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Abstract: Aluminum oxide (Al2O3) powder can be added to typical cobalt-chromium (CoCr) alloy
powders. In the present study, we successfully prepared alloyed samples of various powder ratios by
laser cladding and analyzed their microstructure and carbide structural characteristics, including
the microhardness, biological properties, morphology (using scanning electron microscopy), and
crystal structure (using X-ray powder diffraction). The elemental distribution was also determined by
energy-dispersive X-ray spectroscopy. The results showed that an Al2O3 addition caused the alloy
microstructure to change from slender columnar crystals to columnar grains that were similar in
shape to equiaxed grains. In addition, Al2O3 agglomeration zones appeared, and carbide structures
were altered. The mechanism of the observed performance changes was also analyzed.
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1. Introduction

The development of dental restoration has always been closely related to the progress of oral
materials. Finding the most suitable materials and manufacturing techniques has always been the
interest of dentists. In recent years, the use of all-ceramic restorations has been increasing in terms
of oral repair materials, but their application has been impaired due to their high melting point and
hardness, which impedes machining in terms of cutting and plasticity [1]. Therefore, metal-based
medical materials are currently the first choice of dental prosthetic materials [2]. Cobalt-chromium
(CoCr) alloys are cost-effective and demonstrate good physical and mechanical properties and good
biocompatibility [3–6]. They are therefore used in a wide range of applications in the oral repair field
and remain one of the most commonly used materials in clinical practice.

CoCr alloys have been the focus of many studies. For example, Quante [7–9] et al. studied the
effect of different manufacturing methods on the metal-ceramic bond strength. They found that the
metal-ceramic bond strength of metal liners produced by 3D printing was effectively improved and
that the alloy properties were better than those of alloys produced by casting [7–9]. Hedberg [10] et al.
found that the rapid cooling during the selective laser melting (SLM) technique led to the formation of
a molybdenum (Mo)-rich phase in medical cobalt-chromium (CoCr) Mo alloys. A large proportion of
hexagonal close-packed Cr23C6 particle phases were formed on the surface, effectively reducing the
ion release of the alloy, and the special texture of the molten pool changed the corrosion resistance
of these materials. Second-phase particles with a size of <10 µm were found to effectively improve
CoCrMo alloy mechanical properties [11,12].

In addition, in the processing of CoCr alloys, their microstructure and properties under different
processes have been extensively studied [2,13–18], including a large number of studies on heat treatment
processes and surface modification of CoCr alloys [19–23]. Cast CoCr alloys with coarse microstructures
and solidification defects have been reported [24]. One of the major advantages of SLM, compared to
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those of foundry approaches, is that the grain size of CoCr alloys prepared with this technique is small.
To date, there have been few studies on the preparation of CoCr alloys by laser cladding.

In recent years, an increasing number of studies have been performed on the preparation of
metallic materials by laser cladding, and it has been found that the manufacturing accuracy is basically
the same as that of SLM [25]. Our present study uses laser cladding to make alloy materials and provide
additional methods for denture production because of the small dentures that laser cladding provides.

Microalloying has always been a hot topic in material research. Allowing microalloyed elements to
fully exert their strengthening effects is a function of the alloy and the elemental additions. Few studies
have focused on the use of carbides for the modification of CoCr alloy powders. Al2O3 is the main
material commonly used for blasting CoCr alloys [26,27]. Hagihara [28] et al. found that Al2O3 addition
results in a significant change in the structure of single crystals during directional solidification of
CoCr alloys, ultimately increasing the alloy strength. The main goal of the present study was to further
examine the modification of CoCr powder by the addition of Al2O3 powder. Original and modified
powders were processed by single laser cladding forming, and their phases and microstructures
were characterized by scanning electron microscopy (SEM) and X-ray powder diffraction (XRD).
The mechanical properties of the two samples were also tested and compared to those of a traditional
CoCr alloy carbide in terms of the alloy morphology and mechanical properties. This study provides a
theoretical and technical reference for the modification of existing CoCr powder materials.

2. Materials and Methods

The CoCr alloy used in this experiment was a CoCr-0404 alloy powder produced by Renishaw
Co, Inc. (Gloucestershire, UK). The mass fractions of Cr, Mo, Si, Mn, Fe, and C were 29.5%, 5.3%, 0.7%,
0.5%, 0.4%, and 1.2%, respectively. The powder had particle sizes that ranged from 10.3 to 31.2 µm, a
density of 8.3 g/cm3, and a melting point of 1380 ◦C.

