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The main target of this study is to optimize the microstructure and to achieve an optimization for the mechanical properties in a biomedi-
cal Co-Cr-Mo (CCM) alloy with the nominal composition of Co–28Cr–6Mo (mass%) subjected to high-pressure torsion (HPT) and subsequent 
short annealing. The γ →  ε phase transformation and grain re�nement occur in the CCM alloy subjected to HPT processing at an equivalent 
strain (εeq) of 2.25 (CCMHPT). The HPT processing causes a decrease in the elongation due to the formation of an excessive amount of ε phase. 
For removal of the excessive amount of ε phases, the CCMHPT was subjected to a short annealing (CCMHPTA). The effect of the short annealing 
temperature (1073 K, 1273 K, and 1473 K; annealing time was �xed at 0.3 ks) on CCMHPT was investigated. In addition, the effect of the length 
of duration for the short annealing (0.06 ks, 0.3 ks, and 0.6 ks;) for a �xed annealing temperature of 1273 K on CCMHPT was studied. 
CCMHPTA(1273 K) annealed for 0.3 ks shows a good optimization of mechanical properties that include high strength and large elongation owing 
to its ultra�ne-grained microstructure, and removal of excessive ε phases.　[doi:10.2320/matertrans.M2016112]
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1.　  Introduction

CCM alloys have been widely used as implant materials in 
biomedical applications such as hip and knee joints because 
of their excellent mechanical properties and good biocompat-
ibility.1–3) The mechanical properties of CCM alloys need to 
be further improved to reduce the probability of failure in bio-
medical applications.4) Grain re�nement is effective to im-
prove the mechanical properties of CCM alloys. In fact, CCM 
alloys with small grain size have been practically used.5) It 
has been reported that hot forging6) can re�ne the CCM grains 
from an initial size of 40 µm to 0.6 µm.6) However, grain re-
�nement to a nano-scale is dif�cult to be achieved by the con-
ventional processing methods.

The processing of metals with severe plastic deformation 
offers the potential for achieving extraordinary grain re�ne-
ment in metals.7) Several severe plastic deformation methods 
have been utilized so far, and among them most interest has 
been placed on equal-channel angular pressing (ECAP)8,9) 
and high-pressure torsion (HPT).10) In general, processing by 
ECAP, where a rod is pressed through a die constrained with-
in a channel, causes grain re�nement on the micrometer 
scale,8) while HPT processing, where a disk is subjected to a 
high applied pressure and torsional straining, causes grains to 
be re�ned on the nanometer level.7,10) The large numbers of 
dislocations introduced by HPT processing rearrange and ag-
gregate to form dislocation cells. Subsequently, the disloca-
tion rearrangement increases the misorientation between the 
cells thereby causing the formation of low-angle and then 

high-angle grain boundaries.9–11) In addition, HPT process-
ing, which can induce a very high strain,12) may cause phase 
transformations in some metallic materials. It has been known 
that inducing a high strain can cause γ →  ε transformation in 
Co-Cr-Mo (CCM) alloys.13)

It has been reported that HPT processing can signi�cantly 
improve the strength of the CCM alloy via the γ →  ε strain-in-
duced martensitic transformation and grain re�nement. How-
ever, HPT processed CCM alloys generally exhibit poor elon-
gation14) even some previous studies report that ductility of ε 
phase is not necessarily inferior to that of γ phase15,16) but 
transformed ε phases can act as obstacles for pinning the dis-
location gliding. Furthermore, an ε phase with an hcp struc-
ture has limited slip systems, whereby it generally shows low 
ductility compared to that of γ phase. Therefore poor elonga-
tion of HPT-processed CCM alloy is considered to be at-
tributed to the excessive ε phase. Thus, it is necessary to im-
prove the elongation of the HPT-processed CCM alloy while 
keeping its strength still high.

A short annealing is expected to induce a recovery in the 
elongation and maintain a high tensile strength in the 
HPT-processed CCM alloy by optimizing the volume fraction 
and distribution of the ε phase while keeping the ultraf-
ine-grained microstructure in the alloy.

