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Abstract: Co-Cr-Mo alloy fibers of 2 mm in diameter were fabricated from the melt at 1, 2, and
5 mm/min growth rates by unidirectional solidification using an alloy-micro-pulling-down (A-µ-PD)
method to control the microstructure. All elements, Co, Cr, and Mo, were distributed in stripes
elongated along the growth direction due to constitutional undercooling. Both Co-Cr-Mo fibers
fabricated at 2 and 5 mm/min growth rates were composed of the γ phase with a face-centered cubic
structure (fcc-γ phase) and ε-phase with a hexagonal close-packed structure (hcp-ε phase), and the
ratio of the fcc-γ phase in the fiber fabricated at 5 mm/min growth rate was higher than that in the
fiber fabricated at 2 mm/min. The results suggest that a faster growth rate increases the ratio of the
fcc-γ phase in the Co-Cr-Mo fiber fabricated by unidirectional solidification.
Keywords: growth from melt; solidification; alloys

1. Introduction
Co-Cr-Mo alloys have been used in various applications of biomaterials such as dental implants,
hip and knee joints, and stents because of their excellent mechanical properties, resistance to oxidation,
and biocompatibility [1–9]. However, the hardness of Co-Cr-Mo alloys causes poor workability
in the forming processes and limits the ductility. The complicated forming processes, including
casting, cutting, and rolling, increase the manufacturing cost of a Co-Cr-Mo alloy element for such
applications [10]. Therefore, near-net-shape manufacturing processes such as selective laser melting
(SLM) and electron beam melting (EBM) processes have been developed for Co-Cr-Mo alloys in
previous studies [10–13]. Near-net-shape manufacturing processes can fabricate alloy products with a
complicated shape directly. However, the manufacturing costs of these processes are relatively high
compared to existing molding processes due to the low mass-productivity and the preparation of
nano-powder with uniform particle size.
Previously, we developed an alloy-micro-pulling-down (A-µ-PD) method, which could fabricate a
fiber from the melt of metal and alloy directly [14]. The A-µ-PD method is based on the µ-PD method,
which can grow inorganic single crystals from the melt, and various functional single crystals have
been developed [15–18]. The A-µ-PD method can fabricate metal and alloy fibers with poor workability
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and a high melting point, and the diameter of the fabricated fiber can be controlled with accuracy to
the submicron level [19]. In our previous reports, noble metal and alloy fibers such as iridium (Ir),
ruthenium (Ru), platinum (Pt) and their alloys could be fabricated by the A-µ-PD method [14,19,20].
In addition, we also fabricated Co-Cr-Mo alloy fibers by the A-µ-PD method, and Co-Cr-Mo
fibers of 2 mm in diameter could be fabricated at 0.1, 0.3, and 0.5 mm/min growth rates [21]. In the
previous study, the mechanical properties of the fibers fabricated at 0.1 and 0.3 mm/min growth rates
were completely different from the fiber fabricated at 0.5 mm/min. The Co-Cr-Mo fibers fabricated
at 0.1 and 0.3 mm/min growth rates were composed of only ε-phase with hexagonal close-packed
structure (hcp-ε phase). On the other hand, there was γ phase with face-centered cubic structure (fcc-γ
phase) in addition to hcp-ε phase in the fiber fabricated at a 0.5 mm/min growth rate. The mechanical
properties of the Co-Cr-Mo alloy are sensitive to its microstructure [22–25], and the fcc-γ phase has
better mechanical properties and is stable at high temperature (>1173 K) while the hcp-ε phase is stable
at room temperature. The fcc-γ to hcp-ε transformation can be induced by additive materials and
heat treatment [26–33]. For example, nickel and nitrogen are used as additive materials to stabilize
the fcc-γ phase [26–29]. In addition, the fcc-γ phase could be retained by water quenching from the
higher temperature than the phase transition from the fcc-γ phase to the ε-phase (~1173 K) [26,30–33].
Therefore, the growth rate could control the microstructure of the Co-Cr-Mo fiber using the A-µ-PD
method. In this study, we tried to fabricate Co-Cr-Mo fibers at a faster growth rate by using the A-µ-PD
method to increase the ratio of the fcc-γ phase.
2. Materials and Methods
Co-Cr-Mo alloy fibers were fabricated by the A-µ-PD method using a radio-frequency (RF)
induction-heating high-vacuum chamber and pinch roller. Starting materials Co, Cr, and Mo powders
(>99.9% purity) were mixed as a nominal composition of Co-Cr-Mo 28:6:1(wt%). Mixed powders
were pelletized by an arc melting furnace under Ar atmosphere with a titanium getter, and Co-Cr-Mo
pellets of 20 mm in diameter were obtained. The pellets were set into an α-Al2 O3 crucible with a ϕ2
mm hole at the center of the bottom, and the crucible was placed in the center of the RF induction
coil. After vacuuming in the chamber by a rotary pump, Ar or Ar + 3%H2 gas was introduced into the
chamber up to atmospheric air pressure. The pellets in the crucible were directly heated by the RF