2.1. Preparation of Sintered Powder

Six groups of mixed powders were prepared by adding 2.5%, 5%, 7.5%, and 10% Al2O3 to the
CoCr alloy powder. The CoCr alloy powder was placed in a Al2O3 crucible with a thickness of
10 mm. The crucible was placed in an oven at 90 ◦C for 3 h and then removed for use. The powder
was prepared by gas atomization technology. CoCr alloy powder and Al2O3 powder were melted
in a medium frequency induction melting furnace in proportion to the atomization temperature.
When the atomization temperature was reached, the molten metal liquid flowed through nozzles
of different inner diameters into the atomization zone, and the molten metal liquid was dispersed
and condensed into alloy powder under the breakdown of a certain high pressure inert gas (gaseous
argon). The powder particle size was measured using a Mastersizer 2000 laser particle size analyzer
(Malvern Instruments Ltd., Worcestershire, UK). The surface morphology of the powder particles
was observed using scanning electron microscopy (SEM) with a KYKY-EM6200 instrument (KYKY
Technology Co., Ltd., Beijing, China) that used a tungsten filament. The powder was measured for
powder liquidity (time) and bulk density in accordance with the standard methodology of GB/T
1482-2010 “Determination of metal powder fluidity of the funnel method (Hall flowmeter)” and GB/T
1479.1-2011 “Determination of bulk metal powder density Part 1: funnel method”.

2.2. Sample Preparation

The experiment was carried out on a 4.0 KW LDF4000-100 fiber semiconductor laser (Laserline
GmbH, Mülheim-Kärlich, Germany). A previous series of experiments determined the best process
parameters to be the following: laser output power P ≤ 1000 W, scanning speed V ≤ 4 mm/s, spot
diameter R ≤ 2 mm, and laser scanning time 3 s. CoCr alloy test parts were obtained after scanning the
horizontal cross section parallel to the scanning direction of the line cutting and the mosaic.
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2.3. Microstructural Analysis

For metallographic analysis, the samples were ground, polished, and etched with Murakami’s
reagent (10 g potassium ferricyanide, 10 g sodium hydroxide, and 100 mL deionized water) and
heated. The specific method involved soaking a sample in 20 mL of nitric acid plus three drops of
hydrofluoric acid solution for 10 to 80 h then etching the sample in Murakami’s reagent at 90 ◦C for
20 min. The samples were observed with optical microscopy using an AXIO ScopeA1 instrument (Carl
Zeiss Microscopy GmbH, Göttingen, Germany). The microstructure of the specimen was observed
using a Hitachi SU5000 thermal field emission scanning electron microscope. (Hitachi high-tech co.,
Tokyo, Japan) The sample phase composition was analyzed using a D/max-Rb XRD apparatus (Rigaku
Corp., Tokyo, Japan).

2.4. Mechanical Properties

In this experiment, the microhardness of several samples was tested on a Vickers hardness tester
(DHV-1000, Shanghai Shangcai Testing Machine Co., Ltd., Shanghai, China) with a load of 0.98 N and
a dwell time of 15 s. The measurement was performed every 1 mm in the vertical direction of the
cross section.

According to the GB/T228.1-2010 standard methodology, the tensile properties of the specimens
were tested on an E43.504 electronic universal testing machine (MTS Systems Corp., Eden Prairie, MN,
USA). The tensile strength test was carried out at room temperature at a rate of 0.5 mm/min.

3. Results and Discussion

3.1. Alloy Powder Microstructure and Phase Analysis

The analysis of XRD peaks from the CoCr alloy powder showed that the main peak appeared at
38–39◦ and that the main phase was the face-centered cubic (fcc) γ-Co phase (Figure 1). The standard
cell parameter for the fcc γ-Co phase is a = 0.35447 ± 0.0002 (ICDD card #15-806), and the surface indices
for the γ (111), γ (112), and γ (220) matched. After adding Al2O3, the main peak of the composite
powder appeared at 40–42◦.

Figure 1. X-ray powder diffraction (XRD) patterns of original and modified powders.