In this study, the aim was to obtain optimized mechanical 
properties in the CCM alloy as a combination of high strength 
and large elongation by means of conducting a short anneal-
ing after HPT processing. The short annealing conditions in-
cluding temperature and time were optimized. The effects of 
short annealing temperature and time on the microstructure 
and mechanical properties of the HPT processed CCM alloy 
were comprehensively investigated.
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2.　  Experimental Procedures

2.1　  Material preparation
A cylindrical rod of a hot forged CCM alloy with a nominal 

composition of Co–28Cr–6Mo (mass%) alloy with a diame-
ter of 25 mm and a length of 50 mm was used in this study. 
The chemical composition of the CCM alloy is listed in Ta-
ble 1. The rod was subjected to solution treatment at 1473 K 
for 3.6 ks in vacuum (hereafter designated as CCMST). The 
CCMST rod was machined to disk-shaped specimens with di-
ameters of 10 mm and thicknesses of 1 mm for HPT process-
ing. The CCMST disk was subjected to HPT processing under 
quasi-constrained conditions, in which the lower anvil was 
rotated 0.25 times with a rotation speed of 1 rpm  
(0.1220 rad s−1) under a pressure of 6 GPa in air at room tem-
perature (hereafter designated as CCMHPT). Then, the 
CCMHPT was subjected to a short annealing (hereafter desig-
nated as CCMHPTA). The short annealings (duration was �xed 
at 0.3 ks) were conducted at 1073 K (CCMHPTA(1073 K)), 
1273 K (CCMHPTA(1273 K)), and 1473 K (CCMHPTA(1473 K)) in 
order to investigate the effect of short annealing temperature 
on CCMHPT. In addition, the short annealings (temperature 
was �xed at 1273 K) were conducted for 0.06 ks 
(CCMHPTA(0.06 ks)), 0.3 ks (CCMHPTA(0.3 ks)), and 0.6 ks 
(CCMHPTA(0.6 ks)) for studying the effect of short annealing 
duration on CCMHPT. Hereafter, the CCM alloy subjected to 
HPT and subsequent annealing at the temperature T for the 
duration of t, is designated by CCMHPTA(T/t) as 
CCMHPTA(1273 K,0.3 ks) for the case of T =  1273 K and t =  0.3 ks. 
The equivalent strain εeq at a distance r from the disk center 

was estimated by the following equation:10)

 εeq = 2πrN/t
√

3 (1)

where N is the rotation number and t is the specimen thick-
ness. εeq was calculated according to eq. (1), as a function of 
distance from the disk center for N =   0.25. As a result, the 
value of εeq is 2.25 for N =   0.25 at the half radius, rh (r =   
2.5 mm). Additionally, CCMST disks were also subjected to 
cold rolling with a thickness reduction of 50% (εeq =  0.8)17) 
(hereafter designated as CCMCR).

2.2　  Microstructural characterization
The microstructures of specimens were characterized by 

electron backscatter diffraction analysis (EBSD) and trans-
mission electron microscopy (TEM) using an accelerating 
voltage of 200 kV. The EBSD and TEM analyses were car-
ried out at rh, which is 2.5 mm away from the disk center, as 
shown schematically in Fig. 1(a). Additionally, EBSD analy-
ses were carried out at the center and edge of the cross section 
of the specimen, as shown in Fig. 1 (b). The specimens for 
EBSD analysis were wet-polished using water-proof emery 
papers up to #2400 and were then buff-polished to obtain a 
mirror surface by a colloidal SiO2 suspension. For TEM sam-
ple preparation, the sample disk was �xed between two sili-
con substrates using an epoxy resin and then a thin plate was 
cut parallel to the cross section near the center of the disk 
sample. The plate was wet polished using water-proof emery 
papers up to #2400. Then, a copper ring with a diameter of 
3 mm was �xed on the polished plate at the rh position using 
an epoxy resin. The thin plate was further thinned to less than 
20 μm using a dimple grinder and an ion-milling apparatus. 
Additional information about the TEM sample preparation 
was described and illustrated in details in a previous study.11)

2.3　  Mechanical tests
An Instron-type testing machine was used for evaluating 

the tensile properties of the CCM alloys. The tensile tests 
were conducted at room temperature with a cross-head speed 
of 8.33 ×  10−6 m·s−1, which is equivalent to an initial strain 
rate of 6.94 ×  10−3 s−1. The tensile specimens were obtained 
from disk-shaped samples and the schematic drawing, is 
shown in Fig. 1 (a).14) The tensile specimens were cut using a 
FANUC electric-discharge machine. The tensile specimens 
were wet-polished using water-proof emery papers up to 
#1500 and thinned to a cross-sectional thickness of 0.5–
0.6 mm (i.e., material up to a depth of ~0.2–0.25 mm was 
removed from both surfaces of the specimen).

