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Ultrafine-grained materials often possess superior mechanical properties owing to their small grain size. The high-pressure torsion (HPT)
process is a severe plastic deformation method used to induce ultra-large strain and produce ultrafine grains. In this study, the grain refinement
mechanisms in the Co-28Cr—6Mo (CCM) alloy, evolution of dislocation density as a result of HPT and its effects on mechanical properties were
investigated. The dislocation density and subgrain diameter were also calculated by X-ray line profile analysis. The microstructure of the CCM
alloy subjected to HPT processing (CCMppr) was evaluated as a function of torsional rotation number, N and equivalent strain, geq. Strain-in-
duced y—e transformation in neighboring ultrafine grains is observed in CCMppr processed at geq = 2.25 and &¢q = 4.5. Low-angle crystal rota-
tion around the [110] fcc direction occurs in different locations in the same elongated grain neighboring ultrafine grains, which suggests the
formation of low-angle grain boundaries in CCMppr processed at geq = 2.25 and &.q = 4.5. Two possible grain refinement mechanisms are pro-
posed. The maximum dislocation densities, which are 2.8 x 10! m™ in y phase and 3.8 x 10! m~2 in & phase, and maximum subgrain diame-
ters, which are 21.2 nm in y phase and 36 nm in & phase, are achieved in CCMppr processed at g.q = 9. HPT processing causes a substantial
increase in the tensile strength and hardness owing to the grain refinement and a significant increase in the volume fraction of & phase and dis-
location density. [doi:10.2320/matertrans.M2016052]
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1. Introduction

To date, several techniques of severe plastic deformation
(SPD), such as equal-channel angular pressing (ECAP),
high-pressure torsion (HPT), accumulative roll bonding
(ARB), and cyclic extrusion compression (CEC) are being
used to process coarse-grained materials to realize ultrafine
microstructure by inducing heavy strain.'™ Among these
techniques, HPT processing induces the highest strain, which
achieves the smallest grain size, and is most preferable for
laboratory applications.!*>

Previously, various metallic materials have been subjected
to HPT processing such as titanium, aluminum, steel and
magnesium.>*~13 Recent studies have also reported that the
microstructure of pure cobalt (Co) can be refined to the na-
noscale by HPT, thereby resulting in promising mechanical
properties such as tensile strength and hardness. The ultimate
tensile strength and hardness of nanocrystalline pure Co are
750 MPa and 3530 MPa, while those of the coarse-grained
pure Co are 210 MPa and 1700 MPa, respectively.'*!> In ad-
dition, HPT has been applicable for achieving grain refine-
ment in Co-Cr-Mo alloys, which have attracted wide interest
owing to their spectacular mechanical properties such as high
tensile strength and hardness.'®'® Furthermore, inducing
strain to Co-Cr-Mo alloys leads to strain-induced y—e& phase
transformation.'” Therefore, HPT processing that results in
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enormous strain in metallic materials may induce the y—e
phase transformation in Co-Cr-Mo alloys. The formation of
the & phase is another effect of HPT processing for improving
the strength of Co-Cr-Mo alloys, in addition to the formation
of ultrafine-grained microstructure, and they strongly affect
the deformation behavior in Co-Cr-Mo alloys subjected to
SPD.%!%2 Increasing tensile strength and hardness in the
Co-Cr-Mo alloy using HPT processing has been reported in a
previous study.>>

The present investigation was motivated by two main sub-
jects. First, the production of ultrafine-grained materials via
HPT processing has gained significant importance from both
academic and industrial aspects. Therefore, there is a need to
investigate the grain refinement mechanism during HPT pro-
cessing to enable further developments for producing ultraf-
ine-grained materials. So far, various investigations have
been reported about the evolution of microstructure and
change in mechanical properties of ultrafine-grained materi-
als fabricated by different SPD techniques.>*22" However,
the grain refinement mechanism of Co-Cr-Mo alloys in par-
ticular has not been clearly identified, and there are only a
limited number of findings about the deformation mechanism
of pure Co during SPD.? Therefore, the grain refinement
mechanism needs to be clarified for further developments in
producing ultrafine-grained Co-Cr-Mo alloys and for improv-
ing their mechanical properties.

An additional objective of this study is to explain the evo-
lution of the dislocation structure produced during HPT pro-
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cessing. The large amounts of dislocations induced by HPT
processing are crucial elements in the grain refinement pro-
cess. Controlling the dynamic balance between the genera-
tion and annihilation of dislocations plays an important role
in grain refinement.?® Further, the y— ¢ phase transformation
may contribute to grain refinement via the formation of &
platelets, which may further be refined, and these & platelets
may cause the refinement of y phase grains by subdividing
them. Consequently, it is concluded that controlling the phase
transformation and dislocation structure is related to grain re-
finement. A better understanding of the grain refinement
mechanism may help to generate ultrafine-grained materials.

