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Abstract: This work presents a detailed investigation for the effect of Y2O3 and Ni additions on the
densification behavior, microstructural evolution and mechanical properties of a WC-Co-TaC-NbC
composite. With the aim of obtaining WC-based composites with improved fracture toughness, to be
used in severe conditions of high-temperature deformation, different concentrations of Y2O3 were
incorporated with and without 5 wt% Ni addition. The consolidated composites were characterized
using density measurement, XRD, SEM, hardness, fracture toughness, transverse rupture strength
and compression testing. Fully dense composites were obtained through the applied consolidation
regime of cold compaction and sintering at 1450 ◦C for 1.5 h under vacuum with a relative density
up to 97%. The addition of 2.5 wt% Y2O3 to the base WC composite increased the relative density
and then slightly decreased with the increase of the Y2O3 content. The addition of 5 wt% Ni to
the base composites significantly increased the relative density to 97%. The XRD results indicated
the existence of the Co3W3C η-phase after sintering, and the intensity of its peaks was reduced
with the addition of 5 wt% Ni. The microstructure of the consolidated composites consisted of
three phases: WC, Co3W3C and Y2O3. The area fraction of the Y2O3 phase increased as its weight
fraction increased. In terms of the fracture toughness, the transverse-rupture strength (TRS) and
the compressive strength were significantly improved by the addition of 5 wt% Ni with the 2.5 wt%
Y2O3. Accordingly, this composition was used to manufacture the tools for the friction stir welding
of the high-softening-temperature materials, which was successfully used for 25 plunges and about
500 cm of butt joints in nickel-based and carbon–steel alloys.

Keywords: WC-based composites; powder metallurgy; consolidation; microstructure; fracture
toughness; friction stir welding

1. Introduction

Hard metals or cemented carbides are composite materials with one or more hard but
relatively brittle carbide phases that are bonded together by a soft and ductile binder such
as Co, Ni and Fe [1]. These composites are used in cutting tools, metal forming dies, mining
tools and wear-resistant surfaces [2,3] due to their unique combination of mechanical,
tribological and physical properties [4–6].

Tungsten carbide-cobalt (WC-Co) is one of the most important cemented carbides. It
is mainly prepared by liquid-phase sintering, in which cobalt is the binder phase due to the
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low interfacial energy between WC and Co, which leads to nearly perfect wetting and very
good adhesion [5]. During sintering, liquid Co dissolves a certain amount of WC, and after
saturation of liquid Co with WC during cooling, precipitation and growth of WC crystals
take place, leading to the well-characterized microstructure of these composites [6].

Properties of WC-Co composites can be improved by reducing the WC grain size to
sub-micrometer or nanometer scales [7]. In the last decade, many studies have focused
on the high-performance hard materials, and considered WC-Co cemented carbides as
ultrafine grained and nanocrystalline [8–12]. However, WC grain growth occurs during
conventional pressureless sintering, especially in the case of liquid phase sintering [13].
Much effort has been made, and many ongoing studies are focused on developing full
densification at a lower sintering temperature within a shorter thermal cycle, such as
microwave sintering [8], hot pressing [9] or spark plasma sintering (SPS) [4]. The most
successful method to control the WC grain growth is the addition of less than 1 wt% of
inhibitors, such as TaC, ZrC, VC, Cr3C2, NbC, Y2O3 or TiC, to WC-Co powder mixtures.
This is useful for protection from any oxidation [7,14–16], inhibits heterogeneous grain
growth and increases the hardness [16,17].

A combination of WC-Co with TiC, NbC or TaC can improve its high-temperature
properties, such as oxidization resistance, hot hardness, strength, and high thermal and
chemical stability [12,18]. Yu et al. [14] have demonstrated that the sintering of ultrafine
WC-10%Co cemented carbide with 1% TaC or 1% NbC in vacuum furnace at 1400 ◦C
for 1.5 h leads to maximum hardness and transverse-rupture strength. The sintering of
ultrafine WC-10%Co composite with 1% NbC in a vacuum furnace at 1400 ◦C for 1h also
improves the hardness and fracture toughness [15]. Other researchers found the maximum
mechanical properties can be obtained by adding 1% NbC [19,20]. Also, dispersion of
nano-grained second-phase particles within the matrix or along the grain boundaries of
the micron and/or submicron-sized matrix material leads to a significant improvement
of strength and fracture toughness by the order of two to four times, compared with the
conventional composite materials [21].

Metallic binder (Co) is introduced to improve WC composite inter-particle bonding
and toughness. However, metallic binders reduce the hardness and corrosion/oxidation
resistance [22]. In addition, the transformation of Co to the hcp phase enhances grain
growth. On the other hand, it is toxic and of high cost [23,24]. Therefore, efforts have been
made to obtain harder materials with little amounts of Co and WC with no metallic binder.
Another method of implementation is to use other metallic binders, such as Ni binder [17].
Ni addition can improve the WC-Co strength through solid solution strengthening [17].

