressing and sintering. Also, the raw
materials can be blended together, so there is no need to use alloys, which can be more expensive
and more difficult to process. The raw materials create the melt for liquid-phase sintering and
stabilize the final phase in situ around the WC. The combination of using raw materials, cheaper
materials, in-situ formation, and a fast processing method reduces the costs of making this
material significantly, and it has not been done this way previously. The drawbacks are small
batch sizes and simple geometries. The SPS/FAST method with cost-effective metal binder



phase provides a fast fabrication method of WC hardmetal with low-cost metal binder phase
material exhibiting high hardness, and contiguous microstructure.

Materials and Methods

Stoichiometric WC powder (-325 mesh, Dso~12 micron) from AEE, Fe powder (1-10 micron,
Dso~8 micron) from Atlantic Equipment Engineers (AEE), Nickel powder (-325 mech, Ds5;~30
micron) from Alfa Aesar, Carbon black from Nuchar were used for preforms. The WC was
blended with the metal precursor so that the blend consists of 88 wt.% WC and 12 wt.% metal
precursors. The metal precursors were comprised of 89.5 wt.% Fe, 10 wt.% Ni, and 0.5 wt.%
Scanning Electron Microscopy (SEM) and Horiba LA-950 laser scatter particle distribution
analysis on the powder was done and is the same as [21]. The particles show a wide distribution
range from about 6-40 micrometers. Most of the particles exhibit spherical morphology, with a
few particles showing irregular shapes.

5 g of the mixed WC/Fe/Ni/carbon powder was pressed at 5 MPa for 1 min in a graphite die of
20 mm diameter before sintering. Graphite punches were machined to a tight fit tolerance with
the 20 mm die, and sample thicknesses were 2-3 mm after sintering. The heating schedule was
1050°C at 100°C/min with 5-minute hold in vacuum while holding 50 MPa pressure on the
graphite punches with a Thermal Technology Spark Plasma Sintering Machine 25-10. A
densification curve was constructed using the green density, final density, and displacement data.
The samples were extracted from the dies after sintering with a hand-cranked press. Upon
unloading the sample, the die was cracked. There was some metallic material that segregated
from the sintering sample and deposited on the graphite punch and die wall. This makes the die
sacrificial and adds to costs.

The specimen microstructures were analyzed with SEM using a Hitachi S4800 microscope in
backscatter electron imaging mode. Bulk and Archimedes densities were measured when
appropriate by measuring the part dimensions, dry mass, and submerged mass. Areal density was
measured using ImagelJ software to analyze SEM images of cross-section microstructure.
Crystallographic phase composition was determined by x-ray diffraction (XRD) using a
PANalytical X’pert diffractometer with Mo K-a radiation (A = 0.709319 A). The operating
parameters were 40 kV and 40 mA, with a 20 step size of 0.0167 °/sec. The XRD patterns were
analyzed using the whole pattern fitting approach with MDI Jade 2010 software database.
Differential thermal analysis (DTA) was performed with a Netzsch STA 449 F3 Jupiter
simultaneous thermal analyzer in an argon atmosphere to identify thermodynamic activity during
processing. DTA scans were performed at ambient pressure with heating rate of 10°C/min.
Vickers hardness measurements were performed using a LECO LM 110AT apparatus under a
1.0 kgf load. Electron backscatter diffraction (EBSD) analysis was done on the microstructure to
measure grain size and orientation.

Results and Discussion

Figure 1 shows XRD patterns of the precursor powder and the sintered sample. The powder had
distinct peaks for WC, Fe, and Ni, but not for carbon as carbon content is only 0.5 wt.% of the
metal binder, which is less than the detection limit of any XRD device. In contrast, the sintered



sample exhibit peaks for WC and ferrite Fe (BCC a-Fe) only, indicating that Ni is in complete
solid solution with Fe and the Fe retained its original crystal structure as the precursor.
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Figure 1: XRD patterns of the precursor powders and sintered sample.

Figure 2 shows the sample density and applied mechanical pressure as a function of the sintering
time. Table 1 provides the green and final density values of the sample. The density calculated
on the sintering curve in Figure 2 was derived based on knowing the green, final density, and the
measured displacement. The powder compact started at 50 %TD as measured by bulk
measurements using mass and geometric volume of the sample. The densification curve showed
the behavior of the powder during sintering as function of temperature. The powder densified
differently at three stages. When the temperature increased from 300°C to 550°C, the pressure
was held constant, but the density increased. This densification most likely resulted from stage
one sintering where rearrangement of particles occurred, and particle necking formed due to
surface diffusion. When the temperature increased from 550 to 700°C, the pressure was ramped
from 15 MPa to 50 MPa, the density increased likely due to closer packing of the powder from
the pressure increase. From 700°C to 900°C, little to no further densification was observed. From
900°C to 1050°C, there is a large amount of densification, which was most likely from liquid-
phase sintering mechanisms. There was some densification during the 5 min hold, which enabled
the powder to reach near full density of 99% theoretical density (TD).
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Figure 2: Plot of density and applied mechanical pressure on the graphite punches versus
temperature upon heating of the powder during sintering.