The XRD data were further analyzed, and it was observed that the main phase did not change
substantially after Al2O3 addition, but the Al2O3 phase was identified. The main peak in the γ-Co
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diffraction spectrum shifted upon the addition of Al2O3, which, according to Bragg’s Law, is attributed
to structural changes in the unit cell that cause a change in the diffraction peak positions. This
shows that the interplanar spacing and lattice constant decreased, which would affect the deformation
performance of the powder.

The particle morphology of the powder remained almost spherical without Al2O3 addition, while
smaller particles appeared with Al2O3 addition than those that were present when Al2O3 was not
added (Figure 2). The small particles had an elevated specific surface energy and melting enthalpy,
and they melted rapidly under laser action. There was also good filling of the gaps between the large
particles such that the bulk density of the powder increased. This reduced the void defects inside the
formed parts and improved the mechanical properties and surface quality.

Further analysis of the powder properties showed that the Al2O3 powder had a particle size
distribution between 9.2 and 33.5 µm, a flowability of 22.10 s/50 g, and a bulk density > 4.2 g/cm3,
which satisfied the general requirements of the laser cladding forming process.

Figure 2. Powder particle morphology: (a) cobalt chromium alloy powder morphology and
(b) morphology of the same powder with 5% Al2O3.

3.2. Microstructural and Phase Analysis of Pure CoCr Alloy Powder for Forming Sample Parts

The sample surface and grain structures after molding were observed by SEM. The crystal structure
appeared relatively uniform and compact after molding (Figure 3a). However, there were also visible
flaws under 1000×magnification, like the local area uplift phenomenon seen in Figure 3b. The reason
for this was that during the forming process, impurities were present in the powder, which rendered
the powder being non-uniform or led to the formation of very small masses, resulting in local volumes
that lacked sufficient density. The microstructural orientation of the CoCr alloy showed no obvious
macro-defects such as pores and cracks on the surface of the sample (Figure 3c). This showed that
densification of the formed part or piece under this method was high.

At temperatures above 417 ◦C, the matrix of the Co-based alloy formed the γ-phase (also called
austenite) with an fcc structure, and this phase was converted to the γ-phase with its allotrope the
ε-phase. As the γ-phase was thermodynamically unstable, the γ→ ε phase transformation occurred
during laser melting of the selected area. In this study, SLM, such as single-pass scanning of the CoCr
alloy powder, resulted in a rapid melting and rapid solidification process.

The Co-based alloy was rapidly melted by the laser heating, did not undergo phase transformation,
and remained in theγ-Co phase. This was because the rapid cooling of the substrate to room temperature
caused the γ-Co phase to be retained due to the phase change. There are generally two types of carbide
structures in CoCr alloys, namely M23C6 and M6C, in which the M6C carbide is rich in Mo, while the
M23C6 is rich in Cr [29]. This observation, combined with XRD analysis, indicated that the CoCr alloy
produced γ-Co and carbide phases (Formula (1)). The formation of carbides is due to the formation of
fine columnar γ-Co grains composed of cellular dendrites in the dendrites of Cr and Mo during rapid
solidification, so that carbon segregates between dendrites and grain boundaries, and carbides are
precipitated [29].

γ−Co→ γ′ ++M23C6 + M6C (1)
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Figure 3. Scanning election microscopy (SEM) micrograph of pure CoCr alloy powder molding.
(a) Surface morphology of the sample; (b) the surface of the sample is magnified 1000 times; (c) sample
grain results; (d) sample grain structure magnified 1000 times.

Further analysis of the microstructure of the alloys revealed that the metallographic structure
of a single-channel scanned CoCr alloy specimen was composed of austenite and a carbide-like
structure (Figure 4a). Its crystal structure was crystalline and columnar, with carbides distributed in
the grain boundaries, and agglomeration occurred in the internal structure of the material (Figure 4b).
The microstructures consisted of a Co-based solid solution and an agglomerated second phase, which
was shown by XRD analysis to be a carbide phase. Based on the energy-dispersive X-ray spectroscopy
(EDS) results, it was speculated that one area was a Mo-rich M6C carbide and reticular in shape, while
another area was a Cr-rich M23C6-type carbide (mainly Cr23C6 as shown in Figure 4b, points 1 and 2).