Rare earth elements (REE) in conventional cemented carbides have shown beneficial
effects on the TRS and toughness [25]. It has been reported that the addition of small
amounts of REE element oxides to WC-Co enhances the wettability of Co and WC, refines
the grains, controls the uneven grain growth and allows the formation of η phase in the
cemented carbides [26]. Furthermore, the addition of 1.5 wt% REE oxides (Y2O3, La2O3–
CeO2) to WC-10%Co cemented carbides produced a much finer grain size and better
mechanical properties [16]. The addition of Y2O3 and NbC to WC-Co alloys improves
the hardness and fracture toughness of the ultrafine WC-Co alloys [7]. The addition of
5–20 wt% Y2O3 to the cemented carbides increases the hardness and the fracture toughness
of the 5 wt%Y2O3-WC/Co cemented carbide [27]. Recently, Qing et al. [28] investigated
the effect of Y2O3 on the microstructure and mechanical properties of tungsten carbide
with 12 wt% cobalt prepared using a solid–liquid doping method and SPS. They reported
that the existence of Y2O3 hindered the growth of WC grains and the composite sample
with 1.3 wt% Y2O3 possessed maximum hardness and fracture toughness measured at
1446.9 HV and 11.9 MPa·m1/2. Yang et al. [29] prepared WC-8 Co composite powders
doped with Y2O3 by the wet chemical method and conducted the consolidation using by
SPS at 1200 ◦C, 1250 ◦C and 1300 ◦C. They reported that the comprehensive performance
of WC-8%Co cemented carbide doped with Y2O3 was best at the sintering temperature
of 1250 ◦C, with a hardness of 19.64 GPa and a fracture toughness of 11.97 MPa m1/2.
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Li et al. [30] investigated the effect of mixing different amounts of La2O3 with WC-10%Co
and then conducted the consolidation using microwave sintering. They reported that the
addition of an appropriate amount of La2O3 can suppress WC grain growth and narrow
the grain size distribution.

Based on the above literature, the addition of the REE oxides and the metallic elements
are good candidates for WC-based composite improvement. Thus, the aim of this work
is to study the effect of Yttria (0–10 wt%) and Ni (5 wt%) additions on the microstructure
and mechanical properties of a WC-Co-NbC-TaC composite, and to examine the use of this
composite material to manufacture friction stir welding tools for welding of high-softening-
temperature materials.

2. Experimental Work
2.1. Materials

In this study, a powder of composition WC (93.35%), Co (6.5%) and TaC + NbC (0.5%)
supplied by Guangzhou Hantangheng Trading Co., Ltd, China with a particle size ranging
from 100 to 290 µm was used as a base WC composite. Both Y2O3 (Tung. Heavy Powder
Inc., San Diego, CA, USA) and Ni powders with a 99.995% and 99.96% purity and a 2–3 µm
and 3–5 µm particle size, respectively, were used as additive materials in the base WC
composites. Figure 1 shows the SEM micrographs of the morphologies of the different
starting materials. The main characteristics of the WC-Co-NbC-TaC, Y2O3 and Ni powders
are given in Table 1.
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Table 1. Properties of the WC-Co-NbC-TaC, Y2O3 and Ni powders.

Powder Purity % Particle Size Density g/cm3

WC-Co-NbC-TaC 99.99 100–290 µm 15.223

Y2O3 99.995 2–3 µm 5.01

Ni 99.96 3–5 µm 8.9
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2.2. Powder Compaction and Sintering

The raw base material composite (WC-Co-NbC-TaC) and that with the 5 wt% Ni
addition were used as starting materials in this work. Different weight percentages of 0,
2.5, 5, 7.5 and 10 wt% Y2O3 were added to both starting WC base composites. Table 2 gives
the nominal chemical composition of the different composite batches investigated in this
study. The required weight of powder for each batch was weighted and mixed in a SPEX
ball mill with a 5:1 ball-to-powder ratio for 2 h. The milling process was carried out at
room temperature and a rotation rate of 1080 rpm. The mixtures were mixed with 1.5 wt%
paraffin wax as a lubricant to reduce friction during compaction. Liquid ethanol (C2HOH)
was used as a process-controlling agent, and then the mixtures were dried at 80 ◦C for 30
min in the dry furnace. The mixed powders were then cold compacted using a Zwick/Roell
16-ton-capacity cylinder. The pressing assembly is schematically illustrated in Figure 2a.
Two types of compact cross sections were produced: a square of 8 mm sides with a 15 mm
height, and a rectangular 30 mm × 7.5 mm cross section. For that purpose, two dies were
designed and manufactured from K110 tool steel. Figure 2b shows the rectangular cross
section die component with 3-D models of the die and lower punch, and 2D drawings with
dimensions. In order to minimize the pressing cracks and ease of sample ejection from the
dies, a ~ 1◦ taper was machined onto both die openings. The dies were also designed as
two-piece parts, to allow easy removal for re-machining or replacement. The samples were
compacted at 400 MPa to produce compacts for the post-processing and characterization.
The compacted samples were sintered at 1450 ◦C for 1.5 h in a vacuum furnace according
to the heat-treatment cycle illustrated in Figure 3.

Table 2. The nominal compositions and the mixture-rule-calculated theoretical density of the different
batch samples (wt%) produced in this work.

Batch No. Y2O3 Ni (WC/Co/NbC/TaC) Theoretical Density, gm/cm3

1 0.0 - 100 15.223

2 2.5 - 97.5 14.96768

3 5.0 - 95 14.71235

4 7.5 - 92.5 14.45703

5 10 - 90 14.2017

6 0.0 5 95 14.90685

7 2.5 5 92.5 14.65153

8 5.0 5 90 14.3962

9 7.5 5 87.5 14.14088

10 10 5 85 13.88555
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Figure 2. (a) Schematic drawing of the cold-compaction assembly. (b) 3D and 2D drawings of the
rectangular die. All dimensions in (b) are in mm.
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Figure 3. Heat-treatment thermal cycle applied in the compacted cemented carbide sintering process.