Therefore, the aim of this work is to elucidate the grain
refinement mechanism and evolution of dislocation structures
in Co-28Cr—6Mo alloy during HPT processing, and to clarify
their effect on the mechanical properties of this HPT-pro-
cessed alloy.

2. Experimental Procedures

2.1 Materials

A cylindrical rod of a hot forged Co—28Cr—6Mo (mass%,
CCM) alloy with a diameter of 25 mm and a length of 50 mm
was used in this study. The chemical composition of the CCM
alloy is listed in Table 1. The rod was subjected to a solution
treatment at 1473 K for 3.6 ks in vacuum (hereafter designat-
ed as CCMgr). The CCMgr rod was machined to disk-shaped
specimens with a diameter of 10 mm and a thickness of 1 mm
for HPT processing. In addition, some of the CCMgr plates
were subjected to cold rolling with a thickness reduction ratio
of 50% (CCMcg).

2.2 High-pressure torsion (HPT)

The CCMgr disk was subjected to HPT processing (hereaf-
ter designated as CCMpypr) under quasi-constrained condi-
tions, through which the lower anvil was rotated for 0.25, 0.5,
1, 2 and 5 times (N) with a rotation speed of 1 rpm
(0.1220 rad s~") under a pressure of 6 GPa in air at room tem-
perature. The equivalent strain, &4, at a distance r from the
disk center was estimated by the following equation:"

Eeq = 27rrN/t\/§ (1

where N is the rotation number and ¢ is the specimen thick-
ness. &q was calculated according to eq. (1) as a function of
distance from the disk center for N =0.25,0.5, 1,2 and 5. As
a result, the values of &4 are 2.25, 4.5, 9, 18 and 45 for N =
0.25, 0.5, 1, 2 and 5 at the half radius (r = 2.5 mm), respec-
tively.

2.3 Microstructural characterization

The microstructures of CCMgt and CCMypr processed at
£eq=2.25,9, 18, and 45 at the half radius r;, (r = r, =2.5 mm)
were characterized by X-ray diffractometry (XRD) using
monochromated Cu Ka; radiation with an operation voltage

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

Alloying element| Co Cr Mo Ni  Mn Si C N Fe
Bal. 27.7 5.87 <0.01 0.58 0.50 0.045 0.14 <0.1

M. Isik, et al.

of 40 kV and a tube current of 40 mA and a transmission
electron microscopy (TEM) at an acceleration voltage of
200 kV. The TEM analyses were also carried out at r; posi-
tion that is schematically shown in Fig. 1 (a).

For TEM sample preparation, the CCMpypr disk was fixed
between two silicon substrates using an epoxy and then cut
parallel to the cross section near the center of the CCMypr
disk to prepare a thin plate. The plate was wet polished using
water-proof emery papers up to #2400. Then, a copper ring
with a diameter of 3 mm was fixed on the polished plate at the
r;, position using the epoxy. The thickness was further re-
duced to less than 20 um using a dimple grinder and an ion
milling. Additional information about the TEM sample prepa-
ration was detailed and illustrated in a previous study.'”

2.4 X-ray line profile analysis

The microstructures and dislocation structures of CCMgr,
CCMcr and CCMypr were investigated by X-ray line profile
analysis (XLPA)*® using a convolution multiple profile
(CMWP) fitting method.*® The measurement position for
XLPA analysis is shown in Fig. 1 (b). The obtained XRD pro-
files were fitted using a theoretical profile, 7, which is a prod-
uct of the convolution of size, strain, and instrumental pro-
files:

=151, QI 2)

where [ is the profile of the size of the smallest unit of a crys-
tal aggregate, Iy, is the profile of the microstrain, and /; is the

(a) Hardness measurement
1 mm (on the surface)

¢ 10 mm

(b)

8 pieces
2 mm | from halfradius

Fig. 1 (a) Positions for TEM analysis and hardness measurement, and (b)
XRD analysis on disk sample.
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profile of the instrument effect.

It has been reported that, crystallite diameter obtained from
XLPA indicates the subgrain or cell diameter bounded by
small-angle grain boundaries or dipolar walls.” The area-
weighted size (X)aea Was then estimated®” by CMWP fitting
as follows;

Is(s) = f RTINS log(%) M (3)
S 0 (7s)? V20
(X)area = mexp(2.50) 4)

where m and o are the parameters of the lognormal distribu-
tion function, log m is the median and o is the variance of the
normal function. The variable of the size profile s can be ex-
pressed as;

_ 2sinf  2sinfp
o 1

&)

where A is the wavelength of the X-rays. The values of 26 and
20g are the scattering angle and the exact Bragg position, re-
spectively.

I, used in CMWP fitting was presented with its Fourier
transform equation’? as follows:

In(s) = f exp(—27°L*k* (ex L *)}dL (6)

where k and L are the absolute value of the diffraction vector
and the Fourier valuable, respectively. (e:k,Lz} is the mean
square strain defined as follows:

2
(e’ = (%) mpCf (Ié) ©)
where p, C, b, R, and f are the dislocation density, the contrast
factor of the dislocations, the absolute value of Burgers vec-
tor, the Wilkens function and the effective outer cut-off radius
of dislocations, respectively.>! % In order to clearly demon-
strate the dislocation arrangement during deformation, a suit-
able dimensionless parameter M(M = R/p) was introduced.”