Figure 4. Microstructure of 0% added Al2O3 samples and X-ray spectroscopy (EDS) analysis.
(a) Microstructure of cobalt-chromium alloy; (b) partially magnified tissue morphology.

The correct amount of carbon can form carbides with the corresponding elements in Co-based
alloys. These carbides have long been considered important strengthening phases in Co-based
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alloys [30–32]. The existence of these carbides affects the mechanical properties, wear resistance,
corrosion resistance, and biocompatibility of the associated materials [29,33].

3.3. Microstructural and Phase Analysis of Alloy Powder Molded Parts After Al2O3 Addition

XRD analysis revealed that the alloy phases that were present after the addition of Al2O3 were
γ-CO, ε-Co, M23C6, M6C, Al2O3, and CoAl2O4 (Figure 5). Compared to that of the pure CoCr alloy, the
XRD diffraction pattern of the alloy with an Al2O3 content of 5% showed that the main phase peak
weakened, its angle shifted to the right, the carbide peaks changed, and the intensity of the M6C peaks
increased, indicating that the amount of the M6C phase increased. At this time, ε-Co appeared in
contrast to the γ phase that is present without Al2O3, because of the low thermal conductivity of Al2O3

(10.022 W·m−1
·K−1 at 1200 ◦C). During the melting-cooling process, the large amounts of fine Al2O3

particles contained in the crystals and crystal fronts (Figure 6) hindered heat transfer not only from the
liquid but also from the solid part of the solidifying material, eventually causing a portion of the γ-Co
to convert to ε-Co particles at a decreased cooling rate. The main phase of the reaction is shown in
Formula (2):

γ−Co→ γ′ + ε′ + M23C6 + M6C + Al2O3 + CoAl2O4 (2)

Figure 5. XRD patterns of the CoCr alloy sample with 0, 5, and 10% Al2O3.

Comparing Figures 3d and 7, it can clearly be seen that the alloy structure was still columnar and
crystalline after Al2O3 addition, but the columnar grains decreased in size and were even smaller than
those in the alloy without Al2O3 addition. Additionally, a large amount of carbide disappeared, and
Al2O3 agglomeration areas appeared.

When the Al2O3 content was 5%, the grain boundaries were the most visible in the microstructure,
and the columnar grains were small in size and similar in appearance to equiaxed grains (Figure 7a–d).
Carbide accumulation areas were almost undetectable, and the microstructure and properties of the
parts characterized herein were therefore judged to be the best when the Al2O3 content was 5%.
Further analysis was carried out on characterized parts and grain boundaries were observed under
magnification, which revealed that local areas had an appearance similar to that of a cellular structure
and the columnar grains disappeared (Figure 8a, point 1). In the deep regions of the material with
Al2O3 particles (Figure 8a, point 3), it was observed from the backscatter plot in Figure 8b that the black
areas were Al2O3 precipitates, whereas the bright white areas were composed of carbides. According
to the EDS results, in Figure 8a, point 1 was Mo-rich M6C and point 2 was Cr-rich M23C6. When
compared with that of a non-Al2O3 alloy, the carbon content in these two points was significantly
reduced, the carbide grain size was small, and the position where it occurred changed; it also did not
take the form of a mesh or sheet but became granular instead. The conclusion here was that the addition
of Al2O3 to the alloy reduced the final carbide content of the molded part. This is because in CoCr
alloys, γ-Co grains themselves have a substantial amount of stacking faults, which creates nucleation
centers for carbides in CoCr alloys [34]. In this study, adding Al2O3 caused the final morphology of



Metals 2019, 9, 1074 7 of 16

the γ-Co grains to change during the nucleation process. Due to the fine structure, it was inferred that
the stacking faults in the γ-Co grains were reduced along with the carbide nucleation, which changed
the time and amount of carbides produced.

In Figure 8a, point 3 and area A were examined using EDS, and Al and O were detected.
Considering these results in combination with those from XRD analysis (Figure 5), we concluded that
the amount of carbides was further reduced. Al was a solid solution in the Co-based solid solution, the
peak from the main phase slowly weakened, its angle shifted to the right, the carbide peaks changed,
and the intensity of the peaks from the M6C phase increased, indicating that the amount of M6C
phase increased. M6C carbides have been reported to have good thermal stability, and M23C6 carbides
were shown to convert to M6C at a solution temperature of 1165 ◦C [35]. During the laser cladding
process, there was a heat-effected zone that led to the conversion of the M23C6 carbide to the M6C type.
Furthermore, the addition of Al2O3 reduced the nucleation sites for the M23C6 carbides, creating the
appropriate conditions for the conversion of M23C6 to M6C.

