Carbide Formation and Dissolution in Biomedical Co-Cr-Mo
Alloys with Different Carbon Contents during Solution Treatment
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The microstructures of as-cast and heat-treated biomedical Co-Cr-Mo (ASTM F75) alloys with
four different carbon contents were investigated. The as-cast alloys were solution treated at 1473
to 1548 K for 0 to 43.2 ks. The precipitates in the matrix were electrolytically extracted from
the as-cast and heat-treated alloys. An M,3C¢ type carbide and an intermetallic ¢ phase
(Co(Cr,Mo)) were detected as precipitates in the as-cast Co-28Cr-6Mo-0.12C alloy; an M»3Cgq
type carbide, a ¢ phase, an  phase (McC-M;,C type carbide), and a n phase (M,T5zX type
carbide with a f-manganese structure) were detected in the as-cast Co-28Cr-6Mo-0.15C alloy;
and an M»3Cq type carbide and an # phase were detected in the as-cast Co-28Cr-6Mo-0.25C and
Co0-28Cr-6Mo-0.35C alloys. After solution treatment, complete precipitate dissolution occurred
in all four alloys. Under incomplete precipitate dissolution conditions, the phase and shape of
precipitates depended on the heat-treatment conditions and the carbon content in the alloys.
The = phase was detected in the alloys with carbon contents of 0.15, 0.25, and 0.35 mass pct
after heat treatment at high temperature such as 1548 K for a short holding time of less than
1.8 ks. The presence of the © phase in the Co-Cr-Mo alloys has been revealed in this study for

the first time.
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I. INTRODUCTION

THE Co-Cr-Mo alloys are currently applied as
primary materials for orthopedic implants, in addition
to stainless steels and titanium and its alloys, owing to
their advantageous properties such as excellent mechan-
ical properties, high corrosion resistance, and high wear
resistance..' ¥ Standard cast Co-Cr-Mo alloys, regis-
tered as ASTM F75, have been used to manufacture
biomedical devices such as artificial joints and denture
bases because of their high wear resistance, which can be
attributed to precipitation strengthening by carbides
formed in the matrix.>"!

Cast Co-Cr-Mo alloys are subjected to heat treatment
in order to remove casting defects and improve their
mechanical properties. Therefore, the behavior of car-
bides formed in Co-Cr-Mo alloys during heat treatment
has been investigated in some studies.*'® Several
studies have focused on investigating the dissolution
behavior of carbides during solution treatment.®'®
Although the precipitation or dissolution behavior of
carbides is essential knowledge to establish an effective
and low-cost manufacturing process for Co-Cr-Mo
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alloys, a systematic explanation of the behavior of
carbides during solution treatment has not been
reported thus far.

Therefore, the objective of this study is to investigate
the microstructural changes that take place during the
solution treatment in Co-Cr-Mo-C alloys with various
carbon contents. On the basis of the observations and
analyses, the phase, shape, and dissolution behavior of
precipitates in the Co-Cr-Mo-C alloys are discussed.

II. EXPERIMENTAL PROCEDURE

A. Specimens

Cast Co-Cr-Mo alloys with various carbon contents
were investigated in this study; their chemical composi-
tion was Co-28Cr-6Mo-xC (x = 0.12, 0.15, 0.25, and
0.35 mass pct). Table I lists the chemical compositions of
these alloys. Hereafter, these alloys with carbon contents
of 0.12, 0.15, 0.25, and 0.35 mass pct are referred to as
C12, CI15, C25, and C35, respectively. Ingots of these
alloys were induction melted under Ar atmosphere and
cast in a copper mold. The size of the fabricated ingots
was 33 mm in diameter and 100 mm in height. The ingots
were cut into disks having a diameter and thickness of 33
and 5 mm, respectively. Plate specimens were then
prepared by dividing each disk into six equal parts.

