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phase.

This is the first report of the successful fabrication of Co-Cr-Mo biomedical alloy single crystals with a
hexagonal close-packed (hcp) structure and the resultant clarification of its deformation behavior. The
(0001) (1120) basal and {1100} (1120) prismatic slip systems were found to be predominately operative.
The critical resolved shear stresses for the basal and prismatic slip systems at ambient temperature are ~204
and ~272 MPa, respectively, which are much higher than ~54 MPa for {111} (112) slip in the face-centered
cubic (fcc) Co-Cr-Mo phase, quantitatively demonstrating that the hcp phase acts as an effective strengthening

© 2017 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

Co-Cr-Mo alloys have been widely applied for surgical implants
such as the hip joint (femoral head) and artificial knee joint owing to
their high strength, high corrosion resistance, superior wear behavior,
and modest biocompatibility [1-3]. Generally, Co-Cr-Mo alloys pre-
dominately consist of an fcc phase, the 'y-phase [2]. Thermodynamically,
however, the <y-phase is stable only at high temperatures and trans-
forms into the hcp structure, the e-phase, by a heat treatment at low
temperatures [4]. Many studies of the mechanical properties of Co-
Cr-Mo alloys have been conducted using polycrystals [5-11]. However,
the deformation behavior of Co-Cr-Mo alloys is complex because it is
affected by numerous parameters including the grain size, texture,
heat-treatment conditions, etc. in the polycrystalline form. Thus, the
study of single crystals is strongly required to understand the mecha-
nisms that control the deformation behavior from a fundamental view-
point. In addition, we have recently proposed the development of
“single-crystal implant materials” in 3-Ti alloys [12,13], which allows
the superior characteristics of metallic biomaterials to be fully attained
by controlling the crystal orientation. It is strongly expected that a sim-
ilar strategy must be applicable to Co-Cr-Mo alloys. Thus, the study of
single crystals is essential to further development of Co-Cr-Mo alloys
for biomedical implant applications.

* Corresponding author.
E-mail address: nakano@mat.eng.osaka-u.ac.jp (T. Nakano).

http://dx.doi.org/10.1016/j.scriptamat.2017.08.016

With this background, we recently conducted a study with a y(fcc)-
phase single crystal and clarified the strong orientation and microstruc-
tural dependence of the plastic deformation behavior [ 14]. As a predom-
inant deformation mechanism at room temperature (RT), a strain-
induced martensitic transformation (SIM) from the ~y-phase to the ¢-
phase was confirmed.

On the other hand, even though the &-phase is considered to be the
essential phase for improving the wear resistance [15] and increasing
the strength of Co-Cr-Mo alloys [14,16,17], its deformation mechanism
has not yet been sufficiently clarified. This has been a major obstacle for
the development of novel artificial joints with superior mechanical
properties, and is derived from the difficulties associated with the fabri-
cation of e-phase single crystals. This is because the transformation to
the e-phase from the +y-phase must accompany the formation of four
variant grains with different crystal orientations, as detailed later. Over-
coming this obstacle, the new strategy for fabrication of an e-phase sin-
gle crystal is reported for the first time in this paper, and the
deformation mechanism is clarified.

In the experimental procedure, a mother ingot with a composition of
Co-27Cr-6Mo (in wt%), as defined by ASTM F75, was supplied by Teijin
Nakashima Medical Co. Ltd., Japan. Using the mother ingot, a single crys-
tal was grown by the Bridgman method at a growth rate of 5 mm/h in an
Ar atmosphere in an Al,O3 crucible. By X-ray Laue back diffraction, the
obtained single crystal was confirmed to predominantly consist of the
v-phase with the fcc structure [14]. Then, a heat treatment was

1359-6462/© 2017 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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conducted for 15 and 40 h at 800 °C to obtain an g-phase single crystal
with the hcp structure. In some specimens, compressive deformation
was applied at RT prior to the heat treatment to enhance the phase
transformation from the y-phase to the e-phase. The predeformation
was conducted by using the specimen with dimensions of ~2.0 x 5.0
x 5.0 mm? and a [149]. loading orientation. The variation in the micro-
structure was examined by transmission electron microscopy (TEM;
JEOL JEM-3010) and electron backscatter diffraction pattern analysis
during scanning electron microscopy (SEM-EBSD; JEOL JSM-6500F).

