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Abstract: The microstructure, phase component, corrosion resistance, microhardness, and mechanical
property of the as-cast CoCrW-(0~5)Ni-(1~4)Cu alloys were investigated to reveal the synergistic effect
of Ni and Cu by using X-ray diffraction, scanning electron microscopy, electron probe microanalysis,
microhardness tests, and compression tests. The alloys exhibited coarse grains consisting of dendritic
substructures. No precipitate was observed in the alloys, but dendritic segregation of Cu in the
interdendritic regions and grain boundaries was observed. The phase component of all alloys consists
of y phase and ¢ phase; the ¢ phase fraction decreased with increasing Ni or Cu content. The corrosion
resistance of these alloys decreased with increasing Cu content when the Cu content was greater
than 1 wt.%. The addition of Cu or Ni reduced the hardness significantly. The compressive yield
strength showed an increasing tendency with increasing Cu content, but the influence of Ni content
on compressive yield strength was limited. The results demonstrated that it should be feasible to
fabricate a new biomedical CoCrWNiCu alloy by regulating Ni and Cu content, which should be a
new development direction of Co-based alloy.

Keywords: CoCrWNiCu alloys; Cu element; Ni element; solidification segregation; corrosion resis-
tance; mechanical property

1. Introduction

Biomedical Co-based alloys with excellent corrosion resistance, mechanical proper-
ties, and biocompatibility have been widely used as dental implants, orthopedic implants,
and metallic stents [1,2]. In recent years, metallic stents used for decreasing blockages in
coronary arteries have had remarkable significance in treating cardiovascular and cere-
brovascular diseases [3]. Commonly, stainless steel, titanium, and Co-based alloys have
been widely used to fabricate metallic stents [4]. 316L stainless steel is the most common
metal used for stent applications due to its excellent mechanical properties and corrosion
resistance [5]. However, 316L stainless steel is a kind of non-magnetic resonance imaging
compatible material, and the poor biocompatibility of 316L stainless is an urgent problem
need to deal with [4]. Ti and its alloys have high yield strength and excellent biocompatibil-
ity, but the tensile strength of Ti is significantly lower than that of Co-based alloys, which
means there is a higher probability of tensile failure with Ti stents [6,7]. The mechanical
properties of these alloys are listed in Table 1.

It should be noted that Co-based alloys have garnered great attention as a result of
their excellent elastic modulus. Based on this aspect, Co-based alloys could be used to man-
ufacture ultra-thin struts with high radial strength and good ductility simultaneously [8-10].
Co-based alloys are magnetic resonance imaging compatible, which is superior to other
alloys such as stainless steel [11]. Furthermore, the L-605 (Co20Cr15W10Ni, wt.%) alloy
used for metallic stents has been approved by the Food and Drug Administration (FDA) [4].
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The requirement for the nickel element content in 316L stainless steel and the L-605 alloy is
10~14 and 9~11 (wt.%), respectively; however, the International Agency for Research on
Cancer and the National Toxicology Program reported that nickel and nickel compounds
are reasonably believed to be a human carcinogen [12]. Therefore, the development of a
Ni-free or low Ni content alloy is extremely urgent.

Table 1. Mechanical properties of stainless steel, titanium, and Co-Cr alloys.

Alloys Elastic Yield Tensile Density/ Ref

Modulus/GPa  Strength/MPa Strength/MPa g-cm—3 ’

Co-Cr (ASTM F90) 210 448-648 951-1220 9.2 [4,7]

316L stainless steel 190 331 586 79 [4,7]

Ti (ASTM F67) 110 485 760 4.5 [4,7]
Ti-6Al-4V 116 896 965 [7]
Fe-18Cr-12Mn-0.39N 1010 1150 [13]

P. Behjati et al. designed a new Ni-free austenitic stainless steel (Fe-18Cr-12Mn-0.39N)
with ultrahigh strength and high ductility [13]. Jie Liu et al. proved that the effect of N
on Fe-Cr-Ni alloys was more distinct compared with Ni in terms of stacking-fault energy,
which was inextricably linked to the formation of austenite [14]. Furthermore, Joseph et al.
investigated the possibility of the replacement of Ni with Mn, Mo, and N in austenitic
stainless steels. They found that nickel was not essential for the formation of nitrogen-rich
modified layers in the low temperature plasma nitriding process, which is used to increase
the wear resistance of austenitic stainless steels [15]. Among all these situations, the effect of
nickel in these alloy systems mainly promotes the formation of austenite. Kenta Yamanaka
et al. investigated the phase stability of Co-(5~55)Ni-19Cr-9Mo (wt.%) alloys with different
Ni contents [16] and found that the phase component of 15Ni~55Ni alloys was a single
v-phase. After tensile fracture, strain induced martensite could be found only in the 5Ni
and 15Ni alloy. No strain induced martensite was detected in the high-Ni content samples.
However, there are hardly any investigations focused on the influence of nickel content on
the phase stability of the CoCrW alloy system.

