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Development of Low-Yield Stress Co—Cr—W-Ni Alloy ®

Check for

by Adding 6 Mass Pct Mn for Balloon-Expandable

Stents

SOH YANAGIHARA, KOSUKE UEKI, KYOSUKE UEDA, MASAAKI NAKAI,
TAKAYOSHI NAKANO, and TAKAYUKI NARUSHIMA

This is the first report presenting the development of a Co—Cr—W-Ni—Mn alloy by adding 6
mass pct Mn to ASTM F90 Co-20Cr—15W-10Ni (CCWN, mass pct) alloy for use as
balloon-expandable stents with an excellent balance of mechanical properties and corrosion
resistance. The effects of Mn addition on the microstructures as well as the mechanical and
corrosion properties were investigated after hot forging, solution treatment, swaging, and static
recrystallization. The Mn-added alloy with a grain size of ~ 20 um (recrystallization condition:
1523 K, 150 seconds) exhibited an ultimate tensile strength of 1131 MPa, 0.2 pct proof stress of
535 MPa, and plastic elongation of 66 pct. Additionally, it exhibited higher ductility and lower
yield stress while maintaining high strength compared to the ASTM F90 CCWN alloy. The
formation of intersecting stacking faults was suppressed by increasing the stacking fault energy
(SFE) with Mn addition, resulting in a lower yield stress. The low-yield stress is effective in
suppressing stent recoil. In addition, strain-induced martensitic transformation during plastic
deformation was suppressed by increasing the SFE, thereby improving the ductility. The
Mn-added alloys also exhibited good corrosion resistance, similar to the ASTM F90 CCWN

alloy. Mn-added Co—Cr—W-Ni alloys are suitable for use as balloon-expandable stents.
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I. INTRODUCTION

MINIMALLY invasive medical treatment
approaches are in high demand for stent surgery to
minimize operative trauma in patients. The
Co—20Cr—15W-10Ni (CCWN, mass pct, L605) alloy
registered as ASTM F90 has been used as a balloon-ex-
pandable stent because of its excellent mechanical and
corrosion properties.." ¥ Additionally, it is essential to
reduce the diameter of the stent. This requires both high
strength and high ductility of CCWN alloys. Further-
more, the yield stress must be kept to a minimum to
enable easy expansion during balloon dilation and
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suppress stent recoil.l'">®" Therefore, there are two
possible development guidelines for the next generation
of balloon-expandable stents: increasing the strength
and ductility while maintaining a certain level of yield
stress (“‘high-strength type”) and lowering the yield
stress while maintaining a certain level of strength and
ductility (“low-yield stress type”).

Previous studies have focused on the development of
“high-strength types.” Because microstructural evolu-
tion such as grain size change,””® precipitate forma-
tion,” ¥ and phase transformation!"*'® occur in
CCWN alloys during thermomechanical treatment, it
is essential to understand the role of microstructural
evolution in improving the mechanical properties of the
alloys through microstructural control..'>'724 Ueki
et al'” designed alloys that can achieve high ductility
by low-temperature heat treatment (LTHT) at 873 K in
addition to high strength by grain refinement via static
recrystallization. Improvement of ductility by LTHT
has also been reported in biomedical Co—-27Cr-6Mo
alloys (mass pct).*! Li er al"” ¥ achieved high strength
in CCWN alloys through the formation of a bimodal
grain structure. Moreover, they reported that a bimodal
grain structure can be formed by performing cold rolling
and static recrystallization five times, resulting in high
strength and high ductility.?"] However, these studies
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reported the ultimate tensile strength as well as an
increase in the yield stress; thus, increasing the strength-
ening. Therefore, in this study, we focused on develop-
ing a new alloy based on CCWN allo?/ to produce a
“low-yield stress type” stent material..