Finally, the instrumental profile (/;) was prepared using the
XRD profile of standard LaB¢ powders.

2.5 Mechanical tests

An Instron-type testing machine was used for evaluating
the tensile properties of CCM alloys. The tensile tests were
conducted at room temperature with a cross-head speed of
8.33 x 10° m-s~!, which is equivalent to an initial strain rate
of 6.94 x 1072 s~ The tensile test specimens were obtained
from disk-shaped samples. The geometric shape of the tensile
specimens was as described in a previous study.” These
specimens were wet-polished using water-proof emery pa-
pers 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 is
removed from the two different surface directions).

Hardness measurements were carried out using a Vickers
microhardness tester with a load of 4.9 N for a dwell time of
15 sec on the surface of a coin-shaped specimen as shown in
Fig. 1 (a). The surfaces of the specimens were polished to the
half radius positions, r, (material up to a depth of ~0.25 mm
from the surface direction is removed). The measurements on
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the surface were performed at an interval of 1 mm from cen-
ter of the disk-shaped specimen to the edge along the radius
direction.

3. Results

3.1 Microstructure

The volume fractions of the & phases in the CCMgr and
CCMypr specimens were calculated by performing XRD
analyses at the r;, positions. Intensities of {200}, and (1011},
XRD peaks were integrated and quantitative analyses on the
volume fraction of the y and & phases were carried out.>* The
corresponding results are shown in Fig. 2. CCMgr only con-
tains single face-centered-cubic (fcc) y phase. However, there
is an obvious evidence for y—¢& martensitic transformation
during HPT processing. The volume fraction of the £ phase
increases to around 87% even with processing at low &4 (in
CCMppr processed at g.q = 2.25). Then, the volume fraction
of the & phase slightly decreases when &4 exceeds 9, and it
subsequently saturates.

With increasing strain during HPT processing, y—¢& mar-
tensitic transformation occurs as shown in TEM bright field
images (see Figs. 3 (a) and (g)) and confirmed by selected
area electron diffraction (SAED) pattern (see Fig. 3 (c)) and
dark field (DF) images (see Figs. 3 (k) and (1)). According to
SAED pattern in Fig. 3 (c), the £ phase has the Shoji-Nishiya-
ma (S-N) orientation relationship®> with the parent y phase
as (001),//(111), and BD//[110].//[110],. Ultrafine micro-
structure in the neighborhood of £ martensites has been ob-
served via high-magnification TEM images, as shown in
Figs. 3 (b) and (h) and confirmed by SAED patterns in Figs. 3
(e) and (i). Diffracted ring patterns in Figs. 3 (e) and (i) indi-
cate the formation of ultrafine-grained microstructure con-
sisting of dual phases, i.e., a combination of y and & phases.
Therefore, TEM images in Figs. 3 (a) and (g) present the
coarse-grained and ultrafine-grained microstructure of
CCMppr processed at gqq = 2.25 and &¢q = 4.5. Nanocrystal-
line grains in Figs. 3 (b) and (h) exhibit blurry and wavy mor-
phologies and their grain boundaries show low misorientation
angle. In addition, the evolution of y—e& phase transformation

Rotation number, N

0 0.5 1 1.5 2 25 3 35 4 45 5
100 T T T T T T T T T T

90

80 i

70

60 -
50 -
40 -
30 -

Volume fraction of € phase, (%)

0 10 20 30 40 50
Equivalent strain, g,
Fig. 2 Volume fractions of & phases in CCMgr (&¢q = 0) and CCMppr pro-

cessed at N=0.25 (g¢q=2.25), N=1(£¢=9), N=2 (geq=18),and N=5
(&eq =45) obtained from XRD analyses.
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Fig. 4 (a), (b), (c) and (d) TEM bright field images, () SAED pattern corresponding SAED area in (b), (f) key diagram of (e), and (g), (h) and (i) nanobeam
diffraction patterns of areas shown with arrows as NBD 1, 2 and 3 in (c), for CCMgpr processed for geq = 2.25. (j), (k), (1), (m) and (n) TEM bright field
images, and (0) SAED pattern corresponding SAED area in (1), (p) key diagram of (o), (r) and (s) nanobeam diffraction patterns of areas shown with arrows
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(a) and (b) TEM bright field images, (c) and (e) SAED patterns corresponding SAED area 1 and 2 in (a), (d) and (f) key diagrams of (c) and (e), re-
spectively, for CCMppr processed at geq = 2.25. (g) and (h) TEM bright field images, (i) SAED pattern corresponding SAED area in (h), (j) key diagram of
(1), (k) and (1) DF images corresponding area for DF1 and DF2 in (g), for CCMppr processed at g¢q = 4.5 (measurement position 1). (m) TEM bright field
image, (n) SAED pattern corresponding SAED area in (m), (o) key diagram of (n), and (p) and (r) DF images taken from & phase variant 1 and 2 spots
shown with arrows in (n) for CCMppr processed at g.q = 4.5 (measurement position 2). y phase, & phase variant 1, and & phase variant 2 are indicated in