By using the e-phase single crystal, the plastic deformation behavior
was examined by a compression test. Rectangular specimens with di-
mensions of ~1.6 x 1.6 x 4.0 mm® were cut by electrodischarge machin-
ing. Two loading orientations parallel to [1 12 1.86]n¢p and [1 12 OJhep
were chosen to clarify the orientation dependence of the deformation
behavior. The Schmid factors for the possible deformation modes in
the e-phase are listed in Supplementary Table 1. Compression tests
were conducted at RT at a nominal strain rate of 1.67 x 10~4s~!in vac-
uum. Deformation markings introduced in the specimens were ob-
served by an optical microscope equipped with Normarski
interference contrast, and the further details of the deformation sub-
structures were examined by TEM.

Fig. 1(a-i) show the crystal orientation maps for the e-phase ac-
quired by SEM-EBSD, showing the variation in the volume fraction of
the e-phase and microstructure due to predeformation and the subse-
quent heat treatment of the Co-Cr-Mo alloy single crystals. As reported
previously [14], the single crystal obtained by the Bridgman method
predominantly consists of the y-phase (shown in black in Fig. 1), but
small amounts of the ¢(hcp)-phase are also present with a stacking-
fault-like morphology, as shown in Fig. 1(a). It is well-known that the
e-phase frequently forms with the following Shoji-Nishiyama relation-
ship in the 'y-matrix-phase [18]:

{111}, // (0001),, <112>y //<0110>, <110 //<2110>, (1)

Thus, the e-phase formed by the conventional heat treatment
generally exhibits four variants with a habit plane parallel to (111),

as-Bridgman-grown

no black: fec y-phase B
deformation

predeformed
to 1%

€: 32.8%
(c)

predeformed
to 5%

£:99.7% £: 100%
[111]
[149] (loading axis)

[121]

in fce-y single crystal

(111), (111), or (111). However, in the Co-Cr-Mo single crystal
grown by our Bridgman method, only one of the four e-variants
with the habit plane of (111) was predominantly present, probably
because of strain relaxation during the y-to-€ phase transformation
[14]. After the annealing of the as-grown single crystal, however,
the abovementioned four variants were almost equivalently formed,
as shown in Fig. 1(d, g). Thus, the e-single-phase single crystal can-
not be obtained by the simple annealing of the y-phase single crystal.
To overcome this problem, a small prestrain was imparted to the
crystal prior to the heat treatment. The prestrain was imparted by
compression deformation in the [149] orientation at RT, by which
the SIM whose habit plane is parallel to (111), i.e., the same as that
of the grown-in g-variant, could be selectively formed by the opera-
tion of a/6 (112) Shockley partial dislocations [14]. Actually, the
volume fraction of the e-phase increased as the applied prestrain in-
creased, and for the specimen with 5% plastic strain, the y-phase was
regarded to be almost fully transformed into the e-phase via evalua-
tion by SEM-EBSD (Fig. 1(c)). The features developed in the micro-
structure by annealing also strongly varied with the amount of
applied prestrain. By applying a prestrain of 1% to the specimen,
the volume fraction of the g-phase reached almost 100% after subse-
quent annealing for 15 h (Fig. 1(e)); nevertheless, it was still ~59% in
the nondeformed specimen (Fig. 1(d)). However, some variants
formed by the heat treatment did not match the grown-in variant;
hence, a single-variant single crystal could not be obtained by an-
nealing the 1%-deformed specimen. On the other hand, for the spec-
imen with 5% prestrain, the specimen was almost fully covered by ¢-
phase just by deformation (Fig. 1(c)), and almost no change in the
crystal orientation occurred after subsequent annealing for 15 h
(Fig. 1(f)), although the formation of some low-angle boundaries
was observed. However, when the annealing time was extended to
40 h for the 5%-deformed specimen, many e-phase grains developed
with a different crystal orientation than the abovementioned variant
orientation relationship. These grains are considered to be recrystal-
lized grains; thus, the single-crystal microstructure collapsed owing
to their development, as shown in Fig. 1(i).

annealed for 40 h

€: 99.3%

hcp e-phase

0001 2170

Fig. 1. (a-i) Crystal orientation maps for the hcp e-phase, showing the variation in its volume fraction and microstructure in a Co-Cr-Mo fcc y-phase single crystal for various levels of
predeformation and subsequent heat treatments. The black regions correspond to the 'y-phase.
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Fig. 2. (a-i) TEM bright-field images showing the variation in the microstructure of a Co-Cr-Mo single crystal for various levels of predeformation and subsequent heat treatments. Beam //

[101], diffraction vector (g) = (020), in Panels (a, b) and = (2200), in Panels (c-i).