Hardness measurements were carried out using a Vickers 
microhardness tester with a load of 4.9 N for a dwell time of 
15 s on the surface of the specimens. The measurements on 
the cross section of the disk-shaped specimen were performed 
at the interval of 0.5 mm and 0.15 mm between the measure-
ment positions in the radial direction and cross section depth 
direction.

3.　  Results

3.1　  Effects of short annealing temperature
Figure 2 shows the EBSD phase map, inverse pole �gure 

(IPF) map, kernel average misorientation (KAM) maps, the 

Table 1　Chemical composition of hot forged CCM alloy (mass%).

Element Cr Mo Ni Mn Si C N Fe Co

27.7 5.87 <0.01 0.58 0.50 0.045 0.14 <0.1 Bal.

Fig. 1　(a) Positions for EBSD and TEM analyses and geometry of tensile 
test specimen and (b) hardness measurement positions for cross section of 
disk sample and EBSD analyses positions corresponding to hardness 
measurements.
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average grain diameter, and volume fractions of ε phases of 
CCMST, CCMCR, CCMHPT, and CCMHPTA(1073 K), 
CCMHPTA(1273 K), and CCMHPTA(1473 K) for 0.3 ks. The EBSD 
phase maps show that CCMST consists almost entirely of a 
face centered cubic (fcc) γ phase, whereas CCMHPT, 
CCMHPTA(1073 K), CCMHPTA(1273 K), and CCMHPTA(1473 K) have 
dual-phase microstructure, composed of the γ and hexagonal 
close packed (hcp) ε phase.

It has been reported that volume fraction of ε phase is 

around 87% based on X-ray diffraction (XRD) analysis in 
CCMHPT

18). Volume fraction of ε phase in  
CCMHPTA(1073 K,0.3 ks) (~31%) is higher than those in 
CCMHPTA(1273 K,0.3 ks) and CCMHPTA(1473 K,0.3 ks) (~2%), and 
lower than that in CCMHPT, (~51%), as shown in Fig. 2 (h). 
This decrease in volume fraction of ε phase in 
CCMHPTA(1073 K,0.3 ks) compared to CCMHPT is attributed to 
inhomogeneous microstructure caused by HPT processing.

The corresponding IPF maps suggest that the microstruc-

Fig. 2　EBSD ((a1)–(f1)) phase, ((a2)–(f2)) IPF and ((a3)–(f3)) KAM maps and (g) average grain diameter, and (h) volume fraction of ε phases of CCMST, 
CCMCR, CCMHPT, CCMHPTA(1073 K,0.3 ks), CCMHPTA(1273 K,0.3 ks), and CCMHPTA(1473 K,0.3 ks) based on EBSD analysis.
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ture of CCMST consists of equiaxed grains with an average 
diameter of ~70 μm, presenting a random orientation distri-
bution. Black areas, which possess a con�dence index (CI) 
smaller than 1, are seen in the IPF map of CCMHPT. It has 
been reported that these black areas may originate from high 
strain or nanocrystalline microstructures.14) Therefore, 
CCMHPT may show a heterogeneous microstructure consist-
ing of grains in the micrometer and nanometer scale, or grains 
containing high and low strain. Average grain diameter of γ 
phase grains in CCMHPT is ~59 μm, while that of ε phase 
grains is ~65 μm based on EBSD analysis.

These black areas are also observed in the IPF map of 
CCMHPTA at 1073 K. The average diameter of the visible γ 
phase grains in CCMHPTA(1073 K,0.3 ks) is ~58 μm, while that of 
the visible ε phase grains is ~62 μm (Fig. 2 (g)). IPF maps of 
CCMHPTA(1273 K,0.3 ks) and CCMHPTA(1473 K,0.3 ks) do not show 
the existence of black areas, but do show recrystallized grains. 
Average grain diameter in CCMHPTA(1473 K,0.3 ks) (~42 μm) is 
larger than that of CCMHPTA(1273 K,0.3 ks) (~6.5 μm), as shown 
in Fig. 2 (g).

