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Abstract: In order to meet the demand for high wear-resistant Co-based material used in fields such
as aerospace, energy, medical, etc., this study attempts to improve the comprehensive performance
of this material by adding some reinforced phases and adjusting the sintering temperature. Results
indicate the pure Co—Cr-W alloy is composed of y-Co, M9C, and MgC (Ni3W3C), and the Co-Cr-W
matrix composites are composed of y-Co, MoC, MgC (CoyW4C), M»3Cg, and WC. With increasing
the hot-pressing sintering temperature, the element diffusion in the material becomes sufficient,
and the microstructure of Co—Cr-W alloy and composites materials becomes denser. When the
sintering temperature is over 1150 °C, the bending strength and the toughness of the Co-Cr-W
matrix composites are higher than that of the pure Co—Cr-W alloys. The added reinforced phases
help the composites to gain a multi-scale strengthening effect, which makes the composites have
a more comprehensive performance. Our results emphasize the importance of added reinforced
phases and help to optimize the preparing process in preparing the Co—Cr-W alloys.

Keywords: Co—Cr—W alloy; multi-scale carbide reinforcing; powder metallurgy; microstructure;
bending strength; toughness

1. Introduction

In the late 1920s, the United States Stellite company developed a Co-based wear-
resistant alloy for the aero-engine exhaust valve. Since the application, many researchers
have paid attention to the alloy, and Stellite has gradually developed a series of Co-Cr—W
alloys. Co-Cr-W alloy has excellent wear resistance, corrosion resistance, and heat strength
and is widely used in aerospace, ships, oil and gas, nuclear industry, and other wear-
resistant environments, and it also has broad application prospects in medical treatment,
system manufacturing, and many other fields [1-6].

Co—Cr-W alloy is a Co-based alloy, and Cr, W, and other elements are added as the
reinforcing elements. Its preparation method mainly includes coating, surfacing, casting,
and powder metallurgy [7-9]. Coating and surfacing Co-Cr-W alloys are only suitable for
increasing the surface wear resistance of some parts while casting and powder metallurgy
techniques are suitable for the manufacture of integral wear-resistant materials, which
has a broader range of applications [10-13]. Although the casting process is simple, the
carbide eutectic structures are easy to form, and the carbides formed grow up rapidly
in the smelting process and are concentrated and continuously distributed in the matrix.
Therefore, the contribution of the carbides to the wear resistance of the cast alloy is limited.
In contrast, the Co—Cr-W alloy prepared by powder metallurgy method is composed of a
Co-based solid solution and fine carbides (MC, M»3Cq, and MgC) [14,15]. The carbides are
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fine and diffusely distributed in the matrix, making the alloy have good wear resistance
and strong toughness [15].

In recent years, the rapid development of aviation, aerospace, energy, medical, and
other fields put forward higher requirements for the alloy with better toughness, wear
resistance, high-temperature resistance, and corrosion resistance. However, the traditional
powder metallurgy prepared Co—Cr—W alloy has been unable to meet the application
requirements, and there is an urgent need to develop a Co—Cr—W alloy with better com-
prehensive performance. The effects of W, Fe, C, and other elements in the Co-Cr—W
alloy have been deeply analyzed [16], and it has been found that the microstructure of the
Co-Cr-W alloy changes from y-Co+MyC3 hypoeutectic to primary carbide M;Cz+M;Cs
hypereutectic when the content of C in the alloy is increased; it is beneficial to increase
the volume fraction of the strengthening phase, and increase the macro-hardness and
improve the wear resistance. However, with the increase of C content, the primary M;Cs
aggregates and grows up, and the impact resistance, weldability, and machinability of
the alloy decreases [10-12]. Similarly, increasing the content of W in the alloy can also
promote the formation of carbide phases and improve the strengthening effect and the wear
resistance of the alloy. At the same time, it also increases the content of W in the y-Co solid
solution. This increases the brittleness and decreases the strength and toughness of the
matrix, and the cracks and other defects are easily formed in the preparation process [17,18].
Therefore, the collaborative improvement of wear resistance, strength, and toughness just
by composition optimization of the Co-Cr-W alloy has encountered a bottleneck. New
methods are needed to break the bottleneck in improving the comprehensive performance
of the Co—Cr-W alloys.