induction heating up to the melting point. After the pellets were completely melted, a Co-Cr-Mo fiber
was fabricated using a ϕ1 mm Ir fiber as a seed. During the fabrication, the fiber was pulled down
using a pinch roller at 2 and 5 mm/min growth rates. The liquid–solid interface around the bottom
of the crucible was observed by a charge-coupled device (CCD) camera during the fabrication of the
Co-Cr-Mo fiber. After the fabrication, the fiber was cooled for 2 hours to room temperature.
3. Experimental Procedure
Observations of microstructures and chemical composition analyses of the fabricated Co-Cr-Mo
fibers were performed. As-fabricated Co-Cr-Mo fibers were cut perpendicular to the growth direction,
and specimens were prepared to observe the microstructure of cross-sectional planes. Cut planes
of the specimens were mechanically polished parallel to the growth direction using sandpaper and
lapping film sheets, and polished surfaces were treated by a cross-section polisher (CP) (JEOL, Tokyo,
Japan) using Ar+ ion accelerated at 5 kV. Microstructures on the treated surfaces were observed by
a field-emission scanning electron microscope (FE-SEM) (JSM7800-F, JEOL, Tokyo, Japan) equipped
with an energy-dispersive X-ray spectrometer (EDX) (JEOL, Tokyo, Japan) and electron backscattering
diffraction (EBSD) (JEOL, Tokyo, Japan). Chemical composition analysis was performed by the EDX,
and element mappings and distributions along the growth direction for the Co-Cr-Mo fibers were
obtained. Phase maps of the treated surfaces of the Co-Cr-Mo fibers were observed by EBSD. Aztec
software was used for measurement and analysis, and all analyses were operated at an acceleration
voltage of 15 kV.
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4. Results and Discussion
First, fabrication of Co-Cr-Mo fibers was attempted using the A-µ-PD method under the Ar
atmosphere at a 2 mm/min growth rate. After melting the pellet, the Ir seed fiber was touched to the
melt in the crucible, and a Co-Cr-Mo fiber was fabricated through the hole of the crucible. Figure 1a
shows the liquid–solid interface during fabrication of the Co-Cr-Mo fiber by the A-µ-PD method. The
liquid–solid interface was located at the bottom of the crucible during fabrication, and the diameter
of the fabricated fiber could be controlled by the hole of the crucible. As a result, a Co-Cr-Mo fiber
of 2 mm in diameter and ~150 mm in length was obtained as shown in Figure 1b. However, slight
oxidation was observed on the surface and inside of the fabricated fiber. Oxidized phases with the
dendrite structure were observed in the back-scattering electron (BSE) image on the polished surface
parallel to the growth direction for the fiber fabricated under Ar atmosphere as shown in Figure 2a.
The results of the element mapping by the EDX revealed that the oxidized phase was a chromium
oxide. Therefore, in the next step, the fiber fabrication was performed under Ar + 3%H2 mixed gas
atmosphere to suppress the oxidation of the Co-Cr-Mo fibers. Figure 1c shows the Co-Cr-Mo fibers
fabricated under Ar + 3%H2 atmosphere at 1, 2, and 5 mm/min growth rates. These fibers also have
2 mm diameters and are approximately 150 mm in length. There was no chromium oxide phase in the
BSE image and element mappings of the fiber fabricated under Ar + 3%H2 atmosphere as shown in
Figure 2b because of the suppression of oxidization reaction by fabrication under reducing atmosphere.
Figure 3 shows secondary scanning electron (SE) images on the CP treated surfaces parallel to the
growth direction for the Co-Cr-Mo fibers fabricated at 2 and 5 mm/min growth rates. Grain boundaries
can be observed in the images of the CP treated surface of the Co-Cr-Mo fibers. Co-Cr-Mo fibers
fabricated at both 2 and 5 mm/min growth rates were composed of micrometer order grains elongated
along the growth direction. There is no clear difference between the microstructures of the fibers
fabricated at 2 and 5 mm/min growth rates in the SE images.
Element mappings on the CP treated surface parallel to the growth direction for the Co-Cr-Mo
fibers fabricated under Ar + 3%H2 atmosphere were obtained by the EDX. Figure 4a shows the element
mapping of Mo, which was distributed in stripes elongated along the growth direction in the fibers
fabricated at 2 and 5 mm/min growth rates, and a similar tendency was observed in the EDX mappings
of Co and Cr. Figure 4b shows the concentration distributions of Co, Cr, and Mo in the direction
perpendicular to the growth direction, while the line measured is indicated by the black arrow in
Figure 4a. All elements periodically varied perpendicular to the growth direction, and the variation
value of C/C0 (C: actual concentration in the fiber, C0 : concentration in the melt) for Mo was larger
than those for Co and Cr. In addition, the cycle of variation in the C/C0 of the fiber fabricated at
5 mm/min growth rate was shorter than that in the fiber fabricated at 2 mm/min. The results suggest
that the variation of each element in the fibers is attributable to the fluctuation of the liquid–solid
interface during fiber fabrication due to constitutional undercooling. The increase and decrease in the