Twinning induced plasticity (TWIP) steels contain Mn,
which is an austenite stabilizing element in Fe, resulting in a
stacking fault energy (SFE) at room temperature of
approximately 20 to 40 mJ m~ 2" Therefore, in the fcc
alloy, it is presumed that the composition should be
controlled such that the SFE is in the range of 20 to 40 mJ

2 to exhibit TWIP-like plastic deformation behavior. The
SFE of ASTM F90 Co—Cr—W-Ni (Basg alloy at room
temperature is approximately 25 mJ m ' To achieve
low-yield stress and high strength (excellent work-hardening
performance) such as TWIP in the Co-based alloy, it is
necessary to increase SFE. Therefore, we attempted to add
Mn as a y-stabilizing element in order to increase the SFE. In
our previous study, an alloy with 8 mass pct Mn added to the
ASTM F90 CCWN alloy (average grain size: 129 um)
achieved high ductility (75 pct of plastic elongation) and
exhibited an mcreased work hardening rate during plastic
deformation.” Furthermore, the 8 mass pct Mn-added
CCWN alloy showed a lower yield stress than that of the
ASTM F90 composition alloy with an average grain size of
207 um.**) Mn was chosen as the alloying element for the
CCWN allogl because it not only acts as a % -stabilizing
element,* " but also mcreases twmnablllty 91 and sup-
presses precipitate formation®!! in Co-based alloys. In
addition, Mn is also an essential trace element for the human
body and is suitable as an alloying element for biomedical
metallic materials. However, the addition of 8 mass pct Mn
reduces not only the yield stress, but also the ultimate tensile
strength of the ASTM F90 composition alloy*®; hence, it is
necessary to optimize the alloy composition. In addition,
considering that the grain size in current balloon- ex and-
able stents is approx1mately 30 um or smaller,”’ it is
important to clarify the grain size effect on the mechanical
properties of the Mn-added CCWN alloy in the range of
around 20 to 40 um.

In a preliminary study, alloys with 4 and 6 mass pct
Mn added to ASTM F90 CCWN alloy were fabricated
and evaluated. No significant differences were observed
between the ASTM F90 CCWN alloy and the 4 mass pct
Mn-added CCWN alloy in terms of yield stress, ultimate
tensile strength, and ductility. Therefore, we decided to
focus on the 6 mass pct Mn added alloy.

In this study, we developed a Co—Cr—W-Ni—Mn alloy by
adding 6 mass pct Mn to ASTM F90 CCWN alloy to obtain
“low-yield stress type” stent materials. We then investigated
the effects of adding Mn on the alloy microstructure and the
mechanical and corrosion properties.

II. EXPERIMENTAL

A. Alloy Preparation and Thermomechanical Treatment

The raw materials used were Co—-20.12Cr—14.94W—
9.77Ni-1.86Fe—1.58Mn—-0.079C—-0.033N (mass pct, Car-
penter Technology Corporation, Lot 1) alloy forged bar
and Co-20.43Cr-15.14W-10.19Ni-2.61Fe-1.81Mn-0.084C
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(mass pct, VDM Metals, DEU, Lot 2) alloy forged
bar. Both were based on ASTM F90 standard
chemical composition. These alloys are referred to as
Base alloys. The Base alloy (Lot 1 or Lot 2) and pure
Mn were melted in a high-frequency induction melting
furnace and cast into ¢32 mm molds to produce ¢32
x 200 mm alloy bars (as-cast alloys) with the
composition shown in Table I. The melted alloy is
referred to as a 6Mn alloy. Because the compositions
of 6Mn alloys melted from Lot 1 and Lot 2 have no
significant difference, hereafter we refer to them as
6Mn alloys.

Figure 1 shows a schematic of the thermomechan-
ical treatment process used in this study. The as-cast
alloys were hot forged to a diameter of ¢18 mm at
1473 K to homogenize the casting structure (as-forged
alloys). The as-forged alloys were solution-treated at
1523 K for 7.2 ks followed by Ar gas quenching at 3
bar (ST alloys). The ST alloys were subjected to
swaging at approximately 55 pct cross-sectional area
reduction (swaged alloys). Bars of ¢6.5 x 45 mm were
cut from the swaged alloys. These specimens were
enclosed in silica ampoules with Ar gas and subjected
to recrystallization at 1423 to 1523 K for 150 to 3600
seconds. After recrystallization, the silica ampoule was
immediately crushed in ice water, and the specimen
was water-quenched.