Considering that the strengthening mechanism of Co-Cr-W alloy is similar to that
of metal matrix composites, some researchers tried to introduce the strengthening phases
into the Co—Cr-W alloy. Abbas et al. [19] added SiC to the Stellite alloy, and they used
the laser-cladding method to make the Stellite6+SiC coating on the En3b steel surface. By
comparison, they found the Stellite6+SiC coated material increased the wear resistance
three-fold, at the same time, the SiC particles decomposed, increasing the content of carbon
and silicon in the cladding layer. Zhong et al. [20] carried out the relevant research on the
WC/Stellite laser coated materials and found the solidification of Stellite6+WC has two
ways: one is the precipitation of proeutectic, followed by eutectic, and the final structure
contains dendritic proeutectic and interdendritic eutectic; the other is the formation of
blocky precipitates and matrix directly. Both ways are beneficial to the wear resistance of
the alloy. Xiong et al. [21] also studied the microstructure and mechanical properties of the
laser-cladding WC/Stellite6 composites. They found the alloy had fine microstructure, and
hardness of the cladding layer was up to 57 HRC, which is twice as hard as the matrix.

It can be seen from the previous studies a focus on the Co-Cr-W composites prepared
by laser cladding. However, there are several shortcomings of this process, such as high
porosity and thermal residual stress, non-uniform microstructure, etc., which make the
application of this process confined to the small surface area. By contrast, the vacuum
hot-pressing sintering method can conquer those problems and can reduce the sintering
temperature, shorten the sintering time, and obtain fine-grain and highly compact materi-
als [8]. An et al. [22] prepared TiBw/TigAl4V composites by this method and found the
reinforced phases can distribute at the grain boundary, which can improve the hardness,
strength, and toughness of the materials at the same time. Based on the above ideas, we
propose a microstructural design idea of multi-scale carbide reinforced composites, that
is, grain boundary strengthening is realized by adding some large-scale carbides under
the condition of high-temperature hot-pressing and sintering, and grain strengthening of
the matrix is realized by endogenous fine and uniform granular carbides. The schematic
diagram [14] of the structural design is illustrated in Figure 1. The objective of this re-
search is to determine the mechanism of action of the introduced carbides and reveal the
formation mechanism of the multi-scale carbides in the Co-Cr-W matrix composites. The
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completion of this research can provide a theoretical basis and application guidance for
structure design of high wear-resistant Co-Cr—W material.

Carbides precipitate
inthe grain

Co-Cr-W
alloy powder

Added carbide particles

Carbides precipitate
onthe grain

Figure 1. Schematic of the microstructure of the alloy prepared by introducing the reinforced
carbides [14].

2. Experimental Methods

The Co-Cr-W alloy powder used in this research is prepared by gas atomization
method, and the preparation process is as follows: first, we prepared the ingredient (solid
pure Co, Cr, W, etc.) according to Table 1 and used vacuum induction melting equipment
to prepare the Co—Cr-W alloy ingot with uniform composition; secondly, the alloy ingots
were prepared into the spherical alloy powder by vacuum gas atomization method, and
the chemical compositions are shown in Table 1; finally, the alloy powder with particle size
less than 200 mesh was screened. The alloy powder is spherical and uniform, as shown in
Figure 2a. The introduced strengthening phases were the Cr3C, and WC carbide particles,
which are both commercial products. The particle size of WC is less than 10 um, and that
of Cr3C; is 200~300 nm, as shown in Figure 2b,c.