2.3. Characteriztion of the Consolidated Composites

Densification is one of the important parameters for the consolidated powder that
determines the properties of the produced bulk materials. Densification is determined
through the bulk density and the apparent porosity using the Archimedes method, taking
distilled water as floating media according to the ASTM D1217 standard.

The consolidated samples were prepared through the standard metallographic pro-
cedures, first grinding with SiC grit papers of different grades up to 3000, and then
mechanically polishing using 6 µm and 3 µm diamond paste. The microstructure of the
different samples was investigated using a field emission gun scanning electron microscope
(FEG-SEM, FEI company, Hillsboro, OR, USA) equipped with an EDS system (EDAX, AME-
TEK, Utah, Draper, South Pearl, CO, USA). X-ray diffraction (XRD) was used to identify
the different phases that formed upon the consolidation process. We used an automated
Siemens Model D-5000 diffractometer (Malvern Panalytical, Westborough, MA, USA) with
Cu K-alpha radiation operated at 40 kV and 30 mA in the 2θ range of 20–100◦ at the step of
0.05◦. The obtained XRD charts from the consolidated samples were compared with that of
the mixed powder before consolidation.

Hardness measurements, fracture toughness, TRS and compressive-strength evalu-
ations were used as the bases for assessing the mechanical properties of the composites.
Vickers hardness operated at a load of 30 kg was used for the hardness test measurement.
The fracture toughness was evaluated from the measurement of the total crack lengths
produced at the opposite corners of a Vickers indent and the hardness of the samples
based on the procedures given elsewhere [27,31]. The fracture toughness “KIC” was carried
out on a polished surface of the hardness tester samples [32] under a load of 30 kg for
a duration of 15 s. Calculation of the fracture toughness was carried out on the basis of
the nature of the observed cracks, in which the crack length was measured using optical
microscopy. There are two types of cracks, the palmqvist crack and the halfpenny crack.
In the case of palmqvist cracks, the crack length was calculated based on the palmqvist
shaped-crack model using the following Equations (1) and (2):

KIC = 0.0515 P/c3/2 (1)

However, in the case of halfpenny cracks, the crack length was calculated based on
the halfpenny shaped-crack model using the following equation:

KIC = 0.0726 P/c3/2 (2)

where P is the indentation load (N), and c is the crack length measured from the middle of
the Vickers indentation (m).

The TRS was determined according to the ISO 3327-1975 standard by using a specially
designed three-point bending setup, which ensured accurate alignment and centering of the
samples. The sample dimensions were 20 mm × 6.5 mm × 6.5 mm. Figure 4a shows the
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bending setup during loading with an enlarged image. The samples were loaded to failure in
an Instron testing machine. TRS is expressed in N mm−2 and is given in Equation (3):

TRS =
3FL

2Wh2 (3)

where F is the applied force to fracture, L is the distance between the two parallel supports,
W is the width and h is the height of test specimen.
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The compression strength of the consolidated samples was measured using an Instron
universal testing machine with a 300 kN capacity. The cross-section area of the specimen
was 63.75 mm2, and the applied cross-head speed of the universal test machine was
0.05 mm/s. The test was conducted at room temperature. Figure 4b shows an image of the
compression-testing setup.

3. Results and Discussion
3.1. Densification

The bulk density of the consolidated samples was measured using the Archimedes
method and divided by their corresponding theoretical density that was calculated accord-
ing to the rule of mixture. Figure 5 shows the relative density of the WC-Co-TaC-NbC
composite and WC-Co-TaC-NbC-5 wt% Ni with different weight percentages of Y2O3.
Generally, it can be noted that the relative density exceeded 90%, and reached up to 97%
for some samples, which indicated the effectiveness of the consolidation cycle in terms
of cold compaction followed by sintering under vacuum at 1450 ◦C for 1.5 h. It can be
noted that the densification was improved through the addition of 5 wt% Ni. This can be
attributed to the small particle size of the Ni particles, which can enhance the densification
behavior during the cold-compaction stage through the filling of the small pores between
the WC base composites that have a large starting particle size (100–250 µm). The Ni was
also ductile phase, which improved the cold-compaction densifications. In addition, Ni
has a low melting point, and can melt during the sintering process and enhance the liquid
phase sintering process. As a result, the samples with 5 wt% Ni had a high density value
relative to those free of Ni.

The addition of the Y2O3 to both composites in different percentages clearly affected
the densification behavior. The densification improved at the added value of 2.5 wt% and
then slightly decreased. This can be attributed to the fine particle size (2–3 µm) of Y2O3
used relative to the matrix starting particle size (100–250 µm). This small particle size
can fill the small pores between the large WC particles during the compaction process.
The slight decrease in the relative density by increasing the Y2O3 higher than 5 wt% can
be understood in terms of the Y2O3 having a higher strength and a very high melting
point, and which requires either a higher cold-compaction pressure and/or a high sintering
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temperature to achieve the same relative density at the different wt% Y2O3. In addition,
the lower density of both Ni (8.9 g/cm3) and Y2O3 (5.0 g/cm3) compared to that of the
WC composite (15.39 gm/cm3) caused a decrease in the overall density of the prepared
samples. Alkady [27] reported the same behavior of a decrease in the relative density by
increasing the nano-yttria additions more than 5 wt% in the WC-Co composites sintered at
the same temperature and for a longer sintering time. Furthermore, the phases that formed
during the sintering process might affect the bulk density of the produced composites in
terms of their density relative to that of their constituents.
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Figure 5. Relative density of the consolidated WC-Co-TaC-NbC and WC-Co-TaC-NbC-Ni-5 wt%)
composites with Y2O3 additions, from 0 wt% to 10 wt%.