When the Al2O3 content was 7.5%, the number of columnar crystals increased (Figure 7c), but
the arrangement was chaotic, and the overall structural properties were not as good as those with 5%
Al2O3. When the Al2O3 content was further increased to 10%, the microstructure remained columnar
(Figure 9a). Per the XRD analysis results (Figure 5), we see that the main peak increased in intensity
and decreased in width when additional carbides were present. There were still deep areas similar to
those found in the previous alloy (Figure 9b), where carbides were present in a manner similar to those
without Al2O3 (Figure 9, point 1). The elemental distributions at points 1 and 2 were determined by
EDS scanning that showed that in deep regions, the elements were different from the previous alloy
(Figure 8) because the Al disappeared and the C content increased. The C content also significantly
increased at other points. The analysis of the elemental distributions at points 1 and 2 in Figure 9
revealed that the elements at these points were essentially the same as those in the pure CoCr alloy.

Figure 6. Diagram of laser melting apparatus.

The existence of Al2O3 particles clearly changed the microstructure of the CoCr alloy. The reason
for these results is that Al2O3 has a small particle size, large surface energy, and high melting point.
When Al2O3 particles were added in small amounts, they were uniformly distributed in the liquid
metal (Figure 6), which not only increased the degree of super-cooling but also promoted spontaneous
nucleation at the front of the columnar solidification and hindered dendrite growth. During rapid
solidification and crystallization, a portion of Al2O3 particles was in the solid solution, and nucleation
occurred spontaneously at the solid-liquid interface (Figure 10). Because of the large surface effects of
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Al2O3 particles, they accessed atoms from the surrounding metal liquid and grew after nucleation.
As observed in Figure 8b, part of the Al2O3 particle agglomeration resided in the columnar stem, and
part of the columnar front obstructed the crystal growth. The reason for the observed agglomeration
was that Al2O3 was larger in area than the surface area and was absorbed very easily onto the
material surfaces.

Figure 7. SEM micrographs of Al2O3 molded parts. (a) Microstructure of 2.5% Al2O3 alloy;
(b) microstructure of 5% Al2O3 alloy; (c) microstructure of 7.5% Al2O3 alloy; (d) microstructure
of 10% Al2O3 alloy.

Figure 8. Microstructural analysis of 5% Al2O3 sample. (a) Microstructure of 5% alloy with Al2O3

content; (b) backscatter scanning imaging reconstruction.

When the Al2O3 content was increased to 10% and the Al2O3 particles increased, the solid solution
rapidly contacted additional Al2O3 particles, which grew as nuclei. The contacted particles were not
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in the form of solid nuclei but were solid solution particles. These large and elongated particles had
different orientations in the columnar crystal structure and were interlocked with each other. Since
it was very easy to induce cracks in these interlocking regions during processing, the mechanical
properties were significantly reduced. In several samples with 10% Al2O3 content, the comprehensive
analysis of the microstructural properties was the worst among the samples studied herein. In summary,
the microstructure and properties of the alloy were the best among the samples studied herein when
5% Al2O3 was added.

Figure 9. Microstructural analysis of 10% Al2O3 sample. (a) Microstructure of Al2O3 alloy with 10%
Al2O3 content; (b) partial enlargement of microstructure.

Figure 10. Modified sample crystallization process diagram (5% wt. Al2O3).

3.4. Mechanical Properties

Figure 11 is a schematic diagram of the microhardness measurement of the sample, and Figure 12
is the microhardness curve of the alloy components of the selected laser. It can be seen that the
microhardness of the boundary is significantly higher than the central region, and the hardness tends
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to decrease from the boundary to the center. This is mainly because the boundary part is in direct
contact with the powder during the solidification process, the temperature gradient is large, the heat is
transmitted to the outside through the powder, the cooling rate is high, and fine-grain strengthening
is performed so that the grain size of this part is small. As the transition to the central region was
gradually reduced, the temperature gradient was gradually reduced, the crystal grains were sufficiently
grown, and the microhardness was correspondingly reduced.