Table 1. Chemical compositions of Co-Cr-W alloy powder (wt.%).

Elements Cr W Ni A% Fe C Co
Co-Cr-W 30~32 18~20 3~4 3~5 3~4 0.2~0.8 Bal.

Figure 2. SEM images of Co—Cr-W alloy powder and carbide powder. (a) Co-Cr-W alloy powder;
(b) Cr3C, powder; () WC powder.

The Co-Cr-W alloy powder was mixed with 3 wt.% WC and 2 wt.% Cr3Cp, and the
instrument used for mixing powder was the planetary ball mill. The ball-milling speed
was 140 r/min, and the ball-milling time was 3 h. After the powder mixing process, the
mixed powder and the pure Co-Cr-W alloy powder were sintered by a vacuum hot-
pressing and sintering furnace to make the diffusion more extensive. In this method,
the dry mixed powders were filled into a model (®60 x 10 mm), and then the powder
was pressurized in a uniaxial direction and heated at the same time, so that the molding
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and sintering were completed at the same time. Different sintering temperatures were
set based on the phase transition temperature of the mixed powder, and the sintering
temperatures were set as 1000 °C, 1100 °C, 1150 °C, and 1200 °C, respectively. After the
sintering temperature was determined, hot-pressing sintering was carried out under the
conditions of sintering pressure of 25 MPa and holding time of 1 h. The optimum sintering
temperature was determined by analyzing the microstructure and mechanical properties
of the sintered materials.

The microstructures of the prepared materials were obtained by an S-3400 scanning
electron microscope (SEM). The elements distribution was analyzed by a SHIMADZU-
1610 Electron Probing Microanalysis (EPMA). The phases in the prepared materials were
analyzed by Tecnai-T20 transmission electron microscopy (TEM) and X-ray diffraction
(XRD). The SEM and EPMA samples were cut by wire cutting equipment first, then using
120#, 320#, 6004, 1000#, 15004, and 2000# abrasive paper to polish the samples manually in
turn. Then, the polished samples were mechanically polished with Cr,Os aqueous solution.
TEM samples were prepared by double spray electrolysis. The electrolyte composition was
7% HCIO4 + 93% C,H50H (volume fraction), the coolant was dry ice, the voltage was 50 V,
the current was 30 mA, and the temperature was below —20 °C.

The three-point bending experiment was carried out to test the bending strength and
the toughness of the materials. The toughness of the material is characterized as follows:
the energy absorbed by the material (the toughness) in the bending process was expressed
by calculating the area enclosed by the stress—strain curve and the horizontal coordinates,
and the unit is energy density (kJ/ m?) after conversion. The instrument used for the room
temperature three-point bending test was an Instron-5569 universal testing machine, and
the test rate was 0.5 mm/min. The specification of the samples for the three-point bending
test was 3 x 4 x 35 (mm) and ®6 x 9 (mm), respectively. At least three samples were
measured for each parameter to reduce the error.

3. Results and Discussion
3.1. The Effect of Sintering Temperature on the Microstructures

Figure 3 shows the microstructure of the Co-Cr—W alloy and Co—Cr-W matrix compos-
ites prepared at different sintering temperatures. At the sintering temperature of 1000 °C
and 1100 °C, there are many hole defects in the Co—Cr-W alloy and the Co—Cr-W matrix
composites (Figure 3a,b,e,f), and the added carbides in the composites do not fully bond to
the matrix. In addition, the microstructure of the Co—Cr-W alloy is consistent with that of
the composites. At the sintering temperature of 1150 °C and 1200 °C, the sintered materials
are compact and do not have any holes. The reinforced phases are closely combined with
the matrix. Based on the results, it can be determined that the diffusion between the pow-
ders increases with the increase of sintering temperature, which increases the compactness
of the materials. However, we found the materials were bonded to the mold at 1200 °C, so
we inferred the materials could react with the mold at this temperature. Therefore, 1150 °C
is the proper sintering temperature. In addition, increasing the sintering temperature could
not change the phase constitution of the two materials based on the SEM images (Figure 3).
This can also be confirmed by the following the XRD results (see Section 3.2).