Similarly, the recrystallized Base alloys were prepared
by swaging (52 pct) and recrystallization at 1473 K for
100, 300, and 3600 seconds to compare the mechanical
properties exhibited by the alloys in both methods.

Table I. Chemical Compositions of the Alloys Fabricated in

This Study (Mass Percent)

Abbreviation Co Cr \%% Ni Mn
6Mn Lot 1 bal. 19.16 14.15 9.40 6.01

Lot2 bal. 1940 14.64 9.90 6.02
Base Lot 1 bal. 20.12 14.94 9.77 1.58

Lot2 bal. 2043 15.14 10.19 1.81

Solution treatment
(1523 K, 7.2 ks)

) Recrystallization
Hot forging (1423-1523 K, 150-3600 s)

(1473 K, $32—¢18)

Swaging
@17—911)

Ar gas

quenching Water quenching

Fig. 1-—Thermomechanical treatment process using hot forging,
solution treatment, swaging, and recrystallization.
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B. Microstructure Observation and Analysis

Microstructural characterization of the recrystallized
alloys was performed using electron backscattering
diffraction (EBSD, JSM-7800F, JEOL Ltd., JPN) and
transmission electron microscopy (TEM, JEM-2100,
JEOL Ltd., JPN). The specimens for EBSD analysis
were mechanically polished, buffed with 0.3 um alumina
powder, and then vibrationally polished.

Specimens approximately 100 um thick were prepared
by jet electropolishing for TEM observation. A volume
of 10 pct H,SO490 pct CH50OH solution was used as
the electrolyte. The specimens were punched with holes
by ion milling, and the areas near the holes were selected
as the observation sites.

C. Tensile Testing

Tensile specimens with a gauge section of ¢3 x 10 mm
were machined from the recrystallized bars. Tensile tests
were conducted to fracture the specimens using a
mechanical testing machine (RTF-1325, A&D Company
Ltd., JPN) with a nominal strain rate of 1.67 x 10~*
at 298 K. Plastic elongation was determined from the
fractured specimens butted together.

For some of the recrystallized alloys, tensile tests were
stopped at predetermined strain levels to prepare spec-
imens with true strain levels of 0.15 and 0.4, followed by
EBSD analyses.

D. Anodic Polarization Testing

The corrosion properties of the alloys were evaluated
using anodic polarization tests. Test electrodes were
prepared with a size of 8 x 12.5 x 3 mm, such that the
area of the e ?osed part of the electrodes was approx-
imately 1 cm”. The conductive wire was fixed to the
backside of the specimen and covered with epoxy resin.
Thereafter, the specimen surface was polished to a
mirror finish.

Anodic polarization tests were conducted using a
potentiostat and electrochemical measurement software
(HZ-5000, Hokuto Denko Co., JPN) with a Pt mesh as
the counter electrode and a silver/silver chloride elec-
trode (SSE) as the reference electrode. All experiments
were performed at 310 K. Hanks’ balanced salt solution
(pH 7.4) was used as the test solution to simulate the
human body environment. Before starting the anodic
polarization test, the potential after immersing the
specimens in the salt solution for 10 minutes was
measured and wused as the open circuit potential
(OCP). The amount of change in potential per 10
seconds after a 10-minute OCP measurement was less
than 5 uV. The detailed procedure for anodic lsaolarlza—
tion testing was reported in a previous study.!!

III. RESULTS

A. Microstructure of Recrystallized Alloys

Figure 2 shows the EBSD inverse pole figure (IPF)
maps of 6Mn and Base alloys recrystallized at 1423 K to
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1523 K for 150 to 3600 seconds. Microstructures
containing a large number of annealing twins were
formed in both 6Mn and Base alloys under recrystal-
lization conditions. The grains become coarser as the
recrystallization temperature and holding time increase.
The average grain size was calculated to be in the range
of 6 to 147 um from the IPF map. Henceforth,
recrystallized alloys will be referred to by their grain
sizes (d), for example “6Mn-d41 alloy.” The recrystal-
lization conditions, corresponding grain sizes, and alloy
abbreviations are listed in Table II. Figure 3 shows the
phase and kernel average misorientation (KAM) maps
of the 6Mn-d5 alloy with the smallest grain size among
the alloys used in this study. Here, larger KAM values
indicate a larger dislocation density or strain level. The
metallic matrix of the 6Mn-d5 alloy consisted of a single
y-phase and no residual strain was detected, indicating
that it was fully recrystallized. The other alloys used in
this study were also confirmed to be fully recrystallized.