The EBSD KAM maps indicate that the strain of the CCM 
alloy shows a drastic increase through the HPT processing 
compared to that of the solution treated (ST) condition. High 
strain in CCMHPT still exists even though it is subjected to a 
subsequent short annealing at 1073 K (CCMHPTA(1073 K,0.3 ks)). 
Increasing the short annealing temperature causes a decrease 
in the strain (CCMHPTA(1273 K,0.3 ks) and CCMHPTA(1473 K,0.3 ks)).

Figure 3 shows the TEM bright �eld images and associated 
selected area electron diffraction (SAED) patterns including 
key diagrams of CCMHPT, CCMHPTA(1073 K,0.3 ks), 
CCMHPTA(1273 K,0.3 ks), and CCMHPTA(1473 K,0.3 ks). Nanocrys-
talline microstructures at the nanometer scale can be identi-
�ed in CCMHPT, and their existence is con�rmed by the 
SAED pattern19,20) in Fig. 3 (a). However, CCMHPTA(1473 K,0.3 ks) 
exhibits a coarse-grained microstructure, and there is no exis-
tence of nanometer-scale grains. Two variants of ε plates can 
be observed in CCMHPTA(1073 K,0.3 ks). It is shown that the mi-
crostructure of CCMHPTA(1273 K,0.3 ks) contains ultra�ne grains 
at the micrometer level and hcp fringes according to Fig. 3 

(c).
Tensile properties of CCMST, CCMCR, CCMHPT and 

CCMHPTA(1073 K,0.3 ks), CCMHPTA(1273 K,0.3 ks), and 
CCMHPTA(1473 K,0.3 ks) are shown in Fig 4. The ultimate tensile 
strength (UTS) and 0.2% proof stress increase through HPT 
processing at CCMHPT compared to those in the ST condition. 
However, CCMHPT exhibits poor elongation. Subjecting 

Fig. 3　Transmission electron microscopy (TEM) bright �eld images and selected area electron diffraction (SAED) patterns of (a) CCMHPT, (b) 
CCMHPTA(1073 K,0.3 ks), (c) CCMHPTA(1273 K,0.3 ks) and (d) CCMHPTA(1473 K,0.3 ks). γ phase, ε phase variant 1, and ε phase variant 2 are indicated in white, grey 
(circle) and grey (square), respectively, in the corresponding key diagrams of the SAED patterns. Beam direction is parallel to [110]γ direction.

Fig. 4　(a) Tensile strength, 0.2% proof stress and (b) elongation of CCMST, 
CCMCR, CCMHPT, CCMHPTA(1073 K,0.3 ks), CCMHPTA(1273 K,0.3 ks) and 
CCMHPTA(1473 K,0.3 ks).
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CCMHPT to a short annealing causes a decrease in the UTS 
and 0.2% proof stress. The elongation of CCMHPT is signi�-
cantly improved with subsequent short annealing of 
CCMHPTA(1073 K,0.3 ks), CCMHPTA(1273 K,0.3 ks) and 
CCMHPTA(1473 K,0.3 ks). The UTS and 0.2% proof stress of 
CCMHPTA(1273 K,0.3 ks) are comparable with those of CCMHPT, 
and higher than those of CCMHPTA(1073 K,0.3 ks) and 
CCMHPTA(1473 K,0.3 ks). Therefore, it is realized that the opti-
mum temperature for a short annealing is 1273 K because 
CCMHPTA(1273 K,0.3 ks) exhibits higher tensile strength and 

larger elongation compared to those of CCMHPTA(1073 K,0.3 ks) 
and CCMHPTA(1473 K,0.3 ks).