3.2. Microstructure Identification

As the proper sintering temperature is 1150 °C, the microstructures of the Co—Cr—
W alloy and Co-Cr—-W matrix composites were analyzed with this preparing condition,
and the backscattering electron images of the two materials are illustrated in Figure 4.
According to the image contrast, there are three and five phases in the Co—Cr-W alloy
(Figure 4a,b) and the Co—Cr-W matrix composites (Figure 4c,d), respectively, which are
marked by A~C and 1~5, respectively. In the Co-Cr-W alloy, phase-B is dendrite, which
is crisscross distributed in the matrix (phase-A). The phase-C is a fine particle, which
is distributed at the junction of the phase-A and B. In the Co—Cr—W matrix composites,
phase-1 is wrapped by the phase-2. The phase-3 is also dendritic and uniformly distributed
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in phase-4, and there is a thin layer of gray phase (phase-6) at the boundary of phase-2
and phase-3. The image contrasts of phase-3 and phase-6 are almost the same. In addition,
some primary particle boundaries (PPBs) can be observed (Figure 4c,d), and the phase-5 is
mainly distributed at the PPBs.

Figure 3. SEM images of the Co—Cr-W alloy and the Co—Cr-W matrix composites with different
sintering temperature. (a-d) Co-Cr-W alloy; (e-h) Co—Cr-W matrix composites; (a,e) 1000 °C;
(b,£) 1100 °C; (c,g) 1150 °C; (d,h) 1200 °C.

Figure 4. Backscattered electron images of the Co—Cr-W alloy and the Co—Cr-W matrix composites.
(a,b) Co—Cr-W alloy; (c,d) Co—Cr-W matrix composites.
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The EPMA elements distribution of the Co-Cr-W alloy and Co—Cr—W matrix com-
posites are shown in Figure 5. The compositions of the micro-areas acquired by the EPMA
quantitative analysis are listed in Tables 2 and 3. In the Co-Cr-W alloy (Figure 5a), phase-A
is mainly rich in Co. This indicates phase-A is the matrix, and Cr, Ni, and Fe are the solute
elements. Phase-B is mainly rich in Cr and W and contains the higher content of C. This
means phase-B is a kind of carbide. The elements enriched in the phase-C are W, Ni, and
Cr, and the content of W is very high, and it is inferred to be a W-rich phase. In addition,
due to the low content of the C element in the material, there is no obvious C element-rich
area. In the Co-Cr—W matrix composites (Figure 5b), Co is uniformly distributed, while W
is mainly distributed in the phase-1, phase-2, and phase-3, and the phase-3 has the highest
W concentration. The distribution of C and Cr is similar, which are mainly distributed at
the PPB (phase-5 is in this region). At the same time, C is also enriched in phase-1 and
phase-2. Based on the element distribution and the composition (Table 3) of each phase, it
can be inferred the blocky phases (phase-1 and phase-2) are transformed from the added
WC particles, and the small particles (phase-5) are generated by the added Cr3C, particles.
The distribution of these phases can further prove this inference. The phase-3 contains Co,
Cr, W, and C, and its morphology and composition are similar to that of the phase-B in the
Co—Cr-W alloy, so phase-3 and phase-B are inferred to be the same phase. The phase-4 is
rich in Co so that it can be identified as the Co-based matrix. The compositions of phase-6
and phase-3 are similar, so phase-6 and phase-3 are inferred to be the same phase.

Table 2. The EPMA result (In the result, C is a light element and cannot be precisely measured by the
EPMA. Therefore, the result is semi-quantitative for the C element.) of phases in the pure Co-Cr—-W
alloy (at. %).