®
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Fig. 5 Schematic illustration of grain refinement process through (a) mechanism related to y—¢ martensitic transformation and (b) mechanism related to

elongated grains.

can be identified in CCMgypr processed at £.q = 4.5. The aver-
age width of the &£ martensite platelets is around 100 nm in
CCMypr processed at .q =4.5. Figure 3 (m) shows the inter-
secting network of & martensite platelets. The occurrence of
y—e& martensitic transformation and existence of two differ-
ent € phase variants are confirmed by the SAED pattern in
Fig. 3 (n). The relationship of (001)8//(111)y and BD//
[110],//[110], for & phase variant 1 and that of (001),//
(1ﬁ)y and BD//[110].//[110], for & phase variant 2 can also
be identified. The intersecting £ martensite platelets in the
network are aligned in different directions. The average width
of & martensite platelets is around 80 nm according to Figs. 3
(p) and (1).

In Figs. 4 (c) and (k), a large number of ultrafine grains
were seen coexisting with some micro-scale grains. HPT pro-
cessing causes a microstructure consists of coarse grained
and nanocrystallines at CCMpypr processed at g.q = 2.25 and
Eeq = 4.5. In addition, TEM images in Fig. 4 suggest that the
elongated grains are possibly subdivided into the equiaxed
ultrafine grains. Nanobeam diffraction (NBD) patterns with a
small misorientation angle are detected in neighboring posi-
tions in the same elongated grain, indicating the occurrence
of low-angle crystal rotation around [110] y direction inside
the elongated grains for both CCMpypr processed at g¢q = 2.25
(see Figs. 4 (¢), (g) and (h)) and CCMpypr processed at g¢q =
4.5 (see Figs. 4 (j), (r) and (s)). In addition, the & phase trans-
formation occurs, as suggested in Fig. 4 (i) for CCMypr pro-
cessed at g¢q = 2.25. The crystal rotation and formation of the

€ phase occur in the same elongated grain. Newly formed
nanograins are presented in TEM bright field images in
Figs. 4 (b) and (1) and confirmed by diffracted rings in Figs. 4
(e) and (0). Nanocrystalline grains in Figs. 4 (b) and (1) exhib-
it blurry and wavy morphologies. At higher magnifications, it
is possible to distinguish the low-angle grain boundaries and
existence of dislocation tangles,*® which indicates high strain
and high density of dislocations in Figs. 4 (b), (a), (1) and (m).
In addition, TEM SAED patterns in Figs. 4 (e) and (o) indi-
cate that diffracted beams tend to form ring patterns at
CCMppr processed at g.q = 4.5 compared to CCMpypr pro-
cessed at g¢q = 2.25, indicating that grain refinement develops
with increasing &.q. Most of the elongated grains that are
~300 nm in width and ~2.5 gm in length show a high disloca-
tion density for CCMypr processed at &.q = 2.25. Further in-
creasing &.q with increasing N changes the morphology of the
elongated grains. The width and length of the elongated
grains decrease with increasing &.q. Most of the elongated
grains in CCMpypr processed at g.q =4.5 are ~100 nm in width
and ~900 nm in length, as shown in Figs. 4 (j) and (k). In ad-
dition, there is a decreasing in prevalence of elongated grains
in CCMpypr processed at .4 =4.5 compared to thatin CCMgpr
processed at g.q = 2.25. In addition, high magnification TEM
bright field images in Figs. 4 (d) and (n) show that elongated
grains contain subgrains or cells. Figure 5 summarizes the the
occurrence of grain refinement induced by y—e transforma-
tion and subdivision of elongated grains according to Figs. 3
and 4.
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Fig. 6 Dislocation densities (p) in y and & phase of CCMppr alloys as a
function of &eq.
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Fig. 7 Subgrain diameters (d) of y and & phase of CCMypr alloys as a func-
tion of &4 in comparison with those of CCMcr (horizontal lines).

Dislocation densities (o) of CCMypr alloys as a function of
Eeq are shown in Fig. 6. The dislocation densities for y and &
phases in CCMcg are smaller than 10" m™2 and ~0.6 x
10'® m~2, respectively. Firstly, HPT processing causes the ac-
cumulation of dislocations and dislocation densities in y and
& phases significantly increase through HPT processing to
Eeq = 2.25 compared to that in CCMcg. The dislocation densi-
ties continue to increase, and then, they reach the maximum
~2.8 x 10'® m~2 for y phase and ~3.8 x 10'® m~2 for & phase
at £, = 9. A balance between accumulation and annihilation
of dislocations is achieved at g.q = 9. The latter, dislocation
densities tend to decrease with increasing &y through HPT
processing.