B. Solution Treatment

The plate specimens were heat treated at 1473 to
1548 K for 0 to 43.2 ks in Ar atmosphere with a gas
flow rate of 1.7 x 10°° m*s™'; they were then water
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Table I. Compositions of Co-Cr-Mo-C Alloys Used in Solution Treatment (Mass Percent)

Alloy Co Cr Mo C Si Mn P S N
Ci2 bal 28.8 6.30 0.12 0.12 0.056 0.011 0.004 —
Cl5 bal 27.5 6.04 0.16 0.09 0.039 <0.001 <0.001 0.004
C25 bal 27.7 6.11 0.26 0.09 0.039 <0.001 <0.001 0.005
C35 bal 27.4 6.03 0.35 0.09 0.039 <0.001 <0.001 0.004

quenched. A specimen was inserted into the electric
resistance tube furnace maintained at the specified
temperature in Ar atmosphere to initiate heat treatment.
The specimen temperature reached the specified value
0.5 ks after being placed in the hot zone of the tube
furnace. A holding time of 0 ks implies that the
specimens were water quenched immediately after the
specimen temperature reached a specified value.

For microstructural observations, the as-cast and
heat-treated plate specimens were wet polished with
emery papers up to a grit size of 1500 and buff polished
with a diamond paste having a grain size of 0.1 um. The
specimens were electrolytically etched at 6 V in
10 pct H,SO,4-methanol solution,”®! and their micro-
structures were observed using an optical microscope
(OM, Olympus Co., BX60M, Tokyo, Japan), a scanning
electron microscope (SEM, PHILIPS,* XL30FEG), an

*PHILIPS is a trademark of FEI Company, Hillsboro, OR.

energy dispersive X-ray spectrometer (EDX, EDAX,
DX-4 CDU NEW XL-30, AMETEK Inc., Mahwah,
NJ), and a transmission electron microscope (TEM,
JEOL,** JEM-2100). In the TEM analysis, the camera

**JEOL is a trademark of Japan Electron Optics Ltd., Tokyo.

length and the accelerating voltage are 850 mm and
200 kV, respectively. The amounts of precipitates
formed in the matrix were evaluated as the ratio of
area occupied by precipitates to the total area in the OM
images of the microstructure.

Precipitates formed in the as-cast and heat-treated
specimens were electrolytically extracted in 10 pct
H>SO, aqueous solution at 2 V. The phase of the
extracted precipitates was identified using an X-ray
diffractometer (XRD, Bruker AXS, D8 ADVANCE,
Karlsruhe, Germany), and XRD patterns were obtained
using Cu K, radiation.

III. RESULTS
A. Microstructure of As-Cast Co-Cr-Mo-C Alloys

Figure 1 shows the microstructure of the as-cast C12,
Cl15, C25, and C35 alloys. A dendrite matrix and
interdendritic and grain boundary precipitates were
observed in these alloys. The amount of precipitates
formed in the matrix increased with the carbon content in
the alloys. Figure 2 shows the XRD patterns of the
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precipitates that were electrolytically extracted from the
as-cast C12, C15, C25, and C35 alloys. The types of
precipitates formed in the as-cast alloys depended on the
carbon content. The precipitates observed in the matrix
of the as-cast C12 alloy, a low-carbon-content alloy, were
an M»3Cg tyPe carbide and an intermetallic ¢ phase
(Co(Cr,Mo))." In the case of as-cast C25 and C35 alloys,
both of which are high-carbon-content alloys, several
peaks assigned to the # phase (MgC- M,C type carbide)
were detected. The M¢C type and M,C type carbides
had similar crystallographic structures.''” Thus, both
these carbides are classified into the # phase.** 2%
Therefore, the precipitates formed in the as-cast C25
and C35 alloys are concluded to be the M»;Cq type
carbide and the 5 phase. In the case of the as-cast C15
alloy, the XRD pattern was complicated and revealed the
presence of another phase in addition to the M»;Cg¢ type
carbide, o phase, and # phase. The XRD reflections of
this phase were in good agreement with the pattern of
(Cr,Mo);»(Fe,Ni)g_ N4 . type nitride,”®! which was
detected as a precipitate after aging of the Fe-25Cr-
28Ni-2Mo-0.3IN alloy.*¥ This nitride phase was
referred to as the n phase; this phase exhibits a f-man-
ganese structure and its chemical composition can be
represented by M,T;X (X: carbon or nitrogen).*¥ With
regard to the carbides, Al,Mo;C fabricated by the
sintering method was reported to be an M,T;X type
carbide with a f-manganese structure, although it was
not referred to as a 7 phase.”® In this article, we refer to
the phase in the as-cast C15 alloy as a = phase (M,TzX
type carbide with a f-manganese structure). The lattice
constant of the © phase formed in as-cast C15 alloys
was calculated using the XRD pattern, assuming the
p-manganese structure; the value of the lattice con-
stant was 0.638 nm. This lattice constant agreed well
with the value of 0.636 nm obtained in the case of
(Cr, Mo);»(Fe, Ni)s N, ..**! The formation of the =
phase has not been reported in biomedical Co-Cr-Mo-C
alloys thus far.