3.2　  Effects of short annealing duration
Figure 5 shows EBSD phase, IPF and KAM maps. Average 

grain diameter and volume fractions of ε phases of CCMST, 
CCMCR, CCMHPT, and CCMHPTA(1273 K,0.06 ks), 
CCMHPTA(1273 K,0.3 ks), and CCMHPTA(1273 K,0.6 ks). Volume 
fraction of ε phase is almost constant in CCMHPTA with dif-
ferent annealing duration. Recrystallized grains can be ob-

Fig. 5　EBSD ((a1)–(f1)) phase, ((a2)–(f2)) IPF and ((a3)–(f3)) KAM maps and (g) average grain diameter, and (h) volume fraction of ε phases of CCMST, 
CCMCR, CCMHPT, and CCMHPTA(1273 K,0.06 ks), CCMHPTA(1273 K,0.3 ks), and CCMHPTA(1273 K,0.6 ks).
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served in all of the CCMHPTA alloys. Average grain diameter 
of CCMHPTA increases with increasing short annealing time 
from 0.06 ks to 0.6 ks. Average grain diameter of 
CCMHPTA(1273 K,0.06 ks), CCMHPTA(1273 K,0.3 ks), and 
CCMHPTA(1273 K,0.6 ks) are 5.4 μm, 6.5 μm and 9.2 μm, respec-
tively. Further, the strain in CCMHPTA estimated from KAM 
value decreases with increasing the short annealing time from 
0.3 ks to 0.6 ks based on EBSD KAM maps. Figure 6 shows 

the TEM bright �eld images and SAED patterns including 
key diagrams of CCMHPT, CCMHPTA(1273 K,0.06 ks), 
CCMHPTA(1273 K,0.3 ks), and CCMHPTA(1273 K,0.6 ks). CCMHPT ex-
hibits a nanocrystalline21) microstructure at the nanometer 
scale while CCMHPTA exhibits a �ne-grained microstructure 
at the micrometer scale. Two variants of ε plates can be ob-
served in CCMHPT, CCMHPTA(1273 K,0.06 ks) and 
CCMHPTA(1273 K,0.3 ks). ε martensite plates in 
CCMHPTA(1273 K,0.06 ks) and hcp fringes in CCMHPTA(1273 K,0.3 ks) 
can be observed. CCMHPTA(1273 K,0.6 ks) shows a twin micro-
structure which is con�rmed with SAED pattern according to 
Fig. 6 (d).

Figure 7 shows the tensile properties of CCMST, CCMCR, 
CCMHPT, CCMHPTA(1273 K,0.06 ks), CCMHPTA(1273 K,0.3 ks), and 
CCMHPTA(1273 K,0.6 ks). The UTS and 0.2% proof stress of 
CCMHPTA do not signi�cantly change with short annealing 
duration increasing from 0.06 ks to 0.3 ks, and then they 
show a slight decrease with further increase of time to 0.6 ks. 
The elongation of CCMHPTA increases gradually with increas-
ing short annealing time. Therefore, it is realized that subject-

Fig. 6　TEM bright �eld images and SAED patterns of (a) CCMHPT and (b) CMMHPTA(1273 K,0.06 ks), (c) CCMHPTA(1273 K,0.3 ks) and (d) CCMHPTA(1273 K,0.6 ks). γ 
phase, γ twin and ε phases are indicated in white, grey (square), and grey (circle), respectively, in the corresponding key diagrams of SAED patterns. Beam 
direction is parallel to [110]γ direction.

Fig. 7　(a) Tensile strength, 0.2% proof stress and (b) elongation of CCMST, 
CCMCR, CCMHPT and CCMHPTA(1273 K,0.06 ks), CCMHPTA(1273 K,0.3 ks), and 
CCMHPTA(1273 K,0.6 ks).

Fig. 8　Hardness distributions in cross sections of (a) CCMST, (b) CCMHPT, 
and (c) CCMHPTA(1273 K,0.3 ks).

1892 M. Isik, et al.



ing CCMHPT to a short annealing at 1273 K for 0.3 ks results 
in high tensile strength and larger elongation compared to 
those of CCMHPTA(1273 K,0.06 ks) and CCMHPTA(1273 K,0.6 ks). Op-
timized properties such as high strength and large elongation 
are obtained in CCMHPTA(1273 K,0.3 ks), which is the best among 
the short annealing conditions examined. The hardness distri-
bution of CCMHPTA(1273 K,0.3 ks) ks is investigated.

3.3　  Hardness distribution
Figure 8 shows the hardness distribution for the cross sec-

tions of CCMST, CCMHPT, CCMHPTA(1273 K,0.3 ks). Hardness of 
CCMST is almost identical and around 300 HV throughout 
the area of the cross section. Hardness value signi�cantly in-
creases through HPT processing for CCMHPT compared to 
that of the ST condition. Hardness of CCMHPTA is lower than 

that of the HPT condition, and it reaches around 360–420 HV. 
The hardness distribution of CCMHPTA suggests that the hard-
ness is homogenous in the left-half region and right-half re-
gions. In addition, the hardness is slightly higher in the right-
half region compared to that of left-half region in CCMHPTA. 
Therefore, a detailed microstructure analysis was conducted 
to illuminate the abovementioned phenomenon (EBSD anal-
yses in Fig. 9).