There are several austenitic stabilization elements which could decrease the martensite
transformation temperature and retard the martensite transformation of Co-based alloys,
such as N, C, Ni, and Cu [17,18]. Among these elements, Cu has been widely used to design
anew Cu-bearing metal-based antibacterial biomaterial in recent years [19]. The addition of
Cuin stainless steel could not only improve the corrosion resistance [20] and tensile strength
of stainless steel [21], but also conduce to reduce in-stent restenosis [22]. As is well known,
in-stent restenosis is the main problem in the employment of metallic stents. Ti-Cu alloys
exhibit a good mechanical property, corrosion resistance, a strong antibacterial property,
and excellent cytocompatibility, in which Ti;Cu precipitation plays a key role [19,23,24].
Furthermore, Cu could promote the formation of austenite in stainless steel and Co-based
alloys [18,21], leading to the possibility that nickel could be replaced by copper in L-605
alloy. Rehman et al. investigated the influence of the addition of Cu in place of Ni on the Ti
shape memory alloys [25]. They found that the mechanical properties of Cu-containing
alloys were higher than that of the Cu-free alloy and the martensite start temperatures
increased with increasing Cu concentration. The shape-memory properties were enhanced
by the addition of Cu up to 10%. However, in order to confirm the possibility of replacing
nickel with copper in L-605 alloy, the synergistic effect of Ni and Cu on the microstructure
and properties of the as-cast biomedical CoCrW alloy should be investigated first.

In addition, the corrosion resistance of biomaterial is an important issue. The elemental
constitute of alloy is an important influence factor on corrosion resistance; conversely, the
corrosion resistance is more influenced by the property of passive film formed on the alloy
surface [3]. For example, Hanawa found that Fe was preferentially released from stainless
steel and Co was preferentially released from a Co-based alloy [26]. Meanwhile, biomateri-
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als with strong corrosion-resistant oxide surfaces could improve their biocompatibility by
reducing their metal ion release [3].

In this study, we aim to investigate the synergistic effect of Ni and Cu on the mi-
crostructure evolution, corrosion resistance, and mechanical properties of biomedical as-
cast Co-based alloy. We systematically analyzed the relationship among the microstructure,
phase component, corrosion resistance, and mechanical properties. The results demon-
strated that it could develop a new biomedical material by controlling the Ni and Cu
contents in a CoCrWNiCu alloy.

2. Materials and Methods
2.1. Alloys Preparation

Commercial pure cobalt (Co, 99.9%), chromium (Cr, 99.9%), and tungsten (W, 99.9%)
were used to prepare the ingots of Co-20Cr-15W alloy and Co-23Cr-17W alloy by vacuum
suspension melting furnace. Then, the Co-20Cr-15W alloy, Co-23Cr-17W alloy, pure nickel
(Ni, 99.9%), and copper (Cu, 99.9%) were melted in a vacuum arc furnace to prepare the
Co-Cr-W-xNi-yCu alloys (x =0/3/5,y =0/1/2/4, wt.%). The chemical composition of
the prepared alloys is listed in Table 2. The alloys with different Ni or Cu contents were
abbreviated as, for example, CoCrW, CoCrW-3Ni-1Cu, CoCrW-5Ni-4Cu, and so on.

Table 2. Chemical composition of CoCrW-xNi-yCu alloys (wt.%).