B. Microstructural Change in Co-Cr-Mo-C Alloys
during Solution Treatment

In this study, complete precipitate dissolution could
be achieved in all 4 alloys. However, the solution
treatment conditions for complete precipitate dissolu-
tion depended on the carbon content. Figures 3 and 4
show the microstructural changes in C12 and C35 alloys
heat treated at 1473 K, respectively. In the C12 alloy,
complete precipitate dissolution was observed after
1.8 ks. On the contrary, the precipitates formed in the
C35 alloy remained even after 43.2 ks. Solution treat-
ment at 1523 or 1548 K was required to completely
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Fig. I—Miicrostructure of as-cast (a) C12, (b) C15, (¢) C25, and (d) C35 alloys.

dissolve precipitates in the C35 alloy. Figures 5 and 6
show the variation in the microstructure of the C35 alloy
with holding time at 1523 and 1548 K, respectively. The
amount of precipitates decreased with an increase in the
holding time, and the precipitates were completely dis-
solved after 43.2 and 21.6 ks at 1523 and 1548 K,
respectively. The morphology of precipitates formed in
the matrix during solution treatment depended on the
solution treatment temperature. The morphology of
precipitates is mentioned in Section D. Solution treatment
conditions for complete precipitate dissolution are sum-
marized in Figure 7. In the temperature range between
1473 and 1548 K, the holding time required for complete
carbide dissolution increased with an increase in carbon
content and a decrease in solution treatment temperature.

C. Types of Precipitates in Heat-Treated Co-Cr-Mo-C
Alloys

Under incomplete precipitate dissolution conditions,
the types of the precipitates formed in the alloys
depended on the carbon content and the heat-treatment
condition. Figures 8 through 11 show the XRD patterns
of the precipitates that were electrolytically extracted
from the C12, C15, C25, and C35 alloys heat treated in
the temperature range between 1473 and 1548 K for
0 ks, respectively. The observed precipitates in the C12
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alloy were the M»3Cq4 type carbide and o phase. In the
C15 alloy, the M»;Cq4 type carbide was mainly observed
at 1473 and 1498 K, but the n phase and M»;C¢ type
carbide were observed at 1523 and 1548 K. In the case
of the C25 and C35 alloys, the M»3Cq4 type carbide was
observed at 1473, 1498, and 1523 K, and the M»;C¢ type
carbide and n phase were observed at 1548 K.

Figure 12 shows the XRD pattern of the precipitates
that were electrolytically extracted from the C35 alloy
heat treated at 1548 K. The amount of n phase
decreased with an increase in the holding time, and the
7 phase could not be observed after heat treatment at
1548 K for a holding time longer than 1.8 ks.

D. Morphology of Precipitates in Heat-Treated
Co-Cr-Mo-C Alloys

Under incomplete precipitate dissolution conditions,
the morphology of the carbide changed depending on
the heat-treatment temperature. In the C15 alloy heat
treated at 1473 and 1498 K, and the C25 and C35 alloys
heat treated at 1473, 1498, and 1523 K, the morphology
of the M»;Cy type carbide was blocky-dense.!® Typical
blocky-dense M,3Cq type carbide is shown in Figure 13.
At high temperatures such as 1548 K, however, the
shape of precipitates formed in the alloys was starlike.
The SEM images of the precipitates in the C35 alloy

VOLUME 41A, AUGUST 2010—2131



heat treated at 1548 K for 0 ks are shown in Figure 14.
Two types of starlike precipitates were observed in the
C35 alloy heat treated for 0 ks. One was a starlike
precipitate that had a stripe pattern; the other was a
starlike-dense precipitate that did not have the stripe
pattern. After 1.8 ks, only the starlike precipitate with
the stripe pattern was detected. Figure 15 shows the
TEM images of the starlike precipitate with the
stripe pattern formed in the C35 alloy heat treated at
1548 K for 0 ks. Electron diffraction revealed that the
starlike precipitate with the stripe pattern consisted
of the M,;Cy¢ type carbide and metallic y phase

T
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o n-phase
¢ m-phase

Intensity, / (a.u.)