Figure 3 shows DTA data of the powder blend upon heating. The heating was done without
pressure and at a slower rate due to machine capability. Though it was not the best comparison to
isolate any kinetic effect, it does represent the thermodynamics accurately to identify reactions
such as phase transformation and melting. A distinct endothermic peak was observed at 1275°C,
which corresponds to the eutectic point reached in the powder during heating. The maximum
temperature measured during SPS was 1050°C, lower than the eutectic point, 1275°C, identified
by the DTA. Yet the density of the sintered sample suggested sintering occurred. The prominent
type of sintering of WC with metals in which WC is soluble at this temperature is liquid-phase
sintering [22], [23]. The discrepancy between sintering temperature and eutectic point resulted
from the difference between the temperature measured by a thermal couple positioned at the die
hole and the actual temperature reached in the powder, which was typically higher than the
former. In addition, a radially graded thermal distribution may exist during SPS, which makes
the center of the specimen hotter than the outer parts [24]. As a result, local melting of the
metallic powder occurred and contributed to the liquid-phase sintering. Other studies have
reported a lower eutectic point, 1085°C, for FeNi system, which is closer to 1050°C used in the
current research [25], [26].
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Figure 3: DTA data of the WC, Fe, Ni, and carbon powders heated to 1400°C. Heating shows
thermodynamic action during heating, and the powders display an endothermic reaction at
1275°C, which is associated with a melting event.

Figure 4 shows and characterizes the microstructure of cross-sections of the sample via optical
imaging, SEM, and EDS. The density of the sintered sample reaches 99 %TD, despite of very
few pores and defects, highlighted by the black arrows in Fig. 4a. The density values are
provided in Table 1. In the SEM images, the black shade is the FeNi phase, and the light and
dark grey shades are WC grains, and the different shades are most likely different grain
orientations. The SEM of the spot near the surface of the sample shows higher WC content than
center of the sample. The corresponding EDS shows W is separated from Fe. It is typically
difficult to detect light element such as carbon in EDS [27], [28]. Therefore, the separation of W
and Fe in the EDS mapping indicates that the WC particles are surrounded by Fe. The Ni content
(~ 1.2 wt.% of the total composite) is too small to be detected in EDS. XRD patterns suggest Ni
is most likely in solid solution with the Fe. The center of the samples shows a higher wt.% of Fe,
suggesting that some of the metal binder migrated to the middle of the sample or some of the
WC migrated to the top of the sample. The average hardness of the sample was 16.1+ 1.2 GPa
near the edge where the WC content is higher and 13.2+ 1.3 GPa near in the center where the
WC content is slightly lower, as shown in Table 1, which is indicative of the high-density cermet
material with high WC content where WC-Co values are around 12-15 GPa for similar grain size
and metal binder wt.% [1], [5], [9]. The microstructure showed more rounding of WC particles
versus the typical sharp, faceted, and contiguous grains in WC-Co hardmetal [17], [29]. The
difference in the WC phase morphology probably results from the different dissolution rate of
WC into liquid Fe-Ni melt compared to Co, and this same morphology of WC grains, more
circular than faceted, was also seen in Cramer et al. [15].



Figure 4: A) Optical image of a cross-section of the composite sample, B) SEM of spot near the
edge, C) EDS of the spot on the edge, D) SEM of the spot in the center of the cross-section, and
E) EDS of the spot in the center of the cross-section.

Figure 5 shows the EBSD data from a spot in between the two SEM spots. It shows grain size
and orientation mapping with an inverse pole figure (IPF) and texture plot. The average grain
size is 10.5+3.2 um. No specific texture is observed. The maximum texture intensity was roughly
3.1. There is not enough metal binder phase in some sections to get enough confidence index
with EBSD, which is commonly reported in other studies [30], [31]. Therefore, the EBSD scans
were indexed with only WC.
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Figure 5: A) Inverse pole figure and B) associated <0001> pole figure of the sintered WC-(Fe-
Ni-C) sample showing a lack of specific texture.



Table 1: Densities, hardness, and grain size of samples processed with SPS at 1050°C.

Property Results

Green density 7.0 g/cm?, 50 %TD
Sintered density (g/cm3, %TD) 13.8 g/cm3, 99 %TD
Hardness on outer part 16.1 £ 1.2 GPa
Hardness on inner part 13.2+ 1.3 GPa
Grain size from EBSD 10.5+3.2 um

Dense WC cermet was manufactured using SPS/FAST with a more cost-effective alloy
compared to WC. The alloy is known to behave like Co during processing and have similar
properties. Also, the powder size and final grain size is micron-sized, which makes
manufacturing more cost-effective and safer. Making the composite in situ has not been done
before but was achieved here and adds to lowering costs of production because raw materials can
be used. The material first reached a point where the entire sample is partially liquid during
processing. The melt then aided in liquid-phase sintering of the WC and made solid solution
FeNi alloy in situ in one step. The composite materials made here can be used as cutting tools
with minimal extra machining. The FeNi phase is stabilized throughout the WC, and the WC
grains are more circular compared to faceted WC grain when using Co as the binder phase metal.
The effects of carbon are not understood, but carbon is used to make the alloy in situ. It is
thought that the carbon is needed, but this can be tested and compared to density and
microstructure of the current research. More mechanical properties such as fracture toughness
can be tested and compared to the typical WC-Co. More complex shapes can be made with
triangular dies and punches.

Conclusion

Dense hardmetal samples were made with SPS/FAST starting with WC, Fe, Ni, and C precursor
powders creating the metal binder phase in situ. The use of SPS/FAST reduces processing time
significantly and allows for high WC content consolidation with large powders by using an
apparent eutectic point during processing, which lowers processing temperature and forms solid
solution of the metal binder phase. The formation of in situ melt forms a metal binder phase that
has high hardness and highly contiguous microstructure. Also, it is more cost-effective than using
Co. The density and hardness were 99%TD and 16.1 GPa, respectively. EBSD shows no specific
texture, and it also reveals an average grain size of 10.5 pum. The rounding of the particles is thought
to be due to less dissolution of the WC into molten Fe. In summary, the hardmetal is a low-cost
alternative to WC-Co hardmetal with high hardness.
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