B. Mechanical Properties of Recrystallized Alloys

The mechanical properties and nominal stress—strain
curves of the recrystallized 6Mn and Base alloys are
shown in Figures 4 and 5, respectively. The values of the
ultimate tensile strength, 0.2 pct proof stress, and plastic
elongation of these alloys are summarized in Table III.
The 6Mn-d20 alloy (recrystallization condition: 1523 K,
150 seconds), whose grain size is acceptable for bal-
loon-expandable stents, showed an ultimate tensile
strength of 1131 MPa, 0.2 pct proof stress of 535
MPa, and a plastic elongation of 66 pct.

1473 K, 150 sl 1523 K, 15034~7] 1423 K, 300 s

?

fce-Co

001 101

(b

Fig. 2—EBSD IPF maps of (¢) 6Mn and (b) Base alloys
recrystallized at 1423 to 1523 K for 150 to 600 s with increasing
grain size.
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Table II. Recrystallization Condition, Grain Size, and Abbreviation of 6Mn and Base Alloys
Recrystallization Condition Grain Size, d (um) Abbreviation
6Mn 1473 K, 150 s 5.4 6Mn-d5
1523 K, 150 s 20.0 6Mn-d20
1423 K, 300 s 21.7 6Mn-d22
1473 K, 300 s 40.8 6Mn-d41
1473 K, 3600 s 138.9 6Mn-d139
Base 1473 K, 100 s 6.0 Base-d6
1473 K, 300 s 40.4 Base-d40
1473 K, 3600 s 147.1 Base-d147
(b) 1600 T T T T
1400 | SMn | -~ .
Base | —
S 1200/ //,———//dzo .
= L7 T d22
1000k 4 7l oSS
> \, L~ _d139
% - '
% 800F ;/// Base-d40 i
70 um 2
B g 600 Base-d147 7
y-phase Min Max E
] (fcc-Co) 3 0 5 S 400 |
. 200 E
Fig. 3—EBSD (a) phase and (b)) KAM maps of 6Mn-d5 alloys.
O 1 1 | 1
0 0.2 0.4 0.6 0.8 1.0

470
-60
- i 50

1500 1 1 1 1 1 H 1 1 20

Plastic elongation, L (%)

1000 |-

500

Ultimate tensile strength, curs / MPa
0.2% proof stress, co./ MPa
o
V) 5
%, :—_|
7
1 1

Fig. 4—Ultimate tensile strength, 0.2 pct proof stress, and plastic
elongation of the recrystallized 6Mn and Base alloys.

Comparing 6Mn-d41 and Base-d40 alloys or
6Mn-d139 and Base-d147 alloys, which have similar
grain sizes, the ultimate tensile strengths of the 6Mn and
Base alloys are relatively close. However, the plastic
elongations of the Base-d40 and Base-d147 alloys were
57 and 55 pct, respectively, and those of the 6Mn-d41
and 6Mn-d139 alloys were 65 and 71 pct, respectively.
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Nominal strain, ¢

Fig. 5—Nominal stress—strain curves of the recrystallized 6Mn and
Base alloys.

Table III. Ultimate Tensile Strength (6yts), 0.2 Pct
Proof Stress (6¢.), and Plastic Elongation (L) of
Recrystallized 6Mn and Base Alloys

OUTS (MPa) g0.2 (MPa) L (pCt)
6Mn-d5 1222 654 55
6Mn-d20 1131 535 66
6Mn-d22 1065 505 65
6Mn-d41 997 458 65
6Mn-d139 906 405 71
Base-d40 1015 468 57
Base-d147 889 418 55

These results indicate the higher ductility of the 6Mn
alloys compared to the Base alloys. Moreover, the 6Mn
alloys exhibited lower yield stress than the Base alloys.
Hence, high ductility and low yield stress were achieved
in Mn-added alloys while maintaining high strength.