(CrMo),y(Fe,Ni)g,N,.,
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Fig. 2—-XRD patterns of precipitates that were electrolytically
extracted from as-cast C12, C15, C25, and C35 alloys.
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(face-centered-cubic matrix). The results of TEM anal-
ysis of the starlike precipitate with no stripe pattern
observed in the C35 alloy heat treated at 1548 K for 0 ks
are shown in Figure 16. It was found that the starlike-
dense precipitate was the n phase. The composition
ratios of major metallic elements in the M»;Cq type
carbide and the 7 phase were analyzed using SEM-EDX.
The composition ratios of Co, Cr, and Mo in the M»3C¢
type carbide and the n phase were Co:Cr:Mo = 27:61:12
and 38:49:13 in at. pct, respectively. The ideal compo-
sition of the = phase was expressed as T;,MgXy
(=M,T5X), where M and T are metallic elements and
X is carbon or nitrogen.*¥ In the Fe-25Cr-28Ni-2Mo-
0.31N alloys, Kikuchi et al. reported that the = phase has
been verified to be actually a nitride with a chemical
formula of (Cr, Mo);, (Fe, Ni)g,xN4,y.[24] Therefore,
the ideal chemical formula of the = phase would be (Cr,
Mo);»(Fe, Ni)gNy, i.e., M = Fe and Ni and T = Cr and
Mo. Therefore, in the case of the Co-Cr-Mo-C system, it
is ideally expected that M will be occupied by Co, and T
will be occupied by Cr and Mo. The value of (Cr + Mo)/
Coin the 7 phase of C35 alloys heat treated at 1548 K for
0 ks was calculated to be 1.62 at. pct. This value was
comparable to the ideal value of 1.5.

IV. DISCUSSION

The types of precipitates detected in the C12, C15,
C25, and C35 alloys in as-cast conditions and after heat
treatment are summarized in Figure 17. The types of
precipitates observed in the as-cast alloys depended on
the carbon content. The ¢ phase decreased and the
amount of the carbides increased with an increase in the
carbon content. Ramirez et al. reported that the ¢ phase
reacted with the solute carbon to form M,3Cq type
and M,C type carbides during the solidification of
Co-Cr-Mo-C alloys."® The M,C type carbide was
reported to transform into the M,3Cy type carbide
during the cooling of the as-cast Co-Cr-Mo-C alloys.!'®
In this study, the XRD analysis of the precipitates that
were electrolytically extracted from the as-cast alloys
revealed the presence of the 5 phase in the C15, C25, and
C35 alloys. This result is attributed to the cooling rate of

(b) [ o :

Pore .
2 :
¥
20 um

Fig. 3—Microstructure of the C12 alloy with holding times of (a) 0 and (b) 1.8 ks at 1473 K.
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Fig. 5—Microstructure of the C35 alloy with holding times of (a) 0, (b) 1.8, (¢) 7.2, and (d) 43.2 ks at 1523 K.

solidification for the cast employed in this study. In this
study, a copper casting mold was used to prepare the
Co-Cr-Mo-C alloy ingots. When the copper casting
mold was used, the transformation of the 5 phase into
the M»3C¢ type carbide may not have been completed
because of the high cooling rate, and the 5 phase
remained in the as-cast Co-Cr-Mo alloys.

METALLURGICAL AND MATERIALS TRANSACTIONS A

Complete precipitate dissolution could be achieved in
all four Co-Cr-Mo-C alloys after solution treatment.
For complete precipitate dissolution to occur during
solution treatment, a high heat-treatment temperature
and a long holding time were required with increasing
carbon content in the Co-Cr-Mo alloys. The behavior of
the carbides during solution treatment and the optimal
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Fig. 7—Solution treatment conditions for the complete dissolution
of precipitates in Co-Cr-Mo-C alloys.