Alloys Co Cr W Ni Cu
CoCrW Bal. 21.0 14.6 - -
CoCrW-1Cu Bal. 20.7 14.1 - 0.9
CoCrW-2Cu Bal. 20.4 14.0 - 1.9
CoCrW-4Cu Bal. 21.6 14.7 - 3.9
CoCrW-3Ni-1Cu Bal. 21.6 14.4 3.2 1.0
CoCrW-3Ni-2Cu Bal. 20.0 14.0 3.2 1.9
CoCrW-3Ni-4Cu Bal. 20.5 14.7 3.3 3.8
CoCrW-5Ni-1Cu Bal. 20.7 14.5 53 1.0
CoCrW-5Ni-2Cu Bal. 19.3 14.0 5.1 1.9
CoCrW-5Ni-4Cu Bal. 21.7 14.3 5.2 3.8

2.2. Microstructure Observation

A disk specimen (15 mm x 2 mm) for microstructure observation was cut from the
ingots by wire cutting and ground with SiC emery papers up to 3000 grits. The phase
component of alloys was analyzed on D/MAX-RB X-ray diffractometer (Rigaku, Tokyo,
Japan) with a measurement range of 20 as 40° to 100°. The JCPDS (The Joint Committee
on Powder Diffraction Standards) card numbers used to identify XRD (X-ray diffraction)
phases in this paper were PDF#15-0806 for vy phase and PDF#05-0727 for ¢ phase (PDF:
Powder Diffraction File). The relative fraction of the considered phase was estimated by
the formula [27]:

gohase (o) = Elpeskor g )
r IpeaksTot
where A is the considered phase, the numerator is the sum of the intensities of all the peaks
belonging to the considered phase, and the denominator is the sum of the intensities of
all peaks. For example, to calculate the relative fraction of the ¢ phase, the numerator in
this equation was the sum of integrated intensities of all peaks of the ¢ phase, while the
denominator was the sum of the integrated intensities of all peaks in both phases.

Microstructure observation and composition analysis were performed by JSM7800F
field-emission scanning electron microscopy (SEM, Japan Electron Optics Laboratory, Tokyo,
Japan) and JXA8530F field-emission electron probe microanalysis (EPMA, Japan Electron
Optics Laboratory, Tokyo, Japan). Samples were electrolytic etched in HyO,:HCI = 6:1
aqueous solution for 30 s at a voltage of 6 V, while the samples for EPMA were electrolytic
etched for 5 s.
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2.3. Electrochemical Test

The electrolyte solution used for the corrosion resistance test was 0.9% NaCl solution.
A water bath heater was used to maintain the temperature of the electrolyte solution at
37 £1 °C. A three-electrode system was used to evaluate the electrochemical properties.
The electrochemical impedance spectroscopy (EIS) test was conducted after an open circuit
potential (OCP) test, which lasted for 1 h. Then, the Tafel curves were obtained at a scan
rate of 1 mV/s.

2.4. Mechanical Properties

The Vickers hardness meter (MH-500, Wuxi Deep Instrument Equipment Co., Ltd.,
Wuxi, China) was used to test the micro-hardness of alloys. The test load was 500 g and
the duration time was 10 s. Ten different fields were selected randomly. Samples for a
compression test were prepared with a dimension of 8 x 8 x 10 mm?. The measurement
was carried out on AG-Xplus electronic universal testing machine (Shimadzu, Tokyo, Japan)
with a speed of 1 mm/min.

3. Results
3.1. Microstructure

SEM images of the CoCrW-yCu alloys (Figure 1a-d), CoCrW-3Ni-yCu alloys (Figure le-g),
and CoCrW-5Ni-yCu alloys (Figure 1h—j) are shown in Figure 1. Typical dendrites formed
in all alloys, regardless of the Ni or Cu content. The variation of dendritic thicknesses
was mainly caused by the different sampling position on different ingots. The ingots
investigated in this study were fabricated in a vacuum arc furnace. The microstructure of
the conventional cast alloy was usually inhomogeneous. The samples were cut from ingots
randomly, which might cause different dendritic thicknesses. Meanwhile, the melting point
and diffusion coefficient of different elements and the solidification rate would affect the
dendritic thicknesses. The grain boundary of CoCrW-xNi-4Cu (x = 0/3/5) alloys was more
obvious compared with other alloys. Many etching pits, which were mainly distributed in
the interdendritic space, could be seen in CoCrW-xNi-4Cu (x = 0/3/5) alloys. However, no
precipitate was found in any samples. This result shows that no significant change was
observed in the microstructure among alloys with different Ni contents, while the grain
boundary was more obvious in the alloys with high Cu content.