CCMHPTA exhibits a homogeneous hardness distribution 
on the cross section unlike the CCMHPT as evidenced in 
EBSD analyses in Fig. 9. The strain and volume fraction of ε 
phase are slightly larger at the edge of cross section compared 
to that at the center of cross section of CCMHPTA. Average 
grain diameters of CCMHPTA at different positions of cross 
section are almost same.

Fig. 9　EBSD ((a1) and (b1)) phase, ((a2) and (b2)) IPF, and ((a3) and (b3)) KAM maps of CCMHPTA(1273 K,0.3 ks) at center and edge positions of cross section 
along radial direction, (c) the evolution of average grain diameter, and (d) volume fraction of ε phase in the cross section as a function of position through 
radial direction based on EBSD maps in ((a1) and (b1)).
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4.　  Discussion

4.1　  Optimization of short annealing temperature
It is well known that metallic materials are subjected to 

large strain during HPT processing and this large strain caus-
es the formation of the ε phase in the CCM alloy.2,13) In γ fcc 
phase of CCM alloy, with negative stacking fault energy, the 
glide of Shockley partial dislocations is an elementary defor-
mation step which causes ε →  γ martensitic transformation. 
ε-hcp martensitic phase is developed by regular overlapping 
of the stacking faults on every second {1 1 1}γ plane.2,13) The 
volume fraction of the ε phase in the CCM alloy severely in-
creases through HPT processing compared to that of the ST 
condition (Fig. 2).

Figure 2 shows that the volume fraction of the ε phase in 
CCMHPT is around 51% according to EBSD analyses. The 
volume fraction of the ε phase slightly decreases for 
CCMHPTA(1073 K,0.3 ks) compared to that of CCMHPT, and it is 
around 31% according to Fig. 2. This decrease in volume 
fraction of ε phase in CCMHPTA(1073 K,0.3 ks) compared to 
CCMHPT is attributed to inhomogeneity of microstructure in 
specimens caused by HPT processing. Even the microstruc-
ture of CCMHPTA(1073 K,0.3 ks) is inhomogeneous, excessive 
amount of ε phase still exists in CCMHPTA(1073 K,0.3 ks) and 
minimization of ε phase could not be achieved in this condi-
tion. However, after subjecting CCMHPT to a short annealing 
at 1273 K and 1473 K, the excessive ε phase can be removed 
according to Fig. 2.

Figure 2 shows that CCMST has a coarse-grained micro-
structure, whereas CCMHPT has visible grains and black areas 
which may be caused by high strain or grain re�nement ac-
cording to the EBSD maps. A previous study on CCM al-
loys14) processed by HPT has reported that grain re�nement 
occurs at CCM alloys processed by HPT to εeq =  4.5, 9 and 
45. Based on the TEM images in Fig. 3 and previous results, 
it is known that grain re�nement also occurred at CCMHPT, 
which was HPT processed to εeq =  2.25.

It is shown that CCMHPTA(1073 K,0.3 ks) consists of visible 
grains and black areas similar to those in CCMHPT condition 
according to Fig. 2. In contrast to the case of CCMHPT 
(Fig. 3), no ultra�ne-grained microstructure was found in 
TEM images of CCMHPTA(1073 K,0.3 ks) although many areas 
were observed. Therefore, the black areas in the EBSD maps 
of CCMHPTA(1073 K,0.3 ks) are considered to be areas where lat-
tice distortion is too large for EBSD analysis rather than areas 
where grain size was too small for the EBSD analysis.

In the case of CCMHPTA(1273 K,0.3 ks), the occurrence of re-
crystallization can be identi�ed based on EBSD results in 
Fig. 2. A new microstructure develops homogeneously 
throughout the entire specimen. When severely deformed ma-
terials with high dislocation density are heated above approx-
imately half of the melting point (0.5Tm), recrystallization 
takes place. Static recovery takes place during the early stage 
of annealing for the severely deformed materials, which is 
responsible for the development of recrystallization nuclei as 
�ne dislocation-free crystallites. Grain growth caused by the 
migration of the boundaries results in consumption of the 
highly strained microstructure.22–26) Recrystalization process 
causes a homogeneous microstructure27,28) which is consis-
tent with abovementioned corresponding results.