solution treatment conditions have been investigated by
other research groups.® ' Dobbs and Robertson
observed incomplete carbide dissolution in a Co-28.9Cr-
5.58Mo0-0.24C alloy containing additional Si, Mn, Fe,
Ni, Al, and Ti after heat treatment at 1513 K for
7.2 ks.’! Herrera er al. reported incomplete precipitate
dissolution in Co-27Cr-6Mo-xC (x = 0.17, 0.23, and
0.30 mass pct) allolys that were heat treated at 1503 K
for up to 14.4 ks.'" In contrast, Clemow and Daniell
reported complete precipitate dissolution in Co-Cr-Mo

2134—VOLUME 41A, AUGUST 2010
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Fig. &—XRD patterns of precipitates electrolytically extracted
from the C12 alloy in as-cast condition and heat treated at various
temperatures for 0 ks.
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Fig. 10—XRD patterns of precipitates electrolytically extracted
from the C25 alloy in as-cast condition and heat treated at various
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temperatures for 0 ks.

alloys with a carbon content of up to 0.28 mass pct and
containing additional Si, Mn, and Ni after heat treat-
ment at 1483 K for 230.4 ks.'"! These findings can be

METALL
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of precipitates electrolytically extracted
from the CI15 alloy in as-cast condition and heat treated at various
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Fig. 11—XRD patterns of precipitates electrolytically extracted
from the C35 alloy in as-cast condition and heat treated at various
temperatures for 0 ks.
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Fig. 12—Variation in the precipitates in the C35 alloy with holding
time for heat treatment at 1548 K.

explained by our results shown in Figure 7. Although
the alloying elements such as Si, Mn, Ni, and N in
Co-Cr-Mo-C alloys may affect the carbide dissolution
behavior, an understanding of the complete precipitate
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dissolution conditions in Co-Co-Mo-C alloys is essential
not only for the heat treatment of castings but also for
the thermomechanical treatment of wrought products in
Co-Cr-Mo alloys.

From the results summarized in Figure 17, the main
phase observed in the C15, C25, and C35 alloys during
solution treatment was the M,3Cy type carbide. In
addition, a = phase was detected in the as-cast C15 alloy
and in the C15, C25, and C35 alloys after heat treatment
at high temperature for a short holding time. Because
complete precipitate dissolution was finally observed in
all the alloys after heat treatment, the stable phase of the
present alloy composition in the temperature range
between 1473 and 1548 K is considered to be the 7 phase.
However, the nonuniformity in the as-cast alloys caused
by segregation of Cr, Mo, and C during solidification may
lead to the local formation of the n phase in the initial
stage of heat treatment. Then, the 7 phase dissolves in the
y matrix when the alloy is homogenized. The = phase can
be detected after a short heat treatment at higher
temperatures such as 1523 or 1548 K and in the as-cast
C15 alloy after cooling in the copper mold at a high
cooling rate. Therefore, it can be concluded that the =
phase was formed at high temperatures when the local

ot Magn Det WD Exp

7000x SE 96 1 1260 06h 036

Fig. 13—SEM image of blocky-dense M»3Cq type carbide formed in
the C35 alloy heat treated at 1523 K for 1.8 ks.

nonuniformity in composition was retained in the alloys,
and the 7 phase is not a thermodynamically stable phase.
To the best of the present authors’ knowledge, the
formation of the n phase in F75 Co-Cr-Mo alloys has
not yet been reported. The presence of the = phase has to
be considered in the microstructural control of Co-Cr-
Mo-C alloys in practical applications such as the head of
artificial hip joints.

A starlike carbide was observed after heat treatment
at high temperatures such as 1548 K. Clemow and
Daniell reported the starlike carbide in their specimen

(=] o =] o 202

| @ y-phase (FCC) o M23Cs |

Fig. 15—TEM analysis of starlike precipitate with stripe pattern
formed in C35 alloy that was heat treated at 1548 K for 0 ks. Beam
direction along [121]. (a) Bright field image, (b) associated diffraction
pattern, and (c¢) schematic diagram identifying reflections in (b).