Figures 2 and 3 show the SEM images and element composition maps for the CoCrW-
4Cu alloy at low-magnification and high-magnification, respectively. They revealed distinct
solidification segregation, where Cu and Cr were enriched in the interdendritic regions.
Figure 3 shows a trigeminal grain boundary, which shows that the partial grain boundary
was a Cu-depleted region, but the appearance of Cu depletion was not found in the white
elliptic region; however, our previous studies found that Cu was slightly enriched near
the grain boundary in the Co20Cr15W10Ni-Cu alloy and Co27Cr6Mo-Cu alloy, while Co
and Ni were completely miscible [28,29]. Therefore, it can be deduced that Cu was mainly
segregated at the grain boundary. During the electrolytic etching process, partial Cu that
is enriched at grain boundaries might dissolve, which leads to the Cu-depleted region at
grain boundary. There was no sign of precipitates, which is in accordance with SEM results.
The influence of Cu content on the microstructure was mainly embodied in the region of
the grain boundary and etching pits, which might be caused by dendritic segregation. The
grain boundary was more easily etched by CoCrW-xNi-4Cu (x = 0/3/5) alloys compared
with other alloys.
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Figure 1. SEM images of the as-cast CoCrW-xNi-yCu alloys: (a) CoCrW, (b) CoCrW-1Cu, (c¢) CoCrW-
2Cu, (d) CoCrW-4Cu, (e) CoCrW-3Ni-1Cu, (f) CoCrW-3Ni-2Cu, (g) CoCrW-3Ni-4Cu, (h) CoCrW-5Ni-
1Cu, (i) CoCrW-5Ni-2Cu, and (j) CoCrW-5Ni-4Cu alloys.

High

Low

Figure 2. SEM images and corresponding EPMA elemental maps of the CoCrW-4Cu alloy at low
magnification. (SE: Secondary electron; BSE: Backscattered electron).
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Low

Figure 3. SEM images and corresponding EPMA elemental maps of the CoCrW-4Cu alloy at high
magnification. (The white circle marked grain boundary).

3.2. Phase Identification

Figure 4 shows XRD profiles of the as-cast CoCrW-xNi-yCu alloys. XRD patterns
show that both y phase and ¢ phase were found in all samples. Strong peaks originating
from the y phase were observed in most alloys such as CoCrW-1Cu, CoCrW-4Cu, CoCrW-
3Ni-1Cu, and CoCrW-5Ni-1Cu alloys, which means that the fraction of the v phase in
these alloys was relatively high. Table 3 lists the calculated volume fraction (%) of the
¢ phase in different alloys. In the CoCrW-yCu alloy, the calculated volume fraction of
the ¢ phase decreased from 24.9% to 17.0% by increasing Cu content. The situation of
CoCrW-3/5Ni-yCu alloys was consistent with the CoCrW-yCu alloy, which indicates that
increasing the Cu content could reduce the fraction of the ¢ phase and increase the fraction
of the v phase. Furthermore, adding Ni could also decrease the fraction of the ¢ phase.
For instance, the calculated volume fraction of ¢ phase decreased from 18.5% to 15.7% by
increasing Ni content in the CoCrW-xNi-1Cu alloy (x = 0/3/5); thus, the enhancement of
Ni or Cu content could retard the martensite transformation and decrease the fraction of
the ¢ phase and increase the fraction of the y phase.

Table 3. The calculated volume fraction (%) of hcp e-phase in the as-cast CoCrW-xNi-yCu alloys.

Alloys 0Cu 1Cu 2Cu 4Cu
ONi 249 18.5 17.3 17.0
3Ni - 17.4 16.6 15.7

5Ni - 15.7 15.6 14.5
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Figure 4. XRD patterns of the as-cast CoCrW-xNi-yCu alloys.