Subgrain diameters (d) of CCMypr alloys as a function of
Eeq in comparison with those of CCMcg (horizontal lines) are
shown in Fig. 7. The subgrain diameter of the y phase in
CCMcp is larger than that in CCMypr, while that of the &
phase in CCMcg is smaller than that in CCMypr. The sub-
grain diameter of the y phase decreases, while that of the &
phase increases with HPT processing. After & is over than 9,
subgrain diameters of y and & phases in CCMypr are found to
be saturated. Figure 8 shows the dislocation arrangement pa-
rameters, M, of CCMgypr alloys as a function of &¢q. M param-
eter gives valuable information about the arrangement of dis-
locations.” The M > 1 indicates weak screening of dislocation
fields, while M < 1 indicates strong screening of dislocation
fields. When M is smaller than 1, the dislocations are suitably
arranged in CCMppr. The M parameters of the y and € phases
are ~0.96 and ~1.17 at g,y = 2.25, respectively, and then, they

M. Isik, et al.

0.8

0.6
M of CCMypr (7 phase)

04

02 f M of CCMypr (€ phase)

Dislocation arrangement parameter, M

0 1 1 1 1
0 10 20 30 40 50
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Fig. 8 Dislocation arrangement parameters (M) of y and & phase of
CCMppr alloys as a function of &q.
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Fig. 9 Tensile properties of CCMgr (geq = 0), CCMcr (horizontal lines),
and CCMppr processed at N = 0.25 (geq = 2.25), N=1 (g¢q=9), N=2
(&eq=18) and N =5 (g,q = 45) as a function of equivalent strain (&.q) or
rotation number (N).

decrease with increasing &eq through HPT processing. The
increasing &q from gqq = 2.25 to £.q = 9 causes a decrease in
M parameter due to the arrangement of dislocations, even
though the dislocation density in CCMpypr at £.q =9 is higher
than that in CCMpyprt processed at g.q = 2.25. Furthermore, the
M parameter of CCMpypr decreases from geq =9 t0 geq = 45,
owing to the arrangement of dislocations and decreased dislo-
cation density.’”

3.2 Mechanical properties

Figure 9 shows the tensile properties of CCMgr (g¢q = 0),
CCMcr (horizontal lines) and CCMgppt processed at &eq =
2.25,9, 18 and 45, respectively. It is shown in Fig. 9 that ulti-
mate tensile strength (UTS) of CCMypr is greater than those
of CCMgt and CCMcr. The y—& martensitic transformation,
grain refinement, and increase in dislocation density through
HPT processing lead to a substantial increase in the mechan-
ical strength. The UTS, 0.2% proof stress, and elongation of
CCMgr are ~1041 MPa, ~623 MPa, and ~15%, respectively.
CCMppr processed at g.q = 2.25 has the greatest UTS and
0.2% proof stress, i.e., ~1709 MPa and ~1528 MPa, respec-
tively. For CCMpypr processed at geq = 9, the UTS is around
1696 MPa while the 0.2% proof stress is around 1522 MPa.'?



Grain Refinement Mechanism and Evolution of Dislocation Structure of Co—-Cr—Mo Alloy Subjected to High-Pressure Torsion

700

600

500

I~
(=3
(=1

v
(=3
(=}

Hardness, HV

CCMs,

200

100

0 1 2 3 4 5 6
Distance from disk center, » / mm

Fig. 10 Hardness distributions of CCMgr (horizontal line), and CCMpypr
processed at N =0.25 (geq=2.25), N=1(£q=9), N=2 (geq=18) and N=
5 (&eq =45) as a function of distance from disk center.

Further, the UTS of CCMppr decreases slightly with increas-
ing &¢q to 18, and then saturates as the &.q further increases.'?
The elongation of CCMpypr processed at different &.q shows
close values, which are much lower than that of CCMgt and
comparable with that of CCMcp.

Hardness distributions of CCMgr (horizontal line) and
CCMppr processed at goq = 2.25 (N =0.25), g =9 (N = 1),
Eeq = 18 (N =2) and &q = 45 (N = 5) are shown in Fig. 10.
Hardness of CCM alloy increases significantly through HPT
processing compared to that in the ST condition. It is also
realized that the hardness of CCMpypr increases from the disk
center to the edge. The hardness of CCMypr seems to be al-
most constant for different NV at the half radius position in the
surface of specimens. CCMpypr processed at g, =9 (N =1)
and &.q = 45 (N = 5) have the greatest hardness at the center
and edge positions, respectively.