Eler.n'ent Cr Co W Fe Ni A% C Phase
Position
A 36.3521 48.6485 1.9206 4.9969 5.0036 0.0120 1.35215 v-Co
B 42.4743 33.6507 13.6504 0 0.2370 0.0384 3.6116 My9C
C 21.5239 12.3681 24.3164 2.2588 30.1207 0 9.0615 MgC
Table 3. The EPMA result of phases in the Co—Cr-W matrix composites (at. %).
Eler.n.ent Cr Co w Fe Ni A% C Phase
Position
1 2.8648 3.3265 49.4971 0 0.167 0.012 43.2621 WC
2 21.7007 25.0675 35.6068 2.2588 1.4424 0.0384 13.6116 MyC
3 37.5239 42.6844 13.9852 1.6506 1.9036 0 2.2523 MyoC
4 32.2855 54.8159 3.8849 3.2369 4.1207 0 1.6526 v-Co
5 51.6644 13.3681 3.9206 1.9969 0.9653 0.0382 13.5808 M33C6
6 36.4743 39.6507 13.5084 2.1115 1.8103 0 2.0615 MyoC

Figure 6 shows the XRD results of the Co—Cr-W alloy and Co—Cr—W matrix compos-
ites. There are three kinds of phases in Co-Cr-W alloy, namely the y-Co, MgC (NizW3C)
and My9C (Crp5Cop5WgC»), and there are four kinds of phases in the Co-Cr-W matrix
composites, namely the y-Co, M3C¢ (Cr3Cs), MgC (CopW4C) and MygC (Crp5Cor5WsCo).
The result of the Co-Cr—W alloy is consistent with actual observations (Figure 4a,b). How-
ever, one phase in the composites is not recognized (five kinds of phases are observed
in Figure 4c,d). The reason for this is likely that the content of this phase is too low. In
addition, the XRD results cannot identify the specific phases in the two materials, so it
needs further experimental verification.
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(a)

Figure 5. The element distribution maps of a micro-area of the Co—Cr-W alloy and the Co-Cr-W
matrix composites. (a) Co—Cr-W alloy; (b) Co-Cr—W matrix composites.

For this, TEM analysis was carried out. In order to make a one-to-one match between
the phases in the SEM images and the TEM images, the EDS maps are provided along with
the selected area electron diffraction (SAED) patterns. The relevant results are illustrated in
Figures 7 and 8. In the Co—Cr-W alloy (Figure 7), the Co-rich region is the phase-A, and
the Cr- and W-rich region is the phase-B (Figure 7e). It should be noted that the precision
of TEM energy spectrum analysis is slightly lower than that of the EPMA, for the small
particle phase (phase-C), the element enrichment cannot be accurately observed, and only
some parts of W element enrichment can be seen at the junction of the phase-A and phase-
B, which should be the phase-C. Based on this result, the SAED patterns (Figure 7a—d)
of the phase-A, phase-B, and phase-C are analyzed. The results indicate phase-A is the
v-Co, phase-B is the M9C, and phase-C is the Ni3W3C. (The phases identified here refer
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to the phases in the database, which have the same crystal structure.) In the Co-Cr-W
matrix composites (Figure 8), the Co-rich region should be the phase-4, and the Cr- and
W-rich region is the phase-3 (Figure 8b), which are identified as the y-Co and the MpyC,
respectively, by analyzing the SAED patterns (Figure 8f,g). In the TEM bright-field images
(Figure 8d,e), another two carbides can be observed. The SAED patterns (Figure 8h,i)
indicate they are MgC (CoaW4C) and Mp3Cy (Crp3Cy), respectively. As MgC carbide usually
contains a higher content of W [23], phase-2 should be the MgC. Similarly, phase-5 should
be the M3Cs. It should be pointed out that phase-1 is not observed in the TEM observable
field of view. Two reasons may account for this: one is that the content of phase-1 is too
low; the other is that the TEM observable field of view is much smaller than that of the
SEM. However, phase-1 can be identified according to its composition (Table 3), and it
is most likely to be the residual added WC carbides. In addition, the high-angle annular
dark field (HAADF) image (Figure 8a) shows there are some stripe-like contrasts in the
v-Co matrix, and the high-resolution electron image (Figure 8c) indicates they are some
stacking faults (SFs). This is mainly caused by the low SF energy of Co, and the faults in
the Co-based matrix can also reinforce the matrix.