C. Corrosion Properties

The corrosion resistance of the ST alloy (grain size:
147 um, 6Mn-d147 (ST)) and recrystallized alloy (grain
size: 20 um, 6Mn-d20) were evaluated; they exhibited
good mechanical properties. Figure 6 shows the anodic
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Fig. 6—Anodic polarization curves and open circuit potentials
recorded for 6Mn-d20, d147 (ST), and Base-d207 alloys.

polarization curves of the 6Mn-d147 (ST), 6Mn-d20,
and Base-d207 alloys in Hanks’ balanced salt solution.
The Base alloy without any thermomechanical treat-
ment, which has a grain size of 207 ym and is referred to
as Base-d207, was used for comparison purposes. The
OCP were approximately equal for all the alloys.
Primary passive regions with constant current density
in the range of approximately 0.3 to 0.4 V were
confirmed in all the alloys. At potentials above 0.4 V,
transpassive regions were detected and the current
density increased. Secondary passive regions were also
detected at approximately 0.6 to 0.8 V. Hence, it is
evident that 6Mn-d20 and 6Mn-d147 (ST) alloys exhibit
good corrosion resistance similar to Base alloys.

IV. DISCUSSIONS

A. Effect of Mn Addition on Yield Stress

The yield stress (0.2 pct proof stress, gg,) of poly-
crystalline metals is expressed by the well-known
Hall-Petch relationship as a function of the average

grain size (d), as shown in Eq. [1].%3!
k
002 = 00 + % (1]

where o is the friction stress and kgyp is the Hall-Petch
coefficient. Figure 7 shows the graph of 0.2 pct proof
stress of recrystallized 6Mn and Base alloys plotted
against d~ "%, The regression lines calculated from each
plot set using the least squares method are shown in the
figure. Note that the regression line of the Base alloy was
calculated using the data of recrystallized ASTM F90
CCWN alloys reported by Ueki et al.l'” and those of the
Base-d40 and Base-d147 alloys reported in this study.
For both alloys, the 0.2 pct proof stress was linearly
related to ¢~ '/, indicating that the Hall-Petch relation-
ship in Eq. [1] is valid. Based on the regression lines
shown in Figure 7, the yield stress of 6Mn alloys is lower
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Fig. 7—0.2 pct proof stress-grain size relationship of recrystallized
6Mn and Base alloys (data in Ref. [17] are included).

than that of the Base alloys; thus, the yield stress
decreased with the addition of Mn. Therefore,
Mn-added CCWN alloys are suitable for balloon-ex-
pandable stents. The reason for the decrease in the yield
stress with Mn addition is discussed below.

As aforementioned, Mn, as a 7y stabilizing element in
Co-based alloys, is known to increase SFE.**3% The
SFE of Co—xMn (x = 0-10 mass pct) binary system at
298 K was calculated using the thermodynamic param-
eters summarized in Table IV. The formulation to
calculate SFE is shown in Eq. [2].%¥

Vst = 20AGT T + 2670 2]

where 7 is the SFE (mJ m™—2), p is the atomic density of
the (111) plane per mole, AG'~* is the Gibbs free energy
change of the y to ¢ phase transformation, and ¢”/* is the
interfacial energy per unit areca of the phase interface
(7.5 mJ m 2 in Co-based alloys®®”). Based on the regular
solution model, AG"™* is the sum of the change in the
Gibbs free energy of each element (AG! ), the excess
free energy (€, ), and magnetic contribution to the

Gibbs-free energy (AG};?). In the Co-Mn binary
system, the magnetic contribution to the Gibbs-free
energy can be ignored (AG],* =0). The calculation
result of SFE is shown in Figure 8. Since the 6Mn alloys
contain 50 mass pct of Co and 6 mass pct of Mn, the
ratio of the Mn content to the Co content is approx-
imately 11 pct. Therefore, it was considered that the
SFE increased by approximately 6 mJ m > by adding 6
mass pct of Mn to the CCWN alloy. Here, we focused
on analyzing the dislocation motion in alloys with
different SFE values.