In addition, the re�nement of coarse-grains in 
CCMHPTA(1273 K,0.3 ks) is also possible to be occured by short 
annealing. Previously, it was reported that grain re�nement 
might occur via ε →   γ reverse transformation via solution 
treatment. The effect of re�nement caused by short annealing 
exists by some extent29).

Recrystallization did not occur for CCMHPTA(1073 K,0.3 ks). 
This indicates that the annealing temperature is not enough to 
achieve recrystallization, even though it was above 0.5Tm =  
̴ 973 K for the CCM alloy. This is because recrystallization is 
not only determined by the temperature, but also depends on 
material factors such as the type of lattice, concentration of 
alloying elements, and size distributions of second phases.30)

Corresponding results in Fig. 2 also suggest that increasing 
the temperature for short annealing causes progressive coars-
ening of the grains for CCMHPTA(1473 K,0.3 ks), and the grains 
become excessively larger compared to those of 
CCMHPTA(1273 K,0.3 ks).

Figure 4 suggests that the UTS and 0.2% proof stress of the 
CCM alloy increase while the elongation decreases through 
HPT processing compared to those of CCMST. Based on pre-
vious studies, it can be inferred that HPT processing causes 
an increase in the tensile strength owing to grain re�nement, 
and an increase in volume fraction of the ε phase and in dis-
location density.14,31–35)

The UTS and 0.2% proof stress of CCMHPTA(1073 K,0.3 ks) 
are lower than to those of the CCMHPT. CCMHPTA(1073 K,0.3 ks) 
exhibits an excessive volume fraction of the ε phase and does 
not show an ultra�ne-grained microstructure, which causes a 
lower elongation compared to CCMHPTA(1273 K,0.3 ks) and 
CCMHPTA(1473 K,0.3 ks).35,36)

The UTS and 0.2% proof stress of CCMHPTA(1273 K,0.3 ks) 
are higher than those of CCMST, CCMCR, and 
CCMHPTA(1473 K,0.3 ks), and comparable with those of CCMHPT 
and CCMHPTA(1073 K,0.3 ks). The elongation of 
CCMHPTA(1273 K,0.3 ks) and CCMHPTA(1473 K,0.3 ks) is larger than 
that of other samples except for that of the CCMST. Therefore, 
it is concluded that 1273 K is the optimum temperature for a 
short annealing with the �xed duration of 0.3 ks because of 
the high strength and large elongation obtained for 
CCMHPTA(1273 K,0.3 ks) compared to those of 
CCMHPTA(1073 K,0.3 ks). In addition, the effect of HPT rotation 
number (N =  0.25, 0.5, 1, 2 and 5) on the mechanical proper-
ties of CCM alloy is able to be discussed in this section. It has 
been reported that tensile strength of CCMHPT almost keeps 
constant from N =  0.25 (εeq =  2.25) to N =  1 (εeq =  9), then it 
decreases when N exceeds 1. The elongation of CCMHPT at 
each rotation number shows a similar value of ~1–2%. There-
fore, even though the rotation of 90 degrees (N =  0.25) might 
seem to be rather small, the mechanical properties of CCMHPT 
at N =  0.25 is optimized compared to those of CCMHPT with 
higher rotation number14,18). In this study, the mechanical 
properties of short annealed CCMCR were not evaluated. The 
microstructure of short annealed CCMCR was investigated. 
The average grain diameter was ~41 μm and ε phase with a 
volume fraction of ~37% could be detected. Therefore, short 
annealed CCMCR was expected not to exhibit greater me-
chanical properties due to coarse-grained microstructure and 
excessive volume fraction of ε phase. Nanocrystalline micro-
structure cannot be obtained in CCM alloy using cold rolling 
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process or conventional hot forging37), while it can be ob-
tained using HPT14). Previously, CCMHPT (N  =   0.25 (εeq  =   
2.25)) was compared with hot forged CCM alloy (CCMHF) 
reported by Yamanaka et al., which has one of the smallest 
grain diameters among CCM alloys reported in literatures37). 
UTS and 0.2% proof stress of CCMHPT (~1709 MPa 
and ~1528 MPa) are greater than those of CCMHF 
(~1450 MPa and ~1330 MPa). In addition, Vickers hardness 
of CCMHPT at half radius (~503 HV) is greater than that of 
CCMHF (~428 HV) reported for CCM alloy in practical use5). 
Therefore, it can be concluded that HPT processing helps to 
achieve greater tensile strength and hardness in CCM alloys 
than cold rolling and hot forging. The main target of this 
study was to improve the elongation of CCMHPT and maintain 
a high strength using a subsequent short annealing, which 
was used to minimize the ε phase while maintaining nano-
crystalline microstructure. Although nanocrystalline micro-
structure was not able to be maintained with short annealing, 
the elongation of HPT processed CCM was signi�cantly im-
proved (from (~1% to ~12%) while the UTS (from ~1709 MPa 
to ~1556 MPa) and 0.2% proof stress (from ~1528 MPa 
to ~1315 MPa) only relatively slightly decreased.