) _
— ®
1200°C ¢ v-Co — 1200°C mA : y-Co
1150°C S Ni,W,C 1150°C Cr;3Cs
— 1100°C C CrysCoysWeCsy —— 1100°C " Co,W,C
— 1000°C m] T ° o 1000°C ‘\ A CPZSCOZSWBCZ
)
ooe . I
0 40 |fofo
IR ?J_lvl %‘L‘J‘k . D....M__kﬁ.. i : 7 ‘/l\a.i\j L4 .

Intensity(a.u.)

40

50 60 70 80 90 10 20 30 40 50 60 70 80 90
20/degree 20/degree

Figure 6. XRD patterns of the Co—Cr-W alloy and the Co-Cr—W matrix composites. (a) Co-Cr-W
alloy; (b) Co-Cr—W matrix composites.

[3 0 13] M2sC (Cr25Co2sWsC2) [10 1] MC (Ni;W;C)

Figure 7. (a) TEM bright-field image of the Co—-Cr—W alloy; (b—d) Selected area electron diffraction
(SAED) patterns of y-Co (b), M9C (c), and M¢C (d); (e) and EDS maps performed on a micro-area.
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[001] M25C (Co25Cr2sWsC2) [0-11] Co2WaC [0-11] Cr23Cs

Figure 8. (a) HAADF images showing the precipitates in the Co-Cr-W matrix composites; (b) dis-
playing the related EDS mapping results; (c) high-resolution electron image of the y-Co phase;
(d,e) bright-field image showing the precipitates in the Co—Cr-W matrix composites; (f-i) SAED
patterns of the related phases.

3.3. Formation Mechanisms of the Reinforced Phases

It can be seen from the microstructures of the Co—Cr-W alloy that there are two kinds
of reinforced phases, namely the M»9C and MgC, and both phases are uniformly distributed
in the grains. This proves the two phases are both in situ formed during the hot-pressing
sintering process. The formation mechanisms of the M9C and MgC (NizsW3C) carbides can
be understood in this way: first, the W atom has a much larger radius than that of the C,
so the diffusion rate of the C in the matrix should be greater than that of the W; secondly,
the W element is a strong carbide forming element, so the driving force of the diffusion
of C atoms to the W atom rich area is strong. Therefore, the W-rich areas are more likely
to form the carbide, and the MyC is thus formed. When the nucleation and growth of
the My9C reaches equilibrium, the extra W and C would combine with the Ni and form
the Ni3sW3C carbide to decrease the system free energy further. In addition, it can be seen
from the EPMA results (Table 2) that the Ni atoms tend to converge in the y-Co rather than
the MyoC. This means the precipitation of the MyoC would expel the Ni atoms, and the Ni
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atoms tend to combine with the W and C at the grain boundary of the M»9C, and this is the
reason why most of the NigW3C tend to precipitate at the junction of the My9C and y-Co
matrix (Figure 4b). Based on the above discussion, the formation of the MyC and M4C can
be illustrated with the following reaction equations:

v-Co + C — (Ni, W, Cr, Co, Fe)»C 1

3Ni + 3W + C — NigW3C @)