Ueki et al' reported the existence of stacking faults
in ASTM F90 CCWN alloys with a grain size of
approximately 80 um. Stacking faults can be obstacles
to dislocation motion depending on their states. In
Co—Cr-Mo—C alloys, Rajan and Sandel®” observed that
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Table IV. Thermodynamic Parameters of the Co—Mn Binary
System Used in This Study

Thermodynamic
Parameters Function (J mol™") References
AGL* — 427.59 + 0.615T 35
AGY Y — 1000 + 1.123T 35
QU vin 2756-1657(Xco — Xnn) 36
20 T T T T T T T
€ 15 4
5
1S
25 10 -
>
2
2 s -
)
=
S 06 -
o
£
S
& -5- N
()]
- 1 1 I L 1 I 1
100 2 4 6 8 10 12 14 16

Mn content, X,, (mass%)

Fig. 8—Calculated stacking fault energy in the Co-xMn binary
system.

(a)
Stacking fault
direction

Stacking fault
directions®

Fig. 9—TEM-BF images of stacking faults observed in (a) 6Mn-d5
and (b) Base-d6 alloys.

dislocations piled up at the intersections of stacking
faults and indicated that the stacking faults themselves
did not act as obstacles to dislocation motion, whereas
intersecting stacking faults could be a major obstacle.
Yamanaka er al.*® reported improved strengthening of
Co-28Cr—6Mo (mass pct) alloys by introducing inter-
secting stacking faults using dynamic recrystallization.
Zhu and Chen®* suggested that the existence of
intersecting stacking faults formed during hot forging
contributes to the strengthening of ASTM F90 CCWN
alloys. Therefore, in this study, it is considered that
stacking faults exist and may affect the yield stress in
recrystallized 6Mn and Base alloys. Thus, we observed
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the microstructure of the recrystallized alloys in detail.
TEM bright field (BF) images of 6Mn-d5 and the Base
alloy recrystallized at 1473 K for 100 seconds (grain size
6 um, Base-d6) are shown in Figure 9. Intersecting
stacking faults were observed in the Base-d6 alloy,
unlike the 6Mn-d5 alloy, which had stacking faults only
in a single direction. This was because the Base alloy had
a relatively low SFE and was more likely to cause
intersections of stacking faults, whereas the 6Mn alloy
had a high SFE, hindering the intersection of the
stacking faults, which is known to inhibit dislocation
motion. Thus, Mn addition is a promising approach for
reducing yield stress of CCWN alloys.

In the coarse grain structure, a reduction in the yield
stress by the addition of 6 mass pct Mn to CCWN alloy
was not observed. On the other hand, in the 8 mass pct
Mn-added alloy,® the yield stress was lower than that
of the Base alloy even in the coarse grain structure. Lee
et al. reported that grain coarsening reduces apparent
SFE and facilitates the formation of stacking faults.[*”’
In the coarse grain structure, the amount of decrease in
the apparent SFE by grain coarsening was possibly
larger than the amount of increase in the SFE by the
addition of 6 mass pct Mn. Thus, the decrease in yield
stress by the addition of 6 mass pct Mn to CCWN alloy
with a coarse grain structure was not significant.

B. Effect of Mn Addition on Ductility

Figure 10 shows the EBSD IPF and phase maps of
the fractured specimens after tensile tests for the alloys
with grain sizes of ~ 6 um (6Mn-d5 and Base-d6), ~ 40
um (6Mn-d41 and Base-d40), and ~ 140 ym (6Mn-d139
and Base-d147). Strain-induced martensitic transforma-
tion (SIMT) occurred around the grain boundaries and
twin boundaries, regardless of the alloy composition or
grain size. In ASTM F90 CCWN and Co-28Cr—6Mo
(mass pct) alloys, it was experimentally determined that
the SIMT &-phase was formed at either grain boundaries
or ¥ 3-annealing twin boundaries.!'>!"?>% The SIMT
e-phase was formed at similar sites in the 6Mn alloys in
this study.