3.2. XRD Analysis

The XRD patterns of the as-received WC-Co-NbC-TaC powder (WC_AR) and ball
milled powder (WC_AM) sintered composites after addition of the different wt% of Y2O3
are illustrated in Figure 6a, and the sintered composites after addition of 5 wt% Ni and
different wt% of Y2O3 are illustrated in Figure 6b. The red rectangles indicated on the
charts are illustrated as enlarged areas to the right of the figures.

The starting WC-Co-NbC-TaC material (Figure 6a,b; WC_AR) consisted of coarse
polycrystalline grains, indicated by the sharp Bragg diffraction peaks. The effect of ball
milling for 2 h (Figure 6a,b, WC_AM) can be observed in the broadening of the WC peaks.
This can be attributed to the grain refining and straining introduced by the high energy
ball milling into the starting WC particles [33,34]. The XRD patterns after consolidation
(Figure 6a, 0% Y2O3) indicated the presence of a new phase peaks, which correspond to
the η-Co3W3C phase. The η-Co3W3C phase is formed by diffusion during the sintering
process at the expense of WC phase. It is formed at certain concentrations of WC and
Co (about 6.5 wt%), starting from 750 ◦C up to 1400 ◦C, according to the WC-Co phase
diagram [35]. The addition of the Y2O3 enhanced the formation of the η-Co3W3C phase, as
can be observed from the pronounced peaks in the XRD chart of the sample containing
2.5% (Figure 6a, 2.5% Y2O3). The existence of the Y2O3 peaks can only be observed at the
highest wt% of the Y2O3 content (Figure 6a, 10% Y2O3). In terms of the effect of increasing
the Y2O3 content on the intensity of the WC matrix phase peaks, it can be observed that the
intensity decreased systematically by increasing the Y2O3 content, with the lowest peak
intensities for the 10 wt% Y2O3. This could be attributed the reduction in the concentration
of the WC in the matrix by the addition of Y2O3 particles, as well as the formation of the
η-Co3W3C phase.

The addition of 5 wt% Ni to the base composites (Figure 6b, 0% Y2O3) resulted in a
reduced peak intensity of the WC matrix phase and a significantly stronger peak intensity
of the η-Co3W3C phase that was almost comparable to the WC peaks. In terms of the
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sample with 2.5% Y2O3 (Figure 6b), it can be noted that the addition of 5 wt% Ni affected
the intensity of the η-Co3W3C phase peaks, as their intensity w reduced significantly
relative to that without the Ni addition (Figure 6a, 0% Y2O3). This can be attributed to the
effect of Ni in the liquid phase sintering, as the Ni melts and spreads around the WC phase
matrix composite. The increase in the Y2O3 content again resulted in the reduction of the
WC phase peak intensity relative to the sample containing 2.5% Y2O3.
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Y2O3. Enlarged areas for the indicated rectangles in each chart are illustrated to the right.

3.3. Microstructure of the Consolidated Composites

The microstructure of the consolidated composites was investigated using FEG-
SEM, and Figure 7 shows an overview of the microstructure of the WC-Co-TaC-NbC
consolidated base composites and with the 10 wt% Y2O3 addition. This overview of the
microstructure clearly indicates the effectiveness of the consolidation scheme applied
in obtaining macrovoid-free samples. High magnification SEM micrographs of the con-
solidated composites with different wt% Y2O3 added are illustrated in Figure 8. The
microstructure the Y2O3 free sample (Figure 8a) consisted mainly of two phases, a white
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phase that belonged to the WC, and a gray phase that was found to be the η (Co3W3C)
phase formed between WC and Co during the sintering process, as indicated by the XRD
results. The addition of the Y2O3 particles to the base composite resulted in the appearance
of a third phase that we named the black phase (Y2O3 phase), as can be observed in the
microstructure of the samples with different wt% Y2O3 content: 2.5 wt% (Figure 8b), 5 wt%
(Figure 8c), 7.5 wt% (Figure 8d) and 10 wt% (Figure 8e). It can be observed that the area
fraction of this black phase increases with the increase of the Y2O3 content. Figure 8f shows
an example of the image processing carried out to calculate the area fraction of the three
phases. The area fraction of the three existing phases calculated using image-processing
software for the SEM micrographs is shown in Figure 8, and the results are presented as
bar chart in Figure 9. The increase of the black (Y2O3) phase was consistent with the Y2O3
wt% increase. This increase was also at the expense of the other two phases, Co3W3C
(gray) and WC (white). It should be mentioned that the density of the Y2O3 was very low
(~5 gm/cm3) relative to that of the WC-based composite (~15 gm/cm3). Thus the obtained
area fractions from 8%, 14.8%, 16.7%, and 27% at 2.5 wt%, 5 wt%, 7.5 wt% and 10 wt%
Y2O3, respectively, were consistent with this density difference between the WC-based
composites and Y2O3. The process of consolidation that resulted in the current microstruc-
tural features can be explained as the following. The ball-milling process resulted in a
homogenous distribution of the Y2O3 particles in the WC matrix and in the refining of WC
particles, and introduced a high amount of strain. The cold-compaction process preserved
the homogenous distribution and the obtained characteristics of the powder. The green
compacted samples consisted of a porous body with a relative density ranging from
55 to 60%, in which the particles of the WC-Co-TaC-NbC were in close contact with each
other and surrounded by the Y2O3 particles. During the sintering process, the Co3W3C
was formed by diffusion at a high temperature that completes the consolidation process.
During the sintering, the pores are closed, the WC particles change their shape and the
binder phase spreads throughout the structure [27,36,37]. The final sintered structure was
dense, consisting of faceted WC and Co3W3C grains with area fractions varied based on
the Y2O3 wt% addition (Figure 9).