3.3. Electrochemical Test

Figure 5a,c,e shows the OCP vs immersion time of CoCrW-xNi-yCu alloys in a 0.9%
NaCl solution. The OCP value rapidly increased and reached a near steady state at the
initial stage of immersion, which originated from the formation and growth of a passive film.
Figure 5b,d,f shows the polarization curves of CoCrW-xNi-yCu alloys. The polarization
curves displayed similar trends for all alloys. There was a small but distinct active-passive
transition in CoCrW-xNi-4Cu (x = 0/3/5) alloys, which indicates that these alloys could
not spontaneously be passivated. As the potential increased, active-passive transition
occurred due to the formation of the protective Cr substance [30]. When the potentials
became more positive, the corrosion rate increased and reached the maximum, at which
time more insoluble corrosion products formed and caused a sudden drop in the corrosion
current density. The rate of anodic reaction was controlled by the dynamic formation
and dissolution of such corrosion products [31]. The active-passive transition might be
caused by the repetitive partial dissolution and reprecipitation of the surface oxide film
on the materials in an aqueous solution [26]. Table 4 lists the electrochemical parameters
obtained from the OCP and Tafel curves. When the Ni content was constant but the Cu
content increased, the Eqcp and E.rr moved towards a positive direction. The ic,, of the
CoCrW-xNi-yCu alloys increased with increasing Cu content when the Cu content was
greater than 1 wt.%. For example, the i value of the CoCrW-3Ni-1Cu alloy was lower
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than that of the CoCrW-3Ni-2/4Cu alloys. However, the icor of the CoCrW alloy was the
highest among these alloys.
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Figure 5. (a,c,e) Open-circuit potential (OCP) and (b,d,f) Tafel curves of the as-cast CoCrW-xNi-yCu
alloys: (a,b) CoCrW-yCu, (c,d) CoCrW-3Ni-yCu, and (e,f) CoCrW-5Ni-yCu alloys.

Table 4. Electrochemical data obtained from OCP curves and polarization curves.

Alloys Eocp (mV) Ecorr (mV) icorr (NA/cm?)
CoCrW —343.82 +£4.01 —372.22 £ 18.74 73.42 +£9.45
CoCrW-1Cu —337.38 £9.41 —411.60 £ 14.36 4714 + 6.75
CoCrW-2Cu —328.18 £ 2.38 —398.72 + 11.86 53.46 4+ 4.54
CoCrW-4Cu —305.48 + 16.03 —353.32 £ 27.58 71.51 +10.93
CoCrW-3Ni-1Cu —340.44 £9.15 —437.67 £ 23.46 46.70 + 1.97
CoCrW-3Ni-2Cu —331.24 £ 10.51 —400.87 4 28.58 60.27 +10.31
CoCrW-3Ni-4Cu —306.09 £+ 9.25 —382.15 + 35.69 63.15 + 8.59
CoCrW-5Ni-1Cu —31591 £ 15.74 —405.16 £ 24.02 52.05 £ 10.77
CoCrW-5Ni-2Cu —293.52 £ 32.09 —353.94 4 49.69 60.33 4= 3.83
CoCrW-5Ni-4Cu —302.72 £ 20.65 —351.48 £+ 30.31 60.61 + 5.93
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Figure 6a,c,e shows the Nyquist diagrams of the as-cast CoCrW-xNi-yCu alloys. All
samples exhibited a characteristic single capacitive. The circular arc radius was reduced
by increasing Cu content when the Cu content was greater than 1 wt.%. Furthermore, the
CoCrW alloy showed a smaller circular arc than the Cu-containing CoCrW alloys.
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Figure 6. (a,c,e) Nyquist plot diagram, (b,d,f) Bode and Bode phase plot diagram of the as-cast
CoCrW-xNi-yCu alloys: (a,b) CoCrW-yCu, (¢,d) CoCrW-3Ni-yCu and, (e,f) CoCrW-5Ni-yCu alloys.

Figure 6b,d,f shows the variation of the Bode and Bode phase plot diagram of the as-
cast CoCrW-xNi-yCu alloys. There were some indications that a typical capacitive behavior
occurred in the surface of samples. For instance, the value of Z was almost constant in the
high frequency region, whereas the phase angle was near zero degree. The slope of the
absolute impedance curve was close to —1 in association with a phase angle near 80° in the
middle and low frequency regions. Therefore, ZSimpWin software was used to fit the EIS
data and an Rs(QRp) equivalent circuit was selected.

Table 5 summarizes the electrochemical data obtained from EIS curves. The solution
resistance (Rs) values were close to 20 Q-cm? for all samples in normal saline. The value of
Rp was reduced by increasing Cu content when the Cu content was greater than 1 wt.%.
On the contrary, the variation of the R, was very small when the Ni content changed. The
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Rp of the The CoCrW alloy was the lowest among CoCrW-yCu alloys; therefore, it can
be concluded that the influence of Cu content was more severe than the influence of Ni
content on the corrosion resistance. However, the corrosion resistance of the CoCrW-1Cu
alloy was higher than that of the CoCrW alloy, which means that proper Cu could enhance
corrosion resistance while excess Cu would reduce corrosion resistance. The change in Ni
content did not visibly affect the corrosion resistance.