As shown in Figure 12, among the several components, the microhardness of the 5% oxidized
Al2O3 alloy was relatively small from the boundary to the center, with an average Vickers hardness of
338.775 HV, which corresponded to 335 HV of the CoCr alloy tooth standard and was therefore slightly
above the standard specification (Figure 12).

Combined with the previous analysis, the microstructure of the alloy under this component was
better (Figure 7), the crystallites were finer, and the microhardness was consistent with the observed
microstructure. Therefore, it can be judged that the microhardness of the alloy was the best at this time.

Figure 11. Schematic diagram of Vickers hardness.

Figure 12. Microhardness distribution of CoCr alloy doped with different percentages of Al2O3.

It can be seen from Figure 13 that when the content of Al2O3 was 5%, the microstructure of CoCr
alloy was dense and there was no obvious stomatal defect, but in the case of other additions, the
microstructure of cobalt-chromium alloy will be affected by Al2O3 powder to produce different defects,
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which also explains why the mechanical properties of modified cobalt-chromium alloy were the best
when the content of Al2O3 was 5%.

Figure 13. Effect of different proportions of Al2O3 on the microstructure of cobalt-chromium alloy.
(a) Metallographic diagram of alloy mixed with 2.5% Al2O3; (b) metallographic diagram of alloy
mixed with 5% Al2O3; (c) metallographic diagram of alloy mixed with 7.5% Al2O3; (d) metallographic
diagram of alloy mixed with 10% Al2O3.

The representative stress–strain curves of the CoCr alloy doped with different percentages of
Al2O3 show that the tensile properties of CoCr alloy were the best among the samples herein when
the content of Al2O3 was 5% and reached a value of 856 MPa, which was markedly higher than the
minimum value (665 MPa) recommended in ISO5832-4 and GB17100 (Figure 14). Furthermore, the
specimen also exhibited a high elongation-to-failure percentage of 12.79%, while ISO5832-4 specifies
that the minimum requirement for elongation is 8%.

Figure 14. Stress–strain curves of CoCr alloy doped with different percentages of Al2O3.

Since CoCr alloy is widely used in dental restoration, it has an important role in improving its
mechanical properties. Studies have shown that the high yield strength of the alloy prevents permanent
deformation of the prosthesis, especially in fixed partial denture stents [36]. In addition, a yield
strength of more than 300 MPa is sufficient to resist permanent deformation.
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It can be seen from Table 1 that the Al2O3 content of 5% not only satisfies the above requirements,
but also has the best mechanical properties and microstructure compared to other groups. The reason
for the analysis is as follows: SLM technology can complete local melting and, at the same time,
accelerate the solidification due to the presence of Al2O3 particles, minimizing defects and pores
(Figure 13), resulting in dense and uniform grains.

Table 1. Mechanical properties of each group of test pieces.

Group Yield Strength
(MPa)

Ultimate Tensile
Strength (MPa) Elongation (%) Microhardness

(HV)
Al2O3 (0.0%) 686.8 788.7 11.0 270.1
Al2O3 (2.5%) 789.1 820.9 6.5 230.0
Al2O3 (5.0%) 822.3 865.1 13.6 338.7
Al2O3 (7.5%) 565.9 583.9 8.6 281.0
Al2O3 (10%) 521.6 535.9 8.0 225.3

It is well known that the grain size is closely related to the nucleation rate, and the presence of
Al2O3 particles accelerates the nucleation rate and refines the grains [37]. Not only can grain refinement
significantly strengthen the alloy, it also improves the ductility and toughness of the alloy, which is an
important reason for the improvement of the mechanical properties of the 5% Al2O3 content alloy. In
addition, rapid solidification increases the solid solution limit of solute elements, reduces dendrite
segregation, and affects performance improvement in two ways.

The tensile strength of alloy specimens with 5% Al2O3 was tested, and the fracture surfaces
examined at different magnifications showed that the former interface between the powder particles
could not be distinguished, indicating that the alloy achieved full metallurgical bonding (Figure 15a).
In addition, a mixture of smooth and rough zones was observable, with the presence of a high portion
of rough regions that are indicative of predominantly ductile fracture [38]. The fracture surfaces of the
alloy had parabolic tearing edges and dimple-like structures (Figures 14b and 15a), suggesting ductile
quasi-cleavage fractures [27]. It appeared that the alloy ductility was improved when the local plastic
zone appeared during fracture.