4. Discussion

4.1 Microstructural evolution

Figure 2 showed that the volume fraction of the & phase in
CCM alloys significantly increased through HPT processing
at ;g = 2.25 and 9 in comparison to that in the ST condition.
The volume fraction of the & phase then slightly decreased
with increasing &.q to 18, and saturates with further increas-
ing &.q. Generally, the phase transformations were enhanced
by increasing &.q.*® However, previous studies on pure
Co!%% and steel® processed by HPT have reported the de-
crease in the volume fraction of & phase through HPT pro-
cessing, which could be attributed to a possible reverse trans-
formation.”> It has been reported that a reverse e—y
transformation occurred in Co, when the grain diameter was
below 100 nm. Local fcc packing sequences were formed by
deformation in nanocrystalline pure Co. Increasing deforma-
tion led to accumulation of a large number of fcc packing
sequences, and e—y transformation occurred.'>?33%49 These
views can be used to interpret the decrease in the volume frac-
tion of & phase in CCMppr alloy after increasing &4 to 18 in
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the present study.

Figure 3 showed the y—& martensitic transformation ac-
companied with the occurrence of grain refinement in
CCMypr alloys. In previous studies, it has been reported that
the y—& martensitic transformation may contribute to grain
refinement in two respects for pure Co.?* First aspect, the
y—e& martensitic transformation causes the formation of re-
fined ¢ platelets. The formation of & martensites in different
directions results in an intersecting network structure of &
martensites. This network structure can lead to refinement of
coarse martensite platelets into nanoscale. Second aspect, al-
ready formed & platelets are considered to be grain boundar-
ies to subdivide the y grains thereby inducing the y grain re-
finement?. A similar effect to the abovementioned second
aspect has been reported on mechanical twins in stainless
steel,*) in which twin-twin intersections subdivided coarse
grains into sub-microscale blocks, and these gradually result-
ed in the formation of subgrain boundaries. These blocks
eventually transformed into equiaxed refined grains via the
development of subgrain boundaries. In the present study, an
intersecting network composed of densely distributed & mar-
tensite plates with various variants and nanograined micro-
structure can be observed simultaneously in CCMgypr alloy
when &4 increases to 4.5. These results support the grain re-
finement mechanism related to y—& martensitic transforma-
tion as mentioned above.

TEM images in Fig. 4 give information about another grain
refinement mechanism. The microstructure of CCMpgpr pro-
cessed at g¢q = 2.25 mainly consists of parallel bands of elon-
gated grains. These extended parallel band boundaries are
also called lamellar-type boundaries.?” The boundaries of
elongated grains with dark contrasts were shown with red ar-
rows in Figs. 4 (d), (j) and (n). Nanobeam diffraction patterns
indicate the occurrence of low-angle crystal rotation around
the [110] y direction and formation of € phase in one elongat-
ed y grain in CCMypr alloys. The occurrence of crystal rota-
tion is attributed to dislocations that are distributed through-
out the grains as a result of HPT processing and that rearrange
and aggregate to form dislocation cells in order to reduce the
total strain energy. Subsequently, dislocation rearrangement
develops increasing the misorientation between the cells
(crystal rotation) thereby causing the formation of low-angle
and then high-angle grain boundaries. Hence, elongated
grains are subdivided, and equiaxed grains form through HPT
processing. The newly formed nanograins show dislocation
tangles and moire patterns inside them, which are evidences
for high density of dislocations.>® The elongated grains and
low-angle grain boundaries caused by dislocation arrange-
ment predominantly distribute in CCMpgpr at geq = 2.25,
which may result in promising mechanical properties accord-
ing to a previous study.” For CCMypr processed at Eeq=4.5,
the elongated-grains microstructure is not as predominant as
in CCMpypr processed at ¢4 =2.25. This is because increasing
&eq Tesults in further refinement of elongated grains, thereby
inducing a decrease in their prevalence, length, and width.
The schematic illustration for the two grain refinement mech-
anisms as mentionaboved was given in Fig. 5.

The existence of two different grain refinement mecha-
nisms raises the question that what affects the preference to-
wards to either of the grain refinement mechanisms. Previ-
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ously, it was suggested by Kireeva and Chumlyakov that
<110>-oriented austenitic grains (fcc) transformed to mar-
tensites most easily during the tension in single-crystal Fe-
Cr-Ni stainless steels,*® and it was observed that <100>-ori-
ented austenitic grains that were parallel to the rolling
direction showed slower transformation, whereas the <111>-
oriented grains that were parallel to the rolling direction
showed much faster transformation in rolled stainless steel.*®
In addition, based on calculated Schmid factors, Zang et al.
reported the easy martensitic transformation in Cube- and
Goss-oriented austenitic steel during tension and the difficul-
ty in martensitic transformation in <111>-oriented austenite
during compression.*¥ Based on these results, it can be in-
ferred that the preference towards to either of grain refine-
ment mechanisms might be related to the initial orientations
of the y-phase grains in the CCM alloy. If the initial grain
orientations are suitable for martensitic transformation, grain
refinement is more likely to occur over the mechanism that
closely related to the y—& martensitic transformation.