Table 5. Electrochemical data obtained from EIS curves after fitting using ZsimpWin software.

Alloys R, ((-cm?) CPE (uF-cm~2) n Rp (kQ-cm?)
CoCrW 18.89 + 1.01 39.76 + 3.42 0.9114 +0.0048  274.43 +17.91
CoCrW-1Cu 19.68 + 1.88 33.01 +2.85 09126 £ 0.0110  440.37 + 50.63
CoCrW-2Cu 20.07 + 2.56 37.73 £ 0.95 0.9159 +0.0052  352.73 & 17.74
CoCrW-4Cu 19.61 & 0.28 36.53 + 0.31 0.9151 +0.0027  292.43 + 46.73
CoCrW-3Ni-1Cu  21.35 £ 2.09 38.69 + 1.75 0.9160 £ 0.0030  431.87 +5.11
CoCrW-3Ni-2Cu 2228 £1.77 39.20 + 3.49 09162 +£0.0022  349.23 4 38.76
CoCrW-3Ni-4Cu 2039 £ 1.15 35.86 =+ 4.35 0.9263 £ 0.0053  339.73 + 66.52
CoCrW-5Ni-1Cu  19.44 + 1.30 36.34 =+ 2.62 0.9146 £ 0.0057  422.60 + 42.41
CoCrW-5Ni-2Cu  23.69 +0.13 34.86 + 2.35 0.9254 +0.0041  358.80 & 10.78
CoCrW-5Ni-4Cu  20.33 £ 0.62 35.53 =+ 3.43 0.9243 £ 0.0047  347.90 + 38.56

3.4. Mechanical Properties

Figure 7 shows the change in microhardness of the as-cast CoCrW-xNi-yCu alloys. The
addition of Cu reduced the hardness significantly but no difference was found among the
alloys with different Cu contents. Meanwhile, the addition of Ni also reduced the hardness
in a content dependent way. The compressive stress-strain curves and compressive yield
strength are shown in Figure 8. It can be concluded that all samples showed good ductility;
only CoCrW-xNi-4Cu (x = 0/3/5) alloys were fractured at the final stage of the test. The
yield strength of the CoCrW alloy was relatively higher compared with the CoCrW-1Cu
alloy. For Cu-containing alloys, the yield strength showed an increasing tendency when
increasing the Cu content; however, the influence of Ni content on yield strength was
limited and the influence of Cu content on mechanical properties was more severe than
that of the Ni content.

310 =
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Figure 7. Microhardness of the as-cast CoCrW-xNi-yCu alloys.
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Figure 8. (a—c) Typical compressive stress-strain curves and (d) Compressive yield strength of as-cast

CoCrW-xNi-yCu alloys.