Fig. 2(a-i) show the bright-field TEM images acquired for the speci-
mens in Fig. 1. The corresponding electron diffraction patterns (DPs) are
shown in the insets of the figures. As described above, small amounts of
the e-phase exist with a stacking-fault-like morphology in the as-grown
crystal, and the volume fraction of the e-phase increased as the applied
prestrain increased (Fig. 2(a-c)). However, it was confirmed that some
amounts of the +y-phase still remained even in the 5% prestrained

specimen, in contrast to the results from the SEM-EBSD analysis. This
is due to the difficulties associated with the detection of the thin y-phases
in the e-phase during SEM-EBSD due to the limited resolution and the
similarity of the fcc and hcp crystal structures having the same close-
packed planes, similar to previous results obtained for lamellar TiAl alloys
[19]. In the annealed specimens with the prestrain, however, such thin y-
phases in the e-phase grains almost disappeared, although some stacking
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Fig. 3. (a) Variations in the stress-strain curves of Co-Cr-Mo single crystals with heat treatment and loading orientation obtained by compression tests at RT. (b-e) Slip traces observed in
the ¢-single-phase single crystals deformed in the (b, ¢) [1 12 1.86] and (d, ) [1120] loading orientations.
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faults remained in the grains (Fig. 2(d-i)). From these results, it is con-
cluded that an e-phase single crystal can be obtained by annealing
the specimen at 800 °C for 15 h, which was previously predeformed in
the [149] orientation to 5% plastic strain at RT. Using this “c-phase single
crystal,” the plastic deformation behavior of the e-phase was examined.

Fig. 3(a) shows the typical stress-strain curves of the g-phase single
crystal deformed in the [1 1 2 1.86] and [1120] orientations. In this
graph, the stress-strain curve of the y-phase single crystal deformed
in the [149] orientation, i.e., the stress-strain curve for the sample sub-
jected to the predeformation treatment, is also plotted for comparison.
Note that the [1 12 1.86] loading orientation in the e-phase single crystal
is exactly parallel to the [149] loading orientation in the y-phase single
crystal selected in the predeformation. When the y-phase single crystal
was compressed to 5% plastic strain (blue curve) and then reloaded, the
specimen reyielded at a stress of ~191 MPa (red curve). This value was
close to the flow stress at the 5% strain in the previous test, as a matter of
course. However, by annealing the 5%-predeformed specimen, the yield
stress became as high as ~408 MPa on average (yellow curve). This ob-
viously demonstrates that the phase transformation from the y-phase
to the e-phase increases the yield stress. The yield stress also varied ac-
cording to the loading orientation, and the average yield stress of the -
phase single crystal in the [1120] orientation was higher at ~627 MPa
(green curve). The variations in stress-strain curves in largely deformed
region after yielding have not been sufficiently examined yet, owing to
the limitation of the number of obtained single-crystalline specimen.

Fig. 3(b-e) show the slip traces observed in the 1%-deformed “¢-
phase single crystal” specimens. The operation of different slip systems
depending on the loading axis was confirmed. A two-face trace analysis
demonstrated that (0001) basal slip and {1010} prismatic slip were op-
erative in the [1 12 1.86] and [1120] orientations, respectively. The Bur-
gers vectors of the dislocations for these slip systems were examined by
TEM. Fig. 4(a, b) show bright-field images of dislocations for the speci-
men deformed in the [1120] orientation observed on the (1010)
slip plane. Many dislocations were visible with a diffraction vector g
= (1210). The dislocations showed straight morphologies aligned
along the [1210] direction (Fig. 4(a)). However, these dislocations lost
their contrast when observed with g = (0002) (Fig. 4(b)). Taking
their (1010) slip plane into consideration, the observation results sug-
gest that (1010)[1210] slip was operative. A dislocation analysis was
also conducted for the specimen in which basal slip occurred. The Bur-
gers vector of the predominately operative dislocations on the basal
plane was also parallel to  (1120) , as shown in Figs. 4(c, d). Many dis-
locations exhibited straight morphologies with a screw character. In ad-
dition,a (1010) dislocation as a secondary slip system accompanied
by a stacking fault was partly observed, as shown in the lower-right cor-
ner of Fig. 4(d). As shown in Fig. 4(a, c), screw dislocations were pre-
dominately observed in both of basal and prismatic slips, but more
study is required to conclude that their motions govern the deformation
behavior of e-phase, since the present TEM observation is post-mortem.