Figure 15. Micrographs of fracture surfaces of tensile specimens containing 5% Al2O3: (a) fracture
surface of tensile specimens and (b) the magnified fracture surface in Figure 15a.

Yamanaka [24] studied high-entropy alloys and found that the carbides (M23C6 and M6C) were
much harder than the surrounding γ-phase substrates and tended to strengthen the alloy. In this
study, when the Al2O3 content was 5%, the alloy microstructure and carbide morphology changed
on one hand, and the carbide morphology changed on the other, which enhanced the microhardness
and elongation of the alloy. In addition, the microstructures were mainly fine columnar crystals that
improved the ultimate tensile strength. The carbide content increased with increasing content, but the
grain size was coarse, which resulted in deterioration in the mechanical properties of the CoCr alloy.

We found that after adding 5% Al2O3, the microstructure of the alloy became fine and enabled
grain strengthening. It is precisely due to this effect that the mechanical properties of the alloy improved
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remarkably. Additionally, the γ-Co grain boundary might have provided a rapid diffusion path for Cr
and Mo. Due to enhanced diffusion, the carbide eutectic structure was very hard, and the carbides
dispersed in the eutectic phase existed at the interface, which improved the strength and hardness of
the alloy. Therefore, the introduction of 5% Al2O3 was an effective way of improving the mechanical
properties of the CoCr alloy. Thus, this study provided insight for improving the wear properties and
biocompatibility of CoCr alloys.

3.5. Formation Mechanism of the CoAl2O4 Phase

The formation of an alloy from mixed powders after the addition of Al2O3 showed that the
mixture was melted (Figure 16a). As the temperature increased, Co and O reacted to form CoO while
the diffusion of Cr and Mo began to occur (Figure 16b). Then, the previously formed CoO and Al2O3

reacted to form CoAl2O4 (Figures 15d and 16c).

Figure 16. Compound formation process. (a) The initial state of melting of the alloy; (b) the process of
reacting to form CoO; (c) the process of forming CoAl2O4; (d) the final state of the alloy

The appearance of the CoAl2O4 phase might also have been because Al2O3 particle bonds were
not saturated, and new nucleation centers in the molten pool were growing. As the nucleation centers
grew, the O and Co in the alloying material were adsorbed and combined during the growth process.

The following reactions were inferred to occur during laser cladding:

Co + O→ CoO (3)

CoO + Al2O3 → CoAl2O4 (4)

We calculated the Gibbs free energy of Reaction (3) at 298~2000 K by referring to the
Thermochemical Data of Pure Substances [39]. The results show that Reaction (3) can be carried
out spontaneously, which indicates that the reaction proceeds readily (Figure 17). Due to the strong
interactions between Co and Al2O3, a cobalt acicular spinel compound was easily produced and
was difficult to reduce [40], meaning that Reaction (4) occurred readily as well and that the resulting
CoAl2O4 enabled the final morphology to assume the fine microstructure observed in the present study.
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Figure 17. Gibbs free energy of the reaction at different temperatures.

4. Conclusions

This work mainly studied the powder and molding properties of CoCr alloy upon the addition of
different proportions of Al2O3. The results were compared with those of a pure CoCr alloy, and the
following conclusions were drawn:

(1) Among all the ratios, the microstructure and mechanical properties of the alloy were the best
when the content of Al2O3 was 5%. At that time, the deep region of the Al2O3 particles appeared
in the microstructure of the alloy, which hindered the growth of dendrites. These results showed
that the columnar grain size of the alloy with Al2O3 was obviously smaller than that of the alloy
without adding Al2O3.

(2) With the addition of Al2O3, the accumulation area of carbides in the microstructure of the alloy
almost disappeared, and the M6C phase increased, which indicated a change in the microstructure
and morphology of the CoCr alloy.

(3) The average Vickers hardness of the alloy mixed with 5% Al2O3 was 338.775 HV, and the tensile
strength was 856 MPa. From the fracture morphology analysis of the alloy, it was concluded that
the local plastic zone appears during the fracture of the alloy. This suggests that the mechanical
properties of the alloy were improved.
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