Metals 2021, 11, 285 10 of 22 
 

 

wt% increase. This increase was also at the expense of the other two phases, Co3W3C (gray) 

and WC (white). It should be mentioned that the density of the Y2O3 was very low (~5 

gm/cm3) relative to that of the WC-based composite (~15 gm/cm3). Thus the obtained area 

fractions from 8%, 14.8%, 16.7%, and 27% at 2.5 wt%, 5 wt%, 7.5 wt% and 10 wt% Y2O3, 

respectively, were consistent with this density difference between the WC-based compo-

sites and Y2O3. The process of consolidation that resulted in the current microstructural 

features can be explained as the following. The ball-milling process resulted in a homog-

enous distribution of the Y2O3 particles in the WC matrix and in the refining of WC parti-

cles, and introduced a high amount of strain. The cold-compaction process preserved the 

homogenous distribution and the obtained characteristics of the powder. The green com-

pacted samples consisted of a porous body with a relative density ranging from 55 to 60%, 

in which the particles of the WC-Co-TaC-NbC were in close contact with each other and 

surrounded by the Y2O3 particles. During the sintering process, the Co3W3C was formed 

by diffusion at a high temperature that completes the consolidation process. During the 

sintering, the pores are closed, the WC particles change their shape and the binder phase 

spreads throughout the structure [27,36,37]. The final sintered structure was dense, con-

sisting of faceted WC and Co3W3C grains with area fractions varied based on the Y2O3 

wt% addition (Figure 9). 

The EDS analysis of the different phases observed in the microstructure of the 

consolidated WC-based composites is given in Figure 10. The white phase (Spot A) 

consisted mainly of W, C with small amount of Co, and yttrium. The gray phase (Spot B), 

η (Co3W3C), consisted of W, C and a high concentration of Co, which implies that this 

phase was formed upon the sintering process, as confirmed by the XRD results. The black 

phase (yttrium-containing) consisted of 45 wt% yttrium, 30 wt% W, 19 wt% O, 14 wt% C 

and a small amount of Co. These dark particles were mainly yttrium oxide (Y2O3) added 

before the ball-milling, especially since the oxygen content was high and the W and C 

traces came from the WC particles behind the Y2O3 particles. 

 

Figure 7. SEM micrographs of the consolidated WC-Co-TaC-NbC. (a) 0 wt% Y2O3, (b) 10 wt% Y2O3. Figure 7. SEM micrographs of the consolidated WC-Co-TaC-NbC. (a) 0 wt% Y2O3, (b) 10 wt% Y2O3.



Metals 2021, 11, 285 10 of 20
Metals 2021, 11, 285 11 of 22 
 

 

 

Figure 8. SEM micrographs of the consolidated WC-Co-TaC-NbC with different Y2O3 content. (a) 0 wt% Y2O3, (b) 2.5 wt% 

Y2O3, (c) 5 wt% Y2O3, (d) 7.5 wt% Y2O3, (e) 10 wt% Y2O3, and (f) image processing of the SEM micrograph in (d) for area frac-

tion calculation. 

Figure 8. SEM micrographs of the consolidated WC-Co-TaC-NbC with different Y2O3 content. (a)
0 wt% Y2O3, (b) 2.5 wt% Y2O3, (c) 5 wt% Y2O3, (d) 7.5 wt% Y2O3, (e) 10 wt% Y2O3, and (f) image
processing of the SEM micrograph in (d) for area fraction calculation.
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Metals 2021, 11, 285 11 of 20

The EDS analysis of the different phases observed in the microstructure of the con-
solidated WC-based composites is given in Figure 10. The white phase (Spot A) consisted
mainly of W, C with small amount of Co, and yttrium. The gray phase (Spot B), η (Co3W3C),
consisted of W, C and a high concentration of Co, which implies that this phase was formed
upon the sintering process, as confirmed by the XRD results. The black phase (yttrium-
containing) consisted of 45 wt% yttrium, 30 wt% W, 19 wt% O, 14 wt% C and a small
amount of Co. These dark particles were mainly yttrium oxide (Y2O3) added before the
ball-milling, especially since the oxygen content was high and the W and C traces came
from the WC particles behind the Y2O3 particles.
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Figure 10. EDS analysis of the three phases observed in the consolidated WC-Co-TaC-NbC with
7.5 wt% Y2O3. Spot A = white (WC) phase; Spot B = gray (η, Co3W3C) phase; and Spot C = black
(yttrium oxide) phase.

