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Changes in the microstructure and hardness of biomedical Co-Cr-Mo forged alloys (Co-27Cr-6Mo-0.77Si-0.64Mn-0.17N-0.06C (mass%)) 
during aging were investigated with a focus on precipitation. After solution treatment at 1523 K for 1.8 ks, the alloys were subjected to aging at 
temperatures between 973 and 1373 K for up to 86.4 ks. η-phase (M6X-M12X type), M23X6-type and π-phase (A2T3X type) precipitates were 
detected after aging. The formation of π-phase precipitates was detected in alloys aged between 1023 and 1123 K for holding times ≥ 21.6 ks, 
with a nose temperature between 1073 and 1123 K. The presence of π-phase precipitates in the aged Co-Cr-Mo alloy is reported for the �rst 
time; N contained within the alloy is believed to contribute to formation of the π-phase. The formation of a hexagonal-close-packed Co-based 
metallic phase (ε-phase) was observed between 1023 and 1123 K. The Vickers hardness increased in alloys aged at 1023 and 1073 K. This in-
crease in hardness is attributed to the presence of π-phase and ε-phase and their wide-area precipitation.　[doi:10.2320/matertrans.MI201507]
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1.　  Introduction

Biomedical Co-Cr-Mo alloys have been registered in 
ASTM F75, F799 and F1537 standards, and applied as mate-
rials for arti�cial joints and denture bases because of their 
excellent mechanical, wear and corrosive properties1–3). Pre-
cipitation in Co-Cr-Mo alloys is known to be closely related 
to their properties such as mechanical strength4,5) and wear 
resistance6–8). We have previously studied the formation and 
dissolution of precipitates in Co-Cr-Mo alloys during heat 
treatment at temperatures above 1400 K9–14). Intermetallics 
such as σ-phase (Co(Cr,Mo)) and χ-phase with α-Mn struc-
ture and carbonitrides such as M2X-type (where M is a metal-
lic element and X is C and/or N), M7X3-type, M23X6-type, 
π-phase (A2T3X type, where A and T are metallic elements 
with low and high af�nity with X) and η-phase (M6X-M12X 
type) have all been detected as precipitates in Co-Cr-Mo al-
loys15).

The precipitation behavior of Co-Cr-Mo-C alloys during 
aging at lower temperatures has been reported16–19), with 
M23X6-type16–19), η-phase16) and σ-phase16) precipitates be-
ing detected. The addition of N is effective in improving the 
workability20,21) and mechanical strength22,23) of Co-Cr-Mo 
alloys. Kurosu et al.24) reported microstructural changes in a 
Co-Cr-Mo alloy containing 0.16 mass% N and 0.04 mass% C 
during heat treatment at 1073 K. They reported the formation 
of a hexagonal-close-packed (hcp) Co-base metallic phase 
(ε-phase) and Cr2N from a face-centered-cubic (fcc) Co-base 
metallic phase (γ-phase). Despite all these previous studies, 
the precipitation behavior of Co-Cr-Mo-N-C alloys during 
aging at low temperatures is not fully understood. In this 

study, changes in microstructure and hardness of a biomedi-
cal Co-Cr-Mo alloy with added N and C were investigated 
during aging over a wide temperature range (973–1373 K).

2.　  Experimental Procedures

In this study, a biomedical Co-27Cr-6Mo forged alloy bar 
(33 mm diameter) with a chemical composition as listed in 
Table 1 was used. The N and C contents within the alloy were 
0.17 and 0.06 mass%, respectively. The C content of 
0.06 mass% is enough to form carbide-based precipitates 
such as the M23X6-type25). The bar was cut into disks 5 mm 
thick. Specimens for heat treatment were prepared by divid-
ing each disk into six equal parts, in the pattern depicted in 
Fig. 1. Before aging, the specimens were solution-treated at 
1523 K for 1.8 or 43.2 ks to completely dissolve any precipi-
tates present in the forged alloy into the metallic matrix. Ag-
ing was conducted at temperatures between 973 and 1373 K 
with holding times of 0.9 to 86.4 ks. Specimens were placed 
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Table 1　Chemical composition of the alloy used in this study (mass%).