From these experimental results, the predominately operative de-
formation modes in the Co-Cr-Mo biomedical alloy single crystals
with an hep structure were clarified to be (0001) ¢1120) basal slip
and {1700} (1120) prismatic slip. In other hcp-structured metals
such as Ti and Mg, the operation of other deformation modes, e.g., {112
2} pyramidal slip, {1012} deformation twin, etc. was also reported [20,
21]. However, no clear trace for such deformation modes was observed
in the central part of the specimen in the present study. This suggests
that the critical resolved shear stresses (CRSSs) of those deformation
modes are considerably high. As listed in the Supplementary Table 1,
when thinking the compression at [0001] loading orientation, not only
the basal and prism slips, but also the formation of {1012} twin is diffi-
cult. The deformation behavior along the c-axis is open question in the
present state.

Focusing on the yield stress in the [1 12 1.86] and [1120] orienta-
tions, the CRSSs for (0001)(1120) basal slip and {1700}(1120) prismatic
slip were precisely determined to be approximately 204 and 272 MPa,
respectively, at RT for the first time. It is noted that the evaluated values
were both more than three times higher than that for {111} (112) slip
in the y(fcc) phase of ~54 MPa. This evidences that the €(hcp) phase
acts as an effective strengthening phase in the Co-Cr-Mo alloy. In addi-
tion, the results demonstrate that the e-phase shows a strong plastic an-
isotropy due to the limited operative slip systems, i.e., predominately
basal and prismatic slip. The control of this anisotropic mechanical
property must be important for developing “single-crystal Co-Cr-Mo
alloy implants.”

The CRSS for basal slip was found to be lower than that for prismatic
slip. This must be related to the lattice constant ratio c/a in the e-phase,
as was partly pointed out in [16,17]. Jones et al. summarized studies of
the deformation behavior of hcp-structured pure metals [21]. They sug-
gested that prismatic slip is predominantly operative in metals with a
low c/a ratio but a transition of the operative slip system to basal slip oc-
curs as the c/a ratio increases at around 1.59-1.62. Regarding the origin
of this transition of the predominate slip system, Vitek and Igarashi pro-
posed in their computer simulation that the dissociation scheme for
a (1120) dislocation on the prismatic plane varies with the c/a
ratio; dissociation on the prismatic plane is preferred as c/a ratio de-
creases [22]. Here, the c/a ratio for a Co-Cr-Mo alloy with a similar com-
position in the g-phase was previously reported to be ~1.613 [23],
which is close to the upper boundary of the c/a ratio where the transi-
tion of the slip systems occurs [21]. This must be one of the reasons
why both basal and prismatic slips can be operative, but the CRSS for
basal slip was lower than that for prismatic slip in the e-phase.

Matsumoto et al. previously speculated the CRSSs for these slip sys-
tems in their study using a polycrystalline alloy [17]. The large differ-
ence measured in this study from their speculation is the ratio of the

Fig. 4. Bright-field TEM images for an e-phase single crystal deformed in the (a, b) [1120]
and (c,d)[1121.86] loading orientation to ~1% plastic strain. (a, b) Beam //[1010], g = (1
210) (a), and g = (0002) (b). (c, d) Beam // [0001], g = (1120) (c), and g = (2200) (d).
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CRSSs for prismatic slip and basal slip. The CRSS ratio for prismatic slip/
basal slip is 1.33 in the present study compared to 1.15 for Matsumoto et
al. This difference must be derived from the stress concentration effect
at the grain boundaries (grain-boundary compatibility stress) in poly-
crystalline alloys, as the related discussion was reported by Koike et al.
for hcp Mg alloys [24].

As another possibility to bring about the difference in CRSS, the influ-
ence of the stacking faults against the dislocation motion is supposed. As
shown in Fig. 2, in the e-phase fabricated in the present method, some
stacking faults were remained. Koizumi et al. reported the possibility
of the occurrence of chemical segregation at the stacking faults by
Suzuki effect in Co-Ni alloy [25]. Thus, the stacking faults may act as
the effective obstacle for the dislocation motion. The control of the
amount of stacking fault and clarification of the influence to the defor-
mation behavior are the issue to be addressed in the future.

The results obtained in this study clarified the importance of the con-
sideration of the strong plastic anisotropy in the e-phase for under-
standing the details of the deformation behavior of Co-Cr-Mo alloys,
which enables the design of the novel artificial joints with superior me-
chanical properties.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.scriptamat.2017.08.016.
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