Figure 11 shows the microstructure of the consolidated WC-Co-TaC-NbC composites
with 5 wt% Ni addition and different wt% Y2O3: 2.5 wt% (Figure 11a), 5 wt% (Figure 11b),
7.5 wt% (Figure 11c) and 10 wt% (Figure 11d). It can be observed that the microstructure
consisted mainly of three phases, white (WC base), gray (η, Co3W3C) and black (Y2O3).
The Y2O3 particles were homogenously distributed across the WC matrix composite, and
the area fraction increased as the wt% Y2O3 increased. Figure 12 shows the area fraction of
the three phases existing after the consolidation of the WC-based composite with 5 wt%
Ni addition and at different percentages of added Y2O3. At 2.5 wt% Y2O3, the fractions
of WC and Co3W3C were almost equal, at about 42% each. This ratio was changed with
the increase of the Y2O3 to 5, 7.5 and 10 wt%. It can be observed that the addition of the
5 wt% Ni enhanced the densification process, as noted by the higher relative density of
the composites with the Ni addition relative to that free of Ni. This can be attributed to
the low melting point of Ni (1453 ◦C), which improves the liquid phase sintering of the
composites. as the liquid Ni + Co spread around the WC base composite and filled the
empty spaces between the cold-compacted powder. Figure 13 shows the EDS analysis of
the consolidated WC composites with 5 wt% Ni and 5 wt% Y2O3. The EDS analysis clearly
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indicated the co-existence of 5 wt% Ni with Co to form the binding phase. It can be noted
that the Ni existed in the gray phase.
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3.4. Mechanical Properties

Many applications of WC-based composites depend on the hardness and fracture
toughness [27]. Fracture toughness strongly depends on the crack propagation resis-
tance [38]. The conventional plain strain fracture toughness testing requires considerable
effort; in particular, precracking of specimens has remained a serious obstacle [38]. Thus, an
easy access to the fracture toughness is required for WC-based composite development and
characterization. The industrially available cemented carbide alloy WC-6.5%Co possesses
hardness of about 14 GPa and fracture toughness of 11 MPa m0.5 [37–40]. The currently
developed WC-based composites have been characterized in terms of Vickers hardness,
fracture toughness, TRS and compressive strength. Figure 14a–d shows the mechanical
properties of the consolidated composites with and without 5 wt% Ni at the different Y2O3
contents. From the Vickers hardness results, which were measured using a 30 Kg load
(Figure 14a), it can be observed that the hardness exceeded the value of 14 GPa in some
samples, especially those without the Ni addition. The addition of 5 wt% Ni resulted in the
reduction of the hardness of the consolidated WC-based composites at all Y2O3 contents.
This can be attributed to the soft nature of Ni relative to the other constituents of the
consolidated WC-based composites. As a result, this allowed the consolidated WC-based
composites to afford a large amount of deformation upon hardness indentation. It can be
noted also that increasing the content of Y2O3 reduced the hardness values slightly, and
this can be attributed to the increase of the apparent porosity, as well as the disconnection
of the WC-based composite matrix by increasing Y2O3 content, as can be observed in the
microstructure (Figures 8 and 11).
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Fracture toughness was determined by applying the Vickers indentation on the pol-
ished surface of all the consolidated WC-based composites. Crack patterns developed from
the indentation fracture at an applied load of 30 kg for the consolidated WC composites,
both halfpenny and palmqvist cracks, as presented in Table 3. The samples without Ni
addition showed half-penny cracks at the lower wt% Y2O3 up to 5 wt% and then showed
palmqvist crack up to 10 wt%. While the samples with 5 wt%Ni showed palmqvist cracks
at all Y2O3 contents. By applying the indentation fracture equations on both crack types
for the different WC based composites the values of KIC can be obtained [31].

Table 3. Fracture toughness and crack type developed for the sintered alloys.

Composite/
Y2O3.wt% (WC-Co-TaC-NbC) WC-Co-TaC-NbC-5wt%Ni

0 Halfpenny Palmqvist

2.5 Halfpenny Palmqvist

5 Halfpenny Palmqvist

7.5 Palmqvist Palmqvist

10 Palmqvist Palmqvist

Figure 14b shows the calculated KIC values plotted against the Y2O3 content for the
consolidated composites with and without 5 wt% Ni. It can be observed that the addition
of 5 wt% Ni significantly improved the fracture toughness, especially with a lower content
of Y2O3. The maximum value of fracture toughness (~11 MPa m0.5) was obtained in the
sample that contained 5 wt% Ni and 2.5 wt% Y2O3. This can be attributed to the optimum
densification of the matrix composite and the homogenous dispersion of the Y2O3. On the
other hand, the minimum fracture toughness value was recorded for the 2.5 wt% Y2O3
sample, which could be due to the formation of the brittle η-phase, as observed in the XRD
results (Figure 6), which might result in a carbon-deficient environment and reduce the
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volume fraction of the Co cementing phase, which would lower the fracture toughness
value. This result is in good agreement with the result reported by Elkady [27]. The fracture
toughness of the samples without the Ni addition increased with the increase of the Y2O3
content, and this was a good match with the hardness results. It is known that there is
an inverse relation between fracture toughness and hardness [31]. The decrease in the
hardness was attributed to the increase of the apparent porosity with the increase of the
Y2O3 content. This porosity can play as crack arrester if the matrix is very well bonded and
has a fine grain structure. Both factors can enhance the crack-propagation resistance and
increase the fracture toughness. The fracture toughness values of the samples containing
5 wt% Ni decreased with increasing Y2O3 content. This trend is in good agreement with
the grain size of the WC and the mean-free path of the binder, where fracture toughness
(KIC) of the cemented carbide is decreased as the binder phase volume fraction, carbide
grain size and binder-phase mean-free path are decreased. The mean-free path, which is
the average thickness of the binder between the WC grains, greatly depends on the binder
content and the size of the WC grains. Increasing the Y2O3 particles added at the expense
of the base WC composite results in a decrease in the Co content, which decreases the
thickness of the binder-free path, while increased carbide contiguity causes decreases in
the fracture toughness.