Cr Mo C N Si Mn Co

27 6 0.06 0.17 0.77 0.64 Bal.

Fig. 1　Schematic drawing of the heat treatment pattern.
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in sealed SiO2 ampoules for both the solution treatment and 
aging. The atmosphere inside the SiO2 ampoule was Ar at a 
pressure of approximately 0.02 MPa at room temperature. 
The SiO2 ampoules containing the alloy specimens were 
placed into an electric resistance muf�e furnace maintained at 
a �xed temperature. After heat treatment, the specimens were 
water-quenched with breaking the ampoules.

The solution-treated and aged alloys were cut along the 
thickness dimension, and the cross section was wet-polished 
with emery papers (up to a 1500 grit size) and buff-polished 
with a diamond paste (1-μm grain size). Some of the polished 
specimens were electrolytically etched at 6 V in a 10% 
H2SO4-methanol solution. The microstructures of the alloy 
specimens were observed using an optical microscope (OM, 
BX60M, Olympus, Tokyo, Japan) and a scanning electron 
microscope (SEM, XL30FEG, Philips, Hillsboro, OR). The 
precipitates in the aged specimens were electrolytically ex-
tracted at room temperature in a 10% H2SO4 aqueous solu-
tion at 2 V after removal of surface oxides by mechanical 
polishing. Pt was used for electrodes, while the alloy speci-
mens were held by Pt wire. Precipitates can be extracted be-
cause the metallic matrix of the specimen dissolves into the 
electrolyte solution. The extracted precipitates were collected 
as the residue after �ltration and washed with ultrapure water. 
The phase of the extracted precipitates was identi�ed using 
X-ray diffraction (XRD, D8 ADVANCE, Bruker AXS, Karl-
sruhe, Germany) with Cu Kα radiation9). The morphologies 
of the extracted precipitates were observed using SEM. The 
combination of electrolytic extraction, XRD and SEM allows 
for direct and precise analysis of the phase and morphology 
of precipitates.

In order to study the phase of the metallic matrix, the 
ε-phase fraction (f     hcp) in the solution-treated and aged alloys 
was evaluated using eq. (1).

 f hcp = I101
hcp/(I101

hcp + 1.5I200
fcc) (1)

where I101
hcp and I200

fcc are peak intensities of the hcp ε-phase 
(101) and fcc γ-phase (200), respectively. This equation, �rst 
proposed by Sage and Guillaud26), is based on the peak inten-
sities of the ε-phase and γ-phase in the XRD patterns. Prior to 
XRD measurement, the deformed parts of the alloy speci-
mens, formed by mechanical polishing, were removed by 
electrolytic polishing.

Changes in alloy hardness after aging were evaluated using 
a micro Vickers hardness tester (HM-102, Mitsutoyo, Tokyo, 
Japan) with a load of 1 kgf. The reported hardness is the mean 
value of seven individual measurements.

3.　  Results and Discussion

OM images showing the microstructures of the solu-
tion-treated alloys can be found in Fig. 2. The precipitates in 
the forged alloy were completely dissolved into the metallic 
matrix, and no precipitates were observed even after 1.8 ks of 
solution treatment. Therefore, solution treatment before ag-
ing was conducted at 1523 K for 1.8 ks for further studies. 
The alloy grain size was around 120 μm. Both the major 
γ-phase and minor ε-phase were detected in the XRD pat-
terns of the metallic matrix after solution treatment (Fig. 3). 
The change in the ε-phase fraction with solution treatment 

time was insigni�cant, indicating that the ε-phase detected by 
XRD is formed by a martensitic transformation during 
quenching after the solution treatment.

Figure 4 shows the microstructures of the alloys after aging 
at 973, 1023, 1073, 1123 and 1223 K. When aged at 973 K 
for 0.9 ks, precipitates were not observed, and the microstruc-
ture was similar to that of the solution-treated alloy. Precipi-
tation was detected at the grain boundary after aging for 
86.4 ks. When aged at 1023 K for 86.4 ks, precipitates were 
found to grow over a wide area from the grain boundary to 
intragrain regions. Marked precipitation occurred when aged 

Fig. 2　OM images of the microstructure of the alloys after solution treat-
ment at 1523 K for (a) 1.8 and (b) 43.2 ks.