It has been proven that there are four kinds of carbides in the Co-Cr-W matrix
composites, namely the Mp9C (Crp5Co25W5Cs), M23Cq (Cr3Cs), MgC (CopyW4C), and WC.
As the morphology and distribution of the My9C carbides in the Co-Cr-W alloy and the
Co-Cr-W matrix composites are similar, the formation mechanism of the MC in the two
materials should be the same. The M»3C¢ (Crp3Cg), MgC (CopW4C), and WC are the three
carbides that are not contained in the Co—Cr-W alloy. This indicates the formation of the
three carbides are all produced by the added carbides (WC and Cr3C;). As the My3Cq
contains a higher content of Cr; it distributes at the PPB; the size of it is close to that of the
Cr3Cy, the M»3Cg should be transformed from the Cr3C,, and the reaction equation should
be as follows:

3Cr3Cy+y-Co — (Cr, Co, W, Fe)»3Cq 3)

Similarly, based on the composition, distribution, and size of the Co,W4C, it should
be transformed from the WC. Figure 9 shows the EDS line-scan result. It can be seen that
the Co and Cr show a gradient rise from the Co,W4C to the y-Co matrix. This indicates the
Co and Cr atoms diffuse from the matrix to the added reinforced phase (WC) and react at
the boundary of the reinforced phase to form the Co,W4C. From the reinforced phase to
the matrix, the content of the W gradually decreases, and there is almost no element W in
the matrix. This indicates the W in the carbide does not diffuse into the matrix. Figure 10
shows the schematic of the formation mechanism of the carbides. In the hot-pressing
sintering process, the Co atoms would diffuse into the WC and react with the WC, which
leads to the formation of the MgC (Figure 10a,b). Then, the reaction remaining C atoms
would diffuse into the nearby matrix and react with the Cr, Co, and W atoms to form the
MyoC (Figure 10c), and this is why the Co,W,C is surrounded by the MoC. In addition,
if the holding time is insufficient, the WC could not react adequately, and there will be
some WC left in the CopW,4C (Figure 10d). Therefore, the WC can be observed in the
MgC (Figure 4c). Based on the above analysis, the reaction of the WC and the y-Co can be
illustrated with the following equation:

2WC + y-Co—(W, Co, Cr, Fe)¢C + (Ni, W, Cr, Co, Fe)»9C 4)

In addition, it should be noted there are not any NizW3C carbides in the Co-Cr-W
matrix composites, which are observed in the Co—Cr-W alloy (Figure 4). This indicates the
added reinforced phases inhibit the precipitation of this carbide. As the result shows, the
precipitation of the NizW3C consumes the W element in the matrix, this means if there
is a phase that can preferentially consume the W element, then the phase can inhibit the
precipitation of the NizW3C. According to Figure 4c, the size of the Co,W,C is more than
10 pm, while the original particle size of WC is less than 10 um. This indicates the Cop,W4C
could grow towards the matrix in the hot-pressing process, and it can consume not only
the W element in the WC but also consume the W element in the matrix. In addition, based
on the Materials Project database [24], the formation energy of the Co,W,C is —0.067 eV,
and the formation energy of the NizW3C is —0.033 eV. This means the Cop,W4C is easier to
form in the view of thermodynamics. Therefore, it can be inferred the precipitation of the
Co, W, C inhibits the precipitation of the NisW;C.

Based on the above discussion, the reinforced carbides in the Co—-Cr-W matrix com-
posites have two formation mechanisms: one is the in situ endogenous mechanism by
phase transformation; the other is in situ exogenous mechanism by the reaction. This could
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make the composites have not only the intragranular strengthening but also the grain
boundary strengthening.
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Co,W,C

gghese

| B SR AN NS S w A WA NG N RRAS NAES RS NAAS SRS A S RAAN J
o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 U
pm

_

| S0 S SN B A S By e WG MR SR AN NN RAA SNAAS SO NAAN S dn B )
o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 i
e

S0 SA Sh AN S S o i ek iy i At e S e A MO S S0 S0t S
© 1 2 3 4 3 6 7 B8 9 10 11 12 13 14 1% 16 17 U
o

Figure 9. EDS line-scan result from the Co,W,C to the matrix in the Co-Cr—W matrix composites.
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Figure 10. Schematic showing the formation mechanism of carbides in the Co—Cr-W matrix compos-
ites. (a) Diffusion of Co atoms to the added WC; (b) reaction of the Co with the WC and formation of
the MgC; (c) the reaction remaining C atoms diffuse into the matrix and react with the W, Cr and Co
atoms to form the My9C; (d) underreaction of the WC lead to the formation of the residual WC in
the MgC.