The strength of the materials fabricated by the powder metallurgy (PM) technique
usually is determined by the TRS through a bending test. This is one of the most traditional
and common tests for measuring the strength of a brittle ceramic materials. It is a low-cost
and versatile method to assess the strength and quality of a composite material [41]. The
TRS is widely estimated in cemented carbides to evaluate their ability to bear an external
load. Therefore, the TRS of cemented carbides sensitively depends on two major factors.
The first is an extrinsic flaw where the fracture is initiated, and the second is an intrinsic
resistance to propagate the crack. These defects have been shown to be voids, inclusions,
abnormally large WC grains, segregated areas or lakes of the binder phase. The effect of
these flaws on the TRS is dependent on the loading condition during the test. Generally,
commercial WC-(3–15) wt% Co shows brittle fracture behavior [42]. Figure 14c presents
the effect of Y2O3 content on the TRS of the consolidated WC-based composites with and
without 5 wt% Ni. It is clear that the maximum value of TRS was obtained from the sample
that contained both 5 wt% Ni and 2.5 wt% Y2O3, while the sample with the same Y2O3
content and without Ni showed the minimum TRS value. This result is in agreement with
the fracture toughness results, which confirms the harmful effect of the η-phase Co3W3C
on the fracture toughness and TRS as a brittle phase that can reduce the resistance for crack
propagation. Recalling the XRD results (Figure 6), it can be observed that the peaks of the
η-phase Co3W3C were pronounced in the composite of 2.5 wt% Y2O3 without Ni, while the
peaks are almost gone in that with the addition of 5 wt% Ni. On the other hand, increasing
the Y2O3 content with the existence of the 5 wt% Ni resulted in a reduction of the TRS, but
it still was higher than those without Ni, especially up to 7.5 wt% Y2O3.

The behavior of the axial compressive strength as a function of the Y2O3 content for
the consolidated WC-based composites with and without 5 wt% Ni is shown in Figure 14d.
It can be observed that the compressive strength of the composites containing 5 wt% Ni
had a significantly higher compressive strength at all percentages of Y2O3. This can be
attributed to the ductile behavior of Ni, which allows high resistance to compressive stress.
The presence of Ni, in addition to Co, stabilized the relatively ductile fcc cobalt phase,
retarding the cobalt transformation to the less ductile hcp phase. The compressive strength
of the composite samples without the Ni addition increased by adding 2.5 wt% Y2O3, which
could be due to the existence of the brittle η-phase Co3W3C, and then decreased again due
to the high percentage of the apparent porosity. On the other hand, increasing the Y2O3
content in the composites with 5 wt% Ni resulted in an increase of the compressive strength,
which can be attributed to the increase in the ductile binder material and the increase in
the porosity that might allow high compressibility in presence of the ductile phase.
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It should be mentioned here that both the TRS and the fracture toughness of the WC-
based composites were directly proportional to the Y2O3 content, beginning at 2.5%. They
increased with the increase in the Y2O3 content, with the maximum value achieved at the
10 wt% Y2O3 in both cases. The Y2O3 particles were of a very fine particle size (2–3 µm)
relative to the matrix phase, which was expected to be refined more by the mechanical milling
process. Thus, the increase in this phase fraction increased the fine particle size phase fraction
in the whole composite, and this enhanced both properties due to the grain size reduction.
Although the addition of 5 wt% Ni reversed the behavior, as the maximum values were
obtained at 2.5 wt% Y2O3 and then both properties decreased, the values were still higher
than that without the Ni addition for 5 and 7.5 wt% Y2O3. This reduction can be understood
with respect to the ductile state of Ni. The other two mechanical properties (hardness and
compressive strength) both were significantly affected by the porosity percentage, which
explains why they were decreased by the increase in the wt% Y2O3 content, and the addition
of 5 wt% Ni enhanced the properties due to the increase in the densification.