concentration variations of Mo and Co were opposite to that of Cr, suggesting that the fibers were
composed of Cr-rich and -poor phases.
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Figure 1. (a) Liquid–solid interface during fabrication of Co-Cr-Mo fiber. Co-Cr-Mo fibers fabricated
Figure 1. (a) Liquid–solid interface during fabrication of Co-Cr-Mo fiber. Co-Cr-Mo fibers fabricated
under (b) Ar and (c) Ar + 3%H2 atmosphere.
under (b) Ar and (c) Ar + 3%H2 atmosphere.
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Figure 3 shows secondary scanning electron (SE) images on the CP treated surfaces parallel to
the growth direction for the Co-Cr-Mo fibers fabricated at 2 and 5 mm/min growth rates. Grain
boundaries can be observed in the images of the CP treated surface of the Co-Cr-Mo fibers. Co-CrMo fibers fabricated at both 2 and 5 mm/min growth rates were composed of micrometer order grains
elongated along the growth direction. There is no clear difference between the microstructures of the
fibers fabricated at 2 and 5 mm/min growth rates in the SE images.
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Element mappings on the CP treated surface parallel to the growth direction for the Co-Cr-Mo
fibers fabricated under Ar + 3%H2 atmosphere were obtained by the EDX. Figure 4a shows the
element mapping of Mo, which was distributed in stripes elongated along the growth direction in
the fibers fabricated at 2 and 5 mm/min growth rates, and a similar tendency was observed in the
EDX mappings of Co and Cr. Figure 4b shows the concentration distributions of Co, Cr, and Mo in
the direction perpendicular to the growth direction, while the line measured is indicated by the black
arrow in Figure 4a. All elements periodically varied perpendicular to the growth direction, and the
variation value of C/C0 (C: actual concentration in the fiber, C0: concentration in the melt) for Mo was
larger than those for Co and Cr. In addition, the cycle of variation in the C/C0 of the fiber fabricated
at 5 mm/min growth rate was shorter than that in the fiber fabricated at 2 mm/min. The results
suggest that the variation of each element in the fibers is attributable to the fluctuation of the liquid–
solid interface during fiber fabrication due to constitutional undercooling. The increase and decrease
in the concentration variations of Mo and Co were opposite to that of Cr, suggesting that the fibers
were composed of Cr-rich and -poor phases.
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Phase maps on the treated surfaces of the Co-Cr-Mo fibers were observed by EBSD as shown in
Figure 5. The Co-Cr-Mo fibers fabricated at 2 and 5 mm/min growth rates included both fcc-γ and
hcp- phases, while the Co-Cr-Mo fiber fabricated at 1 mm/min growth rate was almost entirely
composed of the hcp-ε phase. In our previous report [12], the Co-Cr-Mo fiber fabricated at 0.5
mm/min growth rate included the fcc-γ phase in addition to the hcp-ε phase, and generation of the
fcc-γ phase was observed between 0.3 and 0.5 mm/min growth rates. The difference in growth rate
at the start point of the fcc-γ phase generation between the results of previous studies and this one is
attributable to the difference in temperature gradient along the growth direction, which can affect the
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Phase maps on the treated surfaces of the Co-Cr-Mo fibers were observed by EBSD as shown
in Figure 5. The Co-Cr-Mo fibers fabricated at 2 and 5 mm/min growth rates included both fcc-γ
and hcp-ε phases, while the Co-Cr-Mo fiber fabricated at 1 mm/min growth rate was almost entirely
composed of the hcp-ε phase. In our previous report [12], the Co-Cr-Mo fiber fabricated at 0.5 mm/min
growth rate included the fcc-γ phase in addition to the hcp-ε phase, and generation of the fcc-γ phase
was observed between 0.3 and 0.5 mm/min growth rates. The difference in growth rate at the start
point of the fcc-γ phase generation between the results of previous studies and this one is attributable
to the difference in temperature gradient along the growth direction, which can affect the cooling rate
Crystals 2019, 9, x FOR PEER REVIEW
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The ratios of the fcc-γ and hcp-ε phases in the Co-Cr-Mo fibers were estimated according to the
Table (Table
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of eachsolution
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solution
in the Co-Cr-Mo
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results of phase maps
1). Zero
refers
the regions
where the
phase could not be
identified due to the poor surface
of the2fcc-γ
phase5inmm/min
the fibers fabricated at 1, 2, and
Phasestate. 1Ratios
mm/min
mm/min
5 mm/min growth rates were 0.01%,
23.49%.
and
36.51%,
respectively.
The results revealed that a faster
fcc-γ
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in
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96.01%
75.42%
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Zero solution
3.98%
1.09%
1.73%
Table 1. The ratio of each phase and zero solution in the Co-Cr-Mo fibers.