Fig. 14—SEM images of starlike precipitates formed in C35 alloy heat treated at 1548 K for 0 ks: (a) a starlike shape with no stripe pattern and

(b) a starlike shape with stripe pattern.
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alloy after heat treatment at 1503, 1523, and 1543 K.
In addition, they mentioned that this distinctive starlike
shape was attributable to incipient melting around the

(a)

L]
[ ] L]

|« t-phase (M2T3X, B-Mn)

Fig. 16—TEM analysis of starlike precipitate with no stripe pattern
formed in C35 alloy that was heat treated at 1548 K for 0 ks. Beam
direction along [221]. (a) Bright field image, (b) associated diffraction
pattern, and (c¢) schematic diagram identifying reflections in (b).
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edges of the M¢C type carbide particles.!"" In this study,
the M4C type carbide could not be observed when
starlike precipitates were found. However, the forma-
tion mechanism of starlike precipitates was likely to be
related to the partial melting at the interface of the
precipitate and the matrix, as suggested by Clemow and
Daniell. The partial melting induced by the nonunifor-
mity in composition might also be a factor in the
formation of the n phase at high temperatures. Two
types of starlike carbides could be observed in this
study. One was a starlike carbide that had a stripe
pattern; the other was a starlike-dense precipitate that
did not have a stripe pattern. TEM analysis revealed
that this stripe pattern consisted of the M,3Cq type
carbide and y phase. In this study, a blocky, not starlike,
precipitate with stripe pattern, which consisted of the
M,;3C type carbide and y phase, was also observed in
as-cast alloys, and its amount increased with the carbon
content. The precipitate with the stripe pattern observed
in the as-cast and heat-treated alloys may have formed
by the following reaction: liquid to M,3Cg¢ type carbide
and y phase or 7 phase to M,3C¢ type carbide and y
phase during heat treatment or during cooling processes
such as casting and quenching.

V. CONCLUSIONS

Precipitates in biomedical Co-Cr-Mo alloys with
different carbon contents (0.12, 0.15, 0.25, and
0.35 mass pct) before and after heat treatment in the
temperature range between 1473 and 1548 K for 0 to
43.2 ks were investigated. The following results were
obtained.

(D) 6 M2sCs. 7 : MyTsX 1 : MsC-M,,C. 6 : Co(Cr,Mo)
1548 - 0+ .
Complete
1523 - 0+m dissolution T
6+mntnto
1498 3] 8
1473 0+c ] A
L " 1 n 1 1 1
as-cast 0 1 10 10° 10°
Holding time, t/ ks
T —T # T T T
(d) 0 MzaCa‘ Tt MaTsX ,M: MsC-MmC
1548 |+ 0+m 3] 0 Complete -
dissolution
1523 5] 0 6 0 T
6+n
1498 0 0 06 060 g
1473 0 0 6 606 .
as-cast 0 1 10 10? 10°

Holding time, fy/ ks

Fig. 17—Types of precipitates formed in the (a) C12, (b) C15, (¢) C25, and (d) C35 alloys during solution treatment.
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1. The precipitate detected in the as-cast alloys
depended on the carbon content of the alloys. An
M,;C4 type carbide and an intermetallic ¢ phase
(Co(Cr,Mo)) were observed in the as-cast C12 alloy.
An M,3C¢ type carbide, an 5 phase (MgC-M;,C
type carbide), a ¢ phase, and a n phase (M,TzX
type carbide with a f-manganese structure) were
detected in the C15 alloy. An M»3Cq4 type carbide
and an 5 phase were detected in the C25 and C35
alloys.

2. Complete precipitate dissolution could be achieved
in Co-Cr-Mo alloys with various carbon contents of
up to 0.35 mass pct.

3. Under incomplete precipitate dissolution conditions,
the M,3Cg type carbide and ¢ phase were observed
in the C12 alloy, and the M»3Cg¢ type carbide and =«
phase were observed in the C15, C25, and C35
alloys. The © phase was detected in alloys that were
heat treated at high temperatures such as 1548 K
for a short holding time of less than 1.8 ks. It was
the first time that the = phase was detected in F75
Co-Cr-Mo alloys.

4. The morphology of precipitates formed in Co-Cr-
Mo-C alloys depended on the heat-treatment tem-
perature. The blocky-dense M»;Cq4 type carbide was
detected at lower temperatures such as 1473 or
1493 K. At higher temperatures such as 1548 K,
starlike precipitates were observed in the alloys.
The starlike precipitate with a stripe pattern con-
sisted of the M,;Cq type carbide and y phase. In
contrast, the starlike precipitate with no stripe pat-
tern (starlike-dense precipitate) was the n phase.
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