Fig. 3　XRD patterns of the alloys after solution treatment at 1523 K for 1.8 
and 43.2 ks.
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at 1073 K, and precipitated microstructures were found to 
cover almost the entire area after aging for 86.4 ks. At 1123 K, 
precipitates were found to spread to intragrain regions in 
some grains, but precipitation was not extensive. At 1223 K, 
precipitation occurred primarily at the grain boundaries.

XRD patterns of the precipitates obtained by electrolytic 
extraction of the aged alloys are shown in Fig. 5. The η-phase 
and M23X6-type precipitates were observed at 973 and 
1223 K, while the formation of π-phase precipitates as well as 
η-phase and M23X6-type precipitates was con�rmed at 
1073 K.

The precipitate phases in the aged alloys are summarized 
in Fig. 6 using a time-temperature-precipitation (TTP) dia-
gram. Each point in the �gure corresponds to the phases pres-
ent, listed from left to right in order of decreasing content. 
The precipitate ratios were assumed to be the same as the in-
tensity ratios of the strongest peak for each precipitate in the 
XRD patterns14,27). No precipitates were detected using XRD 
for alloys aged at 973 and 1023 K for short holding times, and 
at 1373 K for all holding times. For all conditions where pre-
cipitates were detected, the η-phase was the most common 
precipitate. η-phase and M23X6-type precipitates were ob-
served in temperature ranges of 973 to 1323 K and 973 to 
1223 K, respectively. These precipitates were detected for 
wide temperature ranges even after aging at the shortest hold-

ing time (0.9 ks). Therefore, a nose temperature could not be 
determined in the TTP diagram. The formation of π-phase 
precipitates was detected in alloys aged between 1023 and 

Fig. 4　SEM images of the microstructure of the alloys aged at 973, 1023, 1073, 1123 and 1223 K.

Fig. 5　XRD patterns of the precipitates electrolytically extracted from the alloys aged at (a) 973, (b) 1073 and (c) 1223 K.

Fig. 6　Precipitate phases in the aged alloys. N.D. means no precipitates 
were detected in XRD analysis.
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1123 K for holding times ≥ 21.6 ks, with a nose temperature 
between 1073 and 1123 K. We previously reported the forma-
tion of π-phase precipitates in Co-Cr-Mo alloys during heat 
treatment at high temperatures, where liquid and solid phases 
coexist9,12,15). The formation of π-phase precipitates during 
aging of Co-Cr-Mo alloy systems at low temperatures has not 
previously been reported. The formation of intermetallic 
σ-phase precipitates during aging was reported in Co-Cr-Mo 
alloys without the addition of N and C28,29). The addition of N 
has been shown to stabilize η-phase and π-phase precipi-
tates15) while suppressing σ-phase formation13). In our case, 
η-phase and π-phase precipitation was observed in the present 
alloy with 0.17 mass% of N.

Kurosu et al. found that Cr2N precipitates formed in Co-
27.2Cr-5.5Mo-0.16N-0.04C alloys during aging at 1073 K 
for 90 ks24). The N and C contents and aging condition used 
by Kurosu et al. are similar to those in this study; however, 
the precipitate phases were altered by the presence of 
1 mass%-Si or 1 mass%-Mn30). One possible explanation for 
this is that different amounts of minor alloying elements such 
as Si and Mn changed the phase of the precipitates, although 
the exact amount of Si and Mn are not mentioned in the study 
(Ref. 24)).