5. Conclusions

Phase

1 mm/min

2 mm/min

5 mm/min

φ2 mm Co-Cr-Mo
150 mm 23.49%
in length were fabricated
fcc-γfibers of approximately
0.01%
36.51% from the melt by
the A-µ-PD methodhcp-ε
at 1, 2, and 5 mm/min
Fabrication under61.76%
Ar + 3%H2 atmosphere
96.01%growth rates.75.42%
Zero
solution
3.98%
1.09%
1.73%
could suppress the generation of chromium oxide in the fiber, while chromium oxide phases with
dendrite structure were observed in the fiber fabricated under Ar. Grain boundaries could be
5.
Conclusions
observed
in the SE images of the CP treated surfaces of the Co-Cr-Mo fibers. The Co-Cr-Mo fibers
fabricated at 2 and 5 mm/min growth rates were composed of micrometer order grains elongated
ϕ2 mm Co-Cr-Mo fibers of approximately 150 mm in length were fabricated from the melt by
along the growth direction. Each element was distributed in stripes elongated along the growth
the A-µ-PD method at 1, 2, and 5 mm/min growth rates. Fabrication under Ar + 3%H2 atmosphere
direction in the fibers, and the variation of each element in the direction perpendicular to growth
could suppress the generation of chromium oxide in the fiber, while chromium oxide phases with
direction is attributable to the fluctuation of the liquid–solid interface during fiber fabrication due to
dendrite structure were observed in the fiber fabricated under Ar. Grain boundaries could be observed
the constitutional undercooling. The increase and decrease in the concentration variation of each
in the SE images of the CP treated surfaces of the Co-Cr-Mo fibers. The Co-Cr-Mo fibers fabricated at 2
element suggests that the fibers were composed of Cr-rich and -poor phases. Ratios of the fcc-γ phase
and 5 mm/min growth rates were composed of micrometer order grains elongated along the growth
in the fibers fabricated at 1 and 5 mm/min growth rates were 0.01% and 36.51%, respectively.
direction. Each element was distributed in stripes elongated along the growth direction in the fibers,
Therefore, the ratio of the fcc-γ phase in the fiber fabricated by unidirectional solidification could be
and the variation of each element in the direction perpendicular to growth direction is attributable to the
increased by a faster growth rate. The control of microstructure by the growth rate without doping
fluctuation of the liquid–solid interface during fiber fabrication due to the constitutional undercooling.
and post-annealing is a great advantage compared with the conventional manufacturing methods.
The increase and decrease in the concentration variation of each element suggests that the fibers were
composed of Cr-rich and -poor phases. Ratios of the fcc-γ phase in the fibers fabricated at 1 and
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5 mm/min growth rates were 0.01% and 36.51%, respectively. Therefore, the ratio of the fcc-γ phase in
the fiber fabricated by unidirectional solidification could be increased by a faster growth rate. The
control of microstructure by the growth rate without doping and post-annealing is a great advantage
compared with the conventional manufacturing methods.
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