4. FSW Tool for High-Softening-Temperature Materials

Friction stir welding (FSW) is a solid-state welding process [43–46] that has been
used at the laboratory scale for welding both low-softening-temperature materials (Al,
Cu, Mg) [45–48] and high-softening-temperature materials (Ti, Ni, steel alloys) [49–51].
However, in terms of industrial applications, only low-softening-temperature materials find
their way into a large number of applications, such as shipbuilding, railway, aerospace and
automotive [44]. The welding mechanism in the FSW process is based on the heat generated
due to the sever friction between the FSW tool and the workpiece. This heat softens the
workpiece material around the tool, which allows the tool to travel along the joint line
and generate the joint in a solid state. The FSW is considered a thermomechanical process
in which the required heat for the high-temperature deformation is generated by friction
between the FSW tool and the surrounding material. The material used to manufacture
the FSW tools has to be of high strength at high temperatures, and possess high wear
resistance to afford the severe conditions experienced during the FSW process [52]. A
material used for FSW of low-softening-temperature materials is hot work tool steel [52,53].
This type of tool steel is characterized by easy availability and machinability, thermal
fatigue resistance and wear resistance, and can be used for FSW of aluminum alloys at
low cost and for hundreds of meters without significant deterioration [52,54]. On the other
hand, during FSW of high-softening-temperature materials, the tool life is strongly affected
by the peak temperature and the applied stresses [55]. The mainly available tool materials
are PCBN [56], W-Re [49] and WC-based [50,57]. Both PCBN and W-Re are very expensive
and require high-stiffness FSW machines for the minimum runout required to avoid tool
fracture [52]. Commercially available WC-based materials suffer from a high wear rate and
low fracture toughness [55]. In this context, Tiwar et al. [55] investigated the performance
of two WC-Co tools (WC-6 wt% Co and WC-10 wt% Co) in FSW of DH36 steel butt joints.
They reported that the tool made of WC-6 wt% was degraded after one weld of 250 mm
due to intergranular failure caused by the separation of the tungsten carbide grains, which
promoted further cracks inside the tool. The tool made of WC-10 wt% was degraded
after 5 welds of 250 mm each due to progressive wear, and was strongly affected by the
process temperatures. Thus, it is highly necessary to develop low-cost and durable tools to
widen the industrial applications of the process for welding of high-softening-temperature
materials such Ni-based alloys, steel alloys and titanium alloys.

Based on the current investigation and the results obtained, the WC-based compos-
ite with the addition of 5 wt% Ni had superior mechanical properties to that without
Ni, especially the fracture toughness, TRS and compressive strength. The high fracture
toughness and TRS are required for the FSW tool materials of high-softening-temperature
materials. Accordingly, the WC composite with 2.5 wt% Y2O3 and 5 wt% Ni was selected
to manufacture the FSW tools in the current study. Figure 15 presents SEM micrographs
of this composite at different magnifications that clearly show the full densification and
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the homogeneous distribution of the added Y2O3 particles. In addition, it can be observed
that the grain size of the WC matrix phase is fine, and the matrix is very well bonded and
connected. To manufacture the FSW tools, two cylindrical parts 23 mm in diameter and
30 to 40 mm in length (Figure 16a) were manufactured using the same consolidation proce-
dures carried out in this work. The parts were then grinded to the required geometry for
FSW tools and inserted into heat-treated tool steel holders to be fixed in the FSW machine
(Figure 16a). The FSW tools were used in the welding of Ni base alloy and steel alloys
several times. More than 300 cm of butt joints in the Ni base alloy were produced with
more than 16 plunges, and 200 cm of butt joints in carbon steel and about 10 plunges with
the same tool. Figure 16b shows the FSW tool during the welding process and the high
temperatures it experienced during the process. Figure 17 show some top-view images of
the welded Ni base alloy (Figure 17a) and carbon steel (Figure 17b). The FSW tool after
a number of welding joints is pictured in Figure 17c. It can be observed that no wear or
deterioration can be seen in the WC tool after several FSW experiments conducted on both
Ni base and steel alloys. This implies that the currently developed WC-based composites
are of high potential for the commercial FSW of high-softening-temperature materials with
a low cost and long life. These WC-based composites can be applied at low cost in the
FSW of high-softening-temperature material such as steel alloys and nickel-based alloys.
In addition, they can be applied in other friction-based applications [58,59].
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5. Conclusions

Two series of WC-Co-TaC-NbC and WC-Co-TaC-NbC-5 wt% Ni composites with
different additions of Y2O3 from 0–10 wt% were produced and characterized. Based on the
obtained results, the following conclusions can be outlined:

1. The consolidation process applied to the WC-based composites resulted in a relative
density of up to 97%, which was enhanced by the 5 wt% Ni addition.

2. Upon the sintering process, the Co3W3C η-phase was formed, and its formation was
slightly reduced by the addition of 5 wt% Ni and 2.5 wt% Y2O3.

3. The microstructure of the consolidated composites consisted of a very well-connected
WC matrix, with homogenous dispersion of the Y2O3 particles at the lower Y2O3
content (up to 5 wt%) which retarded the grain growth during sintering.

4. The addition of 5 wt% Ni significantly enhanced the fracture toughness (max. of
10.4 MPa

√
m), the transverse rupture strength (max. of 758 Mpa) and the compressive

strength (max. of 3013 MPa). On the other hand, only the hardness was slightly
reduced for all Y2O3 contents; for example, at 0 w% Y2O3, the hardness was reduced
from 1425 MPa to 1398 MPa.

5. The WC-Co-TaC-NbC with 2.5 wt% Y2O3 and 5 wt% Ni was selected to manufacture
friction stir welding tools, which were successfully used for the FSW of Ni base alloy
and carbon steel, with more than 25 plunges and more than 500 cm of butt joints.
This can be a cost-effective tool material for the FSW of high-softening-temperature
materials such as steel and nickel-based alloys.
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