3.4. Mechanical Property

Figure 11 shows the three-point bending experiment results of the Co-Cr—W alloy and
Co-Cr-W matrix composites at different sintering temperatures. The bending strengths and
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of the two materials increase with the increase of the sintering temperature (Figure 11a).
This is because increasing the sintering temperature can improve the compactness of the
two materials (Figure 3). However, the increasing rates of the two materials are different.
When the sintering temperature is below 1150 °C, the bending strength of the Co—Cr-W
alloy is higher, while when the sintering temperature is over 1150 °C, the bending strength
of the Co-Cr—W matrix composites are higher.
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Figure 11. Results of the three-point bending experiment. (a) The bending strength of the Co-
Cr-W alloy and the composites; (b) the toughness statistical diagram of the Co—Cr-W alloy and
the composites.

The reason for this should be that the compactness of the two materials is very low at
the low sintering temperature, and the reinforced phases are not well combined with the
matrix. Thus, the reinforced phases do not enhance the composites, and on the contrary, it
is equivalent to introducing impurities into the material, resulting in the bending strength
of the composite material being lower than that of the pure alloy. However, when the
sintering temperature is high, both materials are fully sintered, and the M3C¢s and MgC
carbide at the PPB are closely bonded with the matrix material, which can strengthen
the grain boundary to a certain extent. In addition, the toughness of the two materials
has the same trend as the bending strength with the increase of sintering temperature
(Figure 11b). This is not only related to the compactness but also the strength of the matrix
of the composites. As the result shows, the addition of the reinforcing phases would make
the solid solution elements (W, Ni, and Cr) in the matrix diffuse to the added reinforced
phases, which can reduce the strength and improve the plasticity of the matrix, and finally
lead to the improvement of the toughness of the composites. According to the fracture
of the two materials, it proves that the fracture of the Co—Cr-W alloy is cleavage fracture
which is characterized by river pattern (Figure 12a—c), and the composites display the
fracture features of the dimple fracture (Figure 12d-f). The results indicate the multi-scale
reinforced phases added to the sintered composites can effectively improve the bending
strength and toughness.
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Figure 12. Bending fracture of the Co-Cr-W alloy and composite materials. (a—c) The Co-Cr-W alloy;
(d—f) the Co—Cr—W matrix composites.

4. Conclusions

(1) With the increase of the hot-pressing sintering temperature, the element diffusion in
the material becomes sufficient, leading to the denser microstructure of the Co-Cr-W
alloy and the composite materials;

(2) The Co—Cr-W alloy is composed of the y-Co matrix, the MgC (NizW3C) carbide
particles, and the dendritic MpgC (Crp5Co25WgCy) carbide, and the main reinforced
phase is the M9C; the Co-Cr-W matrix composites are composed of the y-Co matrix,
the My3C¢ (CrpsCg) carbide particles, the blocky MgC (CoaW4C) carbide and the
dendritic MygC (Cry5C0y5WgC));

(3) At the proper hot-pressing sintering temperature, the added reinforced phases in
the Co—Cr-W matrix composites can react with the matrix and form a good bonding
interface, which can strengthen the grain boundary;

(4) The prepared Co-Cr-W matrix composites have the multi-scale carbide strengthening
effect, namely the dendritic M9C strengthens the grain and the M»3C¢ and M¢C
strengthen the grain boundary, which makes the composites have greater bending
strength and toughness than the pure Co-Cr-W alloy.
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