From the phase map shown in Figure 10, the e-phase
fractions (f;) of each fractured specimen can be evalu-
ated. Figure 11 shows the relationship between the
e-phase fraction and true strain at the fracture for each
fractured specimen. Despite the grain size, the true
strain at the fracture in 6Mn alloys with a high SFE was
larger than that in the Base alloys. Moreover, the
e-phase fractions at the fracture for each grain size were
approximately equal and independent of the SFE.

The microstructural evolution during plastic defor-
mation was also investigated for the 6Mn-d139 and
Base-d147 alloys, which showed a significant difference
in ductility. Figure 12 shows the EBSD IPF, KAM, and
phase maps of the specimens with no true strain before
the tensile test, with true strain levels of 0.15, 0.4, and
after the fracture in tensile testing. The effect of true
strain on the e-phase fraction of the 6Mn-d139 and
Base-d147 alloys is shown in Figure 13. At least three
phase maps were used to estimate the e-phase fraction.

METALLURGICAL AND MATERIALS TRANSACTIONS A



6Mn d41 6Mn-d139

(@[ emMn-d5

Phase

(b) Base d6 Base- d40 Base-d147

IPF

Phase

fcc-Co 111 hep-Co

1070 > B : y-phase (fcc-Co)
Tensile direction [l : -phase (hop-Co)

001 101 0001 2110

Fig. I0—EBSD IPF and phase maps of the fractured specimens
after tensile test. (¢) 6Mn-d5, 6Mn-d41, and 6Mn-d139 and (b)
Base-d6, Base-d40, and Base-d147 alloys.
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Fig. 11—Relationship between e-phase fraction and the true strain
of the fractured 6Mn and Base alloys.
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True strain: 0 |True strain: 0.15| True strain: 0.4

Fractured

6Mn-d139

Base-d147

g” .
fce-Co 111 hep-Co

1070 B : v-phase (fcc-Co) Mm Max

<«
Tensile direction M : =-phase (hcp-Co) 0 5

001 101 0001 2170

Fig. 12—EBSD (a) through (d), (e) through (h) IPF, (a’) through
(d), (¢') through (4') phase, and (a”) through (d”), (¢”) through (4”)
KAM maps of the strained 6Mn-d139 and Base-d147alloys.

In the early stage of deformation, up to a true strain
level of 0.15, both the 6Mn-d139 and Base-d147 alloys
consisted of a single y-phase. As the KAM maps in
Figure 12 show, the strain levels in both alloys increase
at grain boundaries and twin boundaries, and disloca-
tions accumulate at these sites. At this stage, only
dislocation glide occurs instead of SIMT.

In the middle stage, at a true strain of 0.4, e-phase was
formed through SIMT in both 6Mn and Base alloys.
The e-phase fraction of the 6Mn alloy was lower than
that of the Base alloy, as shown in Figure 13. Rémy and
Pineau*'! reported that both SIMT and deformation
twinning occurred in Co-based alloys when the SFE
values were 15 to 20 mJ m 2, and the dominant modes
were deformation twinning and dlSlOCdthIl slip when
the SFE values were 20 to 30 mJ m 2 and greater than
50 mJ m 2, respectively. This indicates that SIMT or
deformation twinning is suppressed with increasing
SFE. In our previous study, the SFE of the Base alloy
was calculated using Thermo-Calc (thermodynamic
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Fig. 13—Effect of true strain on ¢-phase fraction of 6Mn-d139 and
Base-d147 alloys.

calculation software, database: TCFE9) and was esti-
mated as approximately 25 mJ m 2 at 300 K.!'”
Considering the report by Rémy and Pineau,*!) SIMT
should not occur and only deformation twinning should
occur in the Base alloy. However, in the Base alloys to
which a strain of 30 pct or more was apFlied, the
formation of e-phase by SIMT was observed,'” i.e., in
the Co-based alloys, both SIMT and deformation
twinning are considered to occur even when the SFE
of the alloy is approximately 25 mJ m 2.