The dislocation density of the CCM alloy significantly in-
creased through HPT processing, as per Fig. 6. The disloca-
tion density of CCMpypr alloys reached the maximum value at
£eq = 9, which indicated that an equilibrium state between
generation and annihilation of dislocations was achieved in
this condition. Maximum values of dislocation density in y
and & phases of CCMpypr processed at g, = 9 are 2.8 X
10" m™2 and 3.8x10'® m~2, respectively which are higher
than those of other metals, i.e., Cu,*> Al'? and Al-Mg46) al-
loys subjected to SPD, and similar to that of Ti-29Nb-13Ta-
4.6Zr (TNTZ) subjected to HPT.” Dislocation density of
CCMpypr decreases at ¢q > 9. This is because that the annihi-
lation of dislocations becomes more predominant than the
generation of dislocations thereby causing a decrease in dis-
location density. In a previous study about CCMppr, > it was
reported that low-angle grain boundaries in CCMypy pro-
cessed at g¢q < 9 could transform to high-angle grain bound-
aries in CCMppr When &4 increases to 45. This result shows
a correspondence to the occurrence of annihilation of disloca-
tions and decreasing of dislocation density in CCMpypr with a
further increased &

Figure 7 showed the subgrain diameters of y phase and &
phase in CCMppr at various &, compared to those of CCMcr.
The subgrain diameter of y phase in CCMypt was lower than
that of CCMcR and its value decreased to a minimum when
&q increases to 9, and then saturated with further increasing
£eq- Previously, it has been reported that grain refinement by
SPD is controlled by a dynamic balance between hardening
rate due to dislocation accumulation and recovery rate by dis-
location annihilation, which finally results in an equilibrium
structure with a minimum grain diameter and saturated dislo-
cation density.*” The minimum average grain diameter is de-
termined by both intrinsic material properties and extrinsic
processing conditions.**->% Therefore, the evolution of sub-
grain diameter of y phase in CCMppr is closely related to the
generation and annihilation behavior of dislocations caused
by HPT-induced high strain. However, the subgrain diameter
of € phase in CCMppr is larger than that of CCMcg; the value
increases from geq = 2.25 10 £¢q = 9, and then saturates. This
phenomenon can be explained by the growth of € phase under
strain. It has been reported that the nucleation and formation
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of & phase occur with the motion of Shockley partial disloca-
tions.2%3% Then, formed thin & layers accumulate and it re-
sults in & phase growth. Thus, the higher strain induced by
HPT processing results in the formation of a large number of
¢ layers by dislocation gliding and accumulation; this leads to
the formation of & phases with larger subgrain diameter than
that of CCMcr. Then the subgrain diameter of & phases in
CCMypr increases with increasing strain which promotes the
formation and accumulation of ¢ layers, and it finally satu-
rates which is considered to be related to the balance between
generation and annihilation of dislocations at subgrain bound-
aries.

XRD profiles provide information about the screening of
strain fields, which is related to dislocation density and dislo-
cation arrangement. If the strain fields of individual disloca-
tions are screening each other, the total distortion in the lattice
is lower that yields a smaller value of R.. Strong screening of
strain fields of dislocations occurs when dislocations are ar-
ranged into dipoles or low-angle grain boundaries. As the
screening of strain fields of dislocations becomes stronger,
the value of the dislocation arrangement parameter (M) be-
comes smaller, which suggests the better arrangement of dis-
locations. Figure 8 showed that except for the M parameter of
the & phase in CCMpypr processed at .q = 2.25, all other M
parameters showed values smaller than 1, indicating that dis-
locations were suitably arranged in CCMypr. The M parame-
ter values of the y and ¢ phases in CCMpypr decrease with
increasing &4, which indicates the development in the dislo-
cation rearrangement with increasing strain.