Figure 7 shows the XRD patterns of the metallic matrix of 
alloys aged at 973, 1073 and 1223 K. A weak ε-phase peak 
was detected at 973 and 1223 K; however, the peak intensity 
did not increase with increasing holding times, and was simi-
lar to the intensity of the peak after solution treatment (Fig. 3). 
This suggests that the ε-phase was formed by a martensitic 
transformation during quenching after, not during, isothermal 
aging. On the other hand, at 1073 K, a marked increase in the 
ε-phase fraction was detected and a single ε-phase was 
formed after aging for 86.4 ks. The formation region of the 
ε-phase is summarized in Fig. 8. In this region, the ε-phase 
fraction (f hcp) after aging was 0.1 higher than after solution 
treatment. The formation of the ε-phase was observed be-
tween 1023 and 1123 K for holding times ≥ 32.4 ks, with a 
nose temperature at approximately 1073 K. The formation of 
an ε-phase during aging has been previously reported for 
cast31) and wrought29,32) Co-Cr-Mo alloys. These reports 
demonstrate C-shaped curves with a nose temperature be-
tween 1023 and 1123 K for ε-phase formation, which match-
es the present results.

Changes in Vickers hardness as a function of aging holding 
time are summarized in Fig. 9. The hardness of the solu-
tion-treated alloy was 328 Hv, and was shown to increase af-

ter aging at 1023 and 1073 K, reaching 492 and 539 Hv, re-
spectively. No marked increase in hardness was detected at 
the other aging temperatures, compared to after solution 
treatment. The morphologies of the precipitates electrolyti-
cally extracted from the alloys aged at 1023, 1073 and 1123 K 
for 86.4 ks are shown in Fig. 10. The precipitates formed at 

Fig. 7　XRD patterns of the metallic matrix of the alloys aged at (a) 973, (b) 1073 and (c) 1223 K.

Fig. 8　Formation region of γ-phase in the aged alloys.

Fig. 9　Change in Vickers hardness with holding time in the aged alloys.
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1123 K are larger than those at 1023 and 1073 K. In addition, 
the precipitated areas in the alloys aged at 1023 K for 86.4 ks 
and at 1073 K for 32.6–86.4 ks are much larger than those 
formed under other conditions (Fig. 4). Wide-area precipita-
tion and the formation of �ne precipitates appear to be the 
source of the increase in hardness during aging. The condi-
tions under which this increase is observed (Fig. 9) are simi-
lar to those under which the formation of the ε-phase is de-
tected (Fig. 8). The ε-phase formation would contribute to the 
increased hardness of the aged alloy.

Figure 11 shows an SEM/backscattered electron (BSE) 
image of the alloy aged at 1073 K for 86.4 ks, where a marked 
increase in hardness was obtained and a precipitated micro-
structure was observed across the entire area. Two types of 
precipitate, which appear as black and white in Fig. 11, are 
present in the aged alloy. The M23X6-type precipitate is a Cr-
rich phase with less Mo than the η-phase and π-phase precip-
itates15). Therefore, the black precipitates in Fig. 11 seem to 
be M23X6-type. The white precipitates correspond to η-phase 
and π-phase precipitates. Because the precipitates are very 
small, their chemical compositions could not be determined 
using an electron-probe micro analyzer (EPMA). Determina-
tion of the phases and chemical compositions of precipitates 
using transmission electron microscopy is planned as future 
work.

4.　  Conclusion

Changes in the microstructures and Vickers hardness of a 
biomedical Co-27Cr-6Mo-0.77Si-0.64Mn-0.17N-0.06C 
(mass%) alloy during aging at temperatures of 973 to 1373 K 
for times up to 86.4 ks were investigated. The following re-

sults were obtained.
 (1)   The precipitates formed during aging were the η-phase, 

M23X6-type and π-phase. The η-phase and M23X6-type 
precipitates were observed between 973–1323 K and 
973–1223 K, respectively. The formation of π-phase pre-
cipitates was detected in alloys aged between 1023 and 
1123 K for holding times ≥ 21.6 ks, with a nose tempera-
ture between 1073 and 1123 K. This is the �rst report of 
the formation of π-phase precipitates during aging at low 
temperatures in a Co-Cr-Mo alloy system.

 (2)   The formation of an hcp ε-phase was observed between 
1023 and 1123 K for holding times ≥ 32.4 ks, with a nose 
temperature at approximately 1073 K.

 (3)   At aging temperatures of 1023 and 1073 K, the hardness 
increased from 328 Hv to 492 and 539 Hv, respectively. 
The formation of π-phase and ε-phase and wide-area pre-
cipitation are the primary causes of this increased hard-
ness.
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