From our previous study'' 7 and calculation results of
SFE in the Co—xMn binary system shown in Figure 8,
the SFE of 6Mn alloys was expected to be approxi-
mately 31 mJ m 2. Therefore, deformation twinning
may occur preferentially when 6Mn alloys are plastically
deformed at room temperature. From these results, in
this study, SIMT could be suppressed in the middle
stage of deformation owing to the increase in SFE with
Mn addition.

In the fractured specimens at the last stage, the
e-phase fractions at the fracture were approximately the
same despite the SFE, and the true strain at the fracture
was higher in 6Mn alloy than in the Base alloy, as
aforementioned. These results suggest that the onset of
SIMT was delayed with increasing SFE. Therefore, it
was noted that the 6Mn alloy showed higher ductility
than the Base alloy.

C. Effect of Mn Addition on Corrosion Properties

Ha et al.*? reported that in Fe-23Cr-xMn (x = 0, 3,
6, 8 mass pct) alloys without non-metallic inclusions,
such as MnS, the stability of passive films decreased
owing to a decrease in the pitting potential with the
addition of Mn, indicating that Mn has a negative effect
on the corrosion resistance of the alloys. However, in
this study, there is no significant difference in OCP and
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passive current density between the 6Mn alloy and the
Base alloy. The 6Mn alloys contain 19 mass pct of Cr,
which is within the ASTM F90 standard composition
range. Cr promotes passivation of the alloy surface, and
the 10 mass pct Ni provides other beneficial corrosion
resistance effects.**! Furthermore, they contained 15
mass pct of W, which increased the pitting resistance.
These elements (Cr, Ni, and W) may have reduced the
negative effects of Mn addition to the Co alloys. Wang
et al™ have developed a Co-20Cr-12Fe-18Mn—
2Mo—-4W-0.4N alloy (mass pct) as a Ni-free Co—Cr
alloy for intravascular stents. They reported that even
alloys containing 18 mass pct of Mn, which are higher
than that in the 6Mn alloys, have the same level of
corrosion resistance as ASTM F90 CCWN alloy.
Therefore, it was considered that the addition of Mn
up to 6 mass pct would not significantly affect the
primary passivation film formation behavior of CCWN
alloys in body fluids.

In the secondary passivation region, the 6Mn alloys
showed lower current densities than the Base alloys. The
main factor of secondary passivation in the CCWN
alloys is considered to be the formation of CoO and/or
C0,05.* It was presumed that Mn,03 was formed by
adding Mn to the CCWN alloy, which contributed to
the secondary passivation along with cobalt oxides.[*®!
Therefore, the current density of the 6Mn alloys in the
secondary passivation region was lower than that of the
Base alloy.

The effects of CCWN alloy Mn content on pitting and
crevice corrosion behavior have not been analyzed in
this study, and thus, further investigation is required.

V. CONCLUSIONS

In this study, we developed a Co—Cr—W-Ni—Mn alloy
by adding 6 mass pct of Mn to the ASTM F90 CCWN
alloy for use as balloon-expandable stents and subjected
it to thermomechanical treatment. The effects of adding
Mn on the microstructure, mechanical properties, and
corrosion properties of the alloys were investigated. The
following conclusions were drawn:

1. The yield stress of the recrystallized alloys decreased
with the addition of Mn. This might be owing to the
suppression of intersecting stacking faults caused by
increasing the SFE with the addition of Mn.

2. The 6Mn alloys showed higher ductility than the
ASTM F90 CCWN alloys because of the suppres-
sion of SIMT from the y-phase to e-phase by
increasing the SFE.

3. The 6Mn alloys showed good corrosion resistance
similar to ASTM F90 CCWN alloy.

4. The 6Mn alloy with a grain size of ~ 20 um
(recrystallization condition: 1523 K, 150 seconds)
exhibited an ultimate tensile strength of 1131 MPa, 0.2
pet proofstress of 535 MPa, and a plastic elongation of
66 pct. This alloy is a candidate for a balloon-expand-
able stent material because of its higher ductility and
lower yield stress while maintaining high strength
compared to ASTM F90 CCWN alloys.
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