4.2 Effects of microstructural evolution on mechanical
properties

Figure 9 exhibited the tensile properties of CCM alloys.
The UTS of CCMypr processed at g.q = 2.25 (~1709 MPa)
was much greater than that of CCMgr (~1041 MPa). This in-
crease in the UTS is due to the increased volume fraction of
the & phase,'”** formation of nanostructured subgrains sur-
rounded with low-angle grain boundaries, and accumulation
of dislocations induced by HPT processing and grain refine-
ment.'%152) Tensile properties of CCMpypr processed at g¢q =
2.25, which has the highest tensile strength among all
CCMypr conditions in our study, were compared with those
of the other CCM alloys including fine-grained and bimodal
structured CCM alloys. Hot forged CCM alloy (CCMyg) re-
ported by Yamanaka et al.>¥, which shows the smallest aver-
age grain diameter compared to other CCM alloys in litera-
ture, was selected as fine-grained CCM alloy for comparison.
The UTS and 0.2% proof stress of CCMpypr processed at geq =
2.25 (~1709 MPa and ~1528 MPa) are even greater than
those of CCMyg (~1450 MPa and ~1330 MPa). In addition,
the UTS of CCMppr processed at g.q = 2.25 is also greater
than that of bimodal structured CCM alloy (~1300 MPa)*?.
Abovementioned phenomenon is attributed to that the aver-
age grain diameter of CCMpypr processed at geq = 2.25 in
nanometerscale (~84 nm) is smaller than that of CCMyg
(~0.8 um)*® and bimodal structured CCM alloy consisting of
fine-grained and coarse-grained regions, which has an aver-
age grain diameter around 2—5 pum in fine-grained region and
36.8 um in coarse-grained region®¥. The UTS of CCMypr
was still high but decreases slightly at g.q = 18 in comparison
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to those at £.q = 2.25 and 9, and it subsequently saturated at
£eq > 18. Further, 0.2% proof stress of CCMppr was almost
constant with increasing &qq from 2.25 to 18, and then it de-
creased at g.q = 45. This slight decrease in the strength is at-
tributed to a slight decrease in the volume fraction of the &
phase and decrease in the dislocation density. The decrease in
the M parameters with increasing &4 also shows a good cor-
respondence to the arrangement of dislocations in subgrain
boundaries, and evolution of low-angle grain boundaries to
high-angle grain boundaries. Considering the abovemen-
tioned results of CCMpypr processed at g.q = 2.25, it is con-
cluded that HPT processing causes a drastic increase in ten-
sile strength. However, HPT processing results in a significant
lost in ductility and CCMppr becomes almost brittle. The
elongation of CCMpypr processed at gqq = 2.25 (~1%) is com-
parable with that of CCMyg (~2.5%), even if the volume frac-
tion of & phase in CCMpypr processed at geq = 2.25 (~87%) is
much higher than that in CCMgg (~13%)°%.

By considering the hardness variation from the disk center,
it is concluded that CCMpypr processed at g, = 9 (N = 1)
shows the highest hardness at different positions from the
center to the edge owing to the highest dislocation density
and highest strain, according to previous results on the HPT
processed CCM alloys.ZS) Hardness of CCMypr was com-
pared with that of bimodal structured CCM alloy. Vickers
hardness of CCMpypr processed at gq =9 (N = 1) at half radi-
us (~521 HV) is greater than those of fine-grained (~480 HV)
and coarse-grained (~440 HV) regions of bimodal structured
CCM alloy. The greater hardness obtained in CCMpypr pro-
cessed at ;g =9 (N =1) is attributed to its smaller grain diam-
eter and higher volume fraction of the £ phase (the volume
fraction of the & phase is around 20% for bimodal structured
CCM alloy)’®. In addition, the hardness of CCMypr pro-
cessed at ., =9 (N = 1) almost does not differ with increasing
distance from the center of the specimen, r (2, 3, and 5 mm),
which may be because of the achieved microstructural homo-
geneity.”) This phenomenon is similar to that of austenitic
steel,> pure Ni*® and pure Cu.’” The hardness at the edge
position is greater than that at the center of the disk for the
same N at CCMypr processed at g.q = 2.25, 18 and 45 (N =
0.25, 2 and 5), which is attributed to the increased &.q at the
edge position according to (eq. (1)). The increase in the hard-
ness is attributed to increase in the volume fraction of the &
phase and grain refinement.?>

5. Conclusions

The grain refinement mechanisms, the evolution of the dis-
location density, and relationship between microstructural
evolution and mechanical properties in the CCM alloy sub-
jected to HPT processing were investigated. The obtained re-
sults are as follows:

(1) y—e& phase transformation occurs in CCMppr and the
volume fraction of the & phase drastically increases
through HPT processing in comparison to that of CCMgr.

(2) Two different grain refinement mechanisms are proposed
for the CCM alloy through HPT processing: first, the
formed & martensitic platelets subdivide the y grains
thereby resulting in grain refinement. Second, elongated
grains are subdivided into the equiaxed ultrafine grains
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through formation and development of subgrains and
y—e¢ phase transformation.

(3) The dislocation densities in the y and ¢ phases in HPT
processed CCM alloys increase with increasing &.q and
reach their maximum values of ~2.8 x 10'®m= and
~3.8 x 10'* m~2, respectively, at Eeq = 9, which suggests
the achievement of a balance between generation and an-
nihilation of dislocations. The dislocation densities of the
v and € phases tend to decrease and their subgrain diam-
eters tend to saturate with further increasing & to the
value over 9.

(4) The UTS of the CCM alloy significantly increases with
HPT processing to g.q = 2.25. Further, it slightly decreas-
es in CCMppr processed at gqq = 18 attributed to the de-
creased volume fraction of the & phase and reduced dislo-
cation density, and then, it saturates.

(5) The hardness of CCMppr increases with increasing dis-
tance from the center of the disk. Additionally, the hard-
ness saturates with increasing &¢q at the half-radius posi-
tion and the edge position of the specimen. This saturation
in hardness is attributed to the achievement of micro-
structural homogeneity along the radial direction of the
specimen with increasing &eq.
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