4.2　  Optimization of short annealing duration
The volume fractions of the ε phase are almost 0% in all 

the CCMHPTA with different annealing times. The average 
grain diameter of CCMHPTA slightly increases owing to grain 
growth caused by the migration of the boundaries,22–26) while 
strain decreases with increasing short annealing time, which 
can be identi�ed in Fig. 5.

The UTS and 0.2% proof stress of CCMHPTA(1273 K,0.06 ks) 
and CCMHPTA(1273 K,0.3 ks) are almost same according to Fig. 7. 
This is because the average grain diameter and volume frac-
tion of the ε phase are similar to those of CCMHPTA(1273 K,0.06 ks) 
and CCMHPTA(1273 K,0.3 ks). The decrease in UTS and 0.2% 
proof stress and increase in elongation of CCMHPTA(1273 K,0.6 ks) 
are attributed to an increase in grain size.

4.3　  Effect of HPT and subsequent short annealing on 
hardness distribution

Figure 8 shows that the hardness (HV) of a CCM alloy sig-
ni�cantly increases through HPT processing compared to that 
of CCMST. This increase in the hardness is attributed to grain 
re�nement, accumulation of dislocations and strain induced 
martensite.14,34) CCMHPT exhibits a heterogeneous hardness 
distribution on the cross section, which is shown in Fig. 8. 
This heterogeneity in hardness distribution is attributed to the 
heterogeneous microstructure caused by unusual plastic �ow 
patterns during HPT.38–40) Hardening occurs at the surface of 
the HPT processed specimen owing to martensitic transfor-
mations, accumulation of dislocation and grain re�nement. 
This hardening may prevent strain from developing deeply 
below the specimen’s surface, causing the heterogeneity in 
the microstructure.14)

In the case of CCMHPTA, a homogeneous hardness distribu-
tion can be obtained in the left-half region (close to the cen-
ter) and the right-half region (close to the edge) of the cross 
section. The hardness of the right-half region is slightly high-
er than that of the left-half region. The increase in the strain 
and the volume fraction of the ε phase at the edge of the spec-

imen compared to that in the center of the specimen can be 
identi�ed in Fig. 9. This result can explain the increase in 
hardness at the edge of the CCMHPTA specimen.

5.　  Conclusions

In this study, a CCM alloy was subjected to HPT process-
ing and a subsequent short annealing under various condi-
tions in order to optimize its mechanical properties. The mi-
crostructure and mechanical properties were investigated. 
The obtained results are as follows:

(1) γ →  ε martensitic transformation and grain re�nement 
induced by HPT processing increase the tensile strength of 
the CCM alloy. However, HPT processing decreases the elon-
gation.

(2) An optimized mechanical property, which is a combi-
nation of high strength and large elongation, is achieved for 
CCMHPTA(1273 K,0.3 ks). This is attributed to the minimization 
of the volume fraction of the ε phase and maintaining the 
�ne-grained microstructure in CCMHPTA(1273 K,0.3 ks).

(3) Subjecting CCMHPT to a short annealing at 1273 K for 
0.3 ks causes a decrease in hardness (HV) but a more homo-
geneous hardness distribution compared to those of CCMHPT.
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