4. Discussion

In general, martensite transformation (fcc phase to hcp phase) is often induced during
the solidification process for as-cast Co-based alloys, which means the y phase is stable
at high temperatures while the ¢ phase is stable at room temperature [26,32,33]. XRD
analysis revealed that y phase and ¢ phase were simultaneously confirmed in the as-cast
CoCrW-xNi-yCu alloys. No diffraction peak of other precipitate phase was found. Strong
peaks belong to the y-phase were observed in the CoCrW-1Cu, CoCrW-4Cu, CoCrW-3Ni-
1/2/4Cu, and CoCrW-5Ni-1Cu alloys. It has been proven that the addition of nickel or
copper could stabilize the y phase of Co-based alloys [18,28,29]. Although some diffraction
peaks of y phase and ¢ phase were very close, such as the peaks around 44°, 75°, and 92°,
it can be recognized that the phase constitution of these alloys was mainly y-phase even in
the CoCrW alloy, which was confirmed by the calculated results of the volume fraction (%)
of hep ¢ phase of the as-cast CoCrW-xNi-yCu alloys. Therefore, Cu and Ni could retard the
martensite transformation of the as-cast Co-based alloy. Yang et al. investigated the stacking
fault energy of different binary Co-based alloys with a computational thermodynamic
approach and first principles density functional theory calculations [34,35]. They found
that alloying with Fe, Ni, and Mn atoms could increase the stacking fault energy while
alloying with Mo and Cr atoms could decrease the stacking fault energy. The formation of
the stacking fault is regarded as the beginning of martensite transformation in Co-based
alloys [36]. Chiba et al. found that the presence of nano precipitates (Cr,N) and the short-
range order of Cr and N atoms could suppress the athermal martensitic transformation
in the y-phase of the CoCrMoN alloy [37]. Zhang et al. also found a Cu-rich phase that
could retard the martensitic transformation in the CoCrMoCu alloy [18]. However, a single
Y-phase structure has not been found even in the CoCrWNiCu alloy with highest Ni and
Cu content in this paper. It should be noted that the phase constitution of the CoCrW-10Ni
alloy and CoCrW-10Ni-4Cu alloy was mainly composed of v phase and a little € phase [29].
Therefore, the variation of Ni or Cu content in the as-cast CoCrW-xNi-yCu alloys did not
have a strong impact on the phase constitution because the fraction of the hcp ¢ phase of
the as-cast CoCrW alloy was relatively small.
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The SEM results in Figure 1 indicate that all alloys exhibited a coarse dendritic structure
without any precipitates. It should be noted that the grain boundary of CoCrW-xNi-4Cu
(x =0/3/5) alloys emerged after electrolytic etching while other alloys did not. In order
to explore the solidification segregation, the EPMA analysis of the CoCrW-4Cu alloy was
conducted. The EPMA results in Figures 2 and 3 revealed that the interdendritic region
and grain boundary were enriched with Cu. Generally, as-cast alloys mainly exhibit a
characteristic dendritic structure caused by solidification conditions and alloy chemical
composition. Tungsten is a type of refractory metal, while the melting point of copper is
just 1083 °C. In this situation, dendritic segregation is easily formed. It can be concluded
from the Co-Cu and Cr-Cu binary phase diagram that Cu is nearly undissolved in Co
or Cr at room temperature [28]; however, there is no intermetallic compound that could
form between Cu and Co/Cr, but Ni could be totally dissolved in Co [18]. Therefore,
the segregation of the Cu element can be formed more easily in this alloy system. Kenta
Yamanaka et al. investigated the solidification segregation of N-containing Co-33Cr-9W
alloys [1] and found that the interdendritic regions were enriched with Cr and W, but
depleted of Co. Zhang et al. also found dendritic segregation of Cu element in the as-cast
CoCrMoCu alloys and CoCrWNiCu alloys [28,29]. They also found that Cu was enriched
slightly at the grain boundaries, which is in line with the results of Figure 3.

In addition to solidification segregation, many intermetallic compounds could be
found in the as-cast Co-based alloys like o-phase and R-phase [1,32]. Several studies
focused on improving the strength and ductility of as-cast Co-based alloys by adding
nitrogen and carbon and so on [32,38]. In these studies, chromium-rich intermetallic
compound and R-phase were found in addition to solidification segregation. However,
there was no any sign of the intermetallic compound in the as-cast CoCrW-xNi-yCu alloys.
In summary, the change of Ni content has no significant influence on microstructure.
Meanwhile, the segregation of Cu and its migration into the interdendritic regions during
solidification did not cause any precipitation of the intermetallic compound.

It is interesting that copper depletion at the grain boundary was found in Figure 3,
which was caused by the dissolution of Cu during electrolytic etching process. As is
well known, chromium depleted regions at the grain boundary in many stainless steels
are commonly reported [39,40]. T. Thorvaldsson et al. found chromium-depleted zones
formed at the grain boundaries of niobium and titanium stabilized austenitic stainless
steels after ageing treatment [41]. Generally, the formation of chromium depleted regions is
often associated with the precipitation of chromium-rich phases [39,41,42]; however, no
Cu-enriched precipitate was found in the as-cast CoCrW-xNi-yCu alloys. Therefore, copper
depleted zones caused by a Cu-enriched precipitate was not likely to be formed in this
alloy system.

The corrosion resistance of alloys is closely related to their microstructure. The corro-
sion resistance of CoCrW-xNi-yCu alloys was reduced by increasing Cu content when the
Cu content was greater than 1 wt.%. Furthermore, the corrosion resistance of the CoCrW
alloy is the lowest among these alloys, which means that proper Cu addition could enhance
corrosion resistance; however, the variation of corrosion resistance caused by different Ni
content of alloys was limited.

The influence of different chemical compositions on the corrosion resistance of CoCrW-
xNi-yCu alloys is closely related to the Ni content and Cu content, respectively. Conversely,
Ni content could not visibly affect the corrosion resistance. J.H. Potgieter et al. found that
increasing the nickel content of duplex stainless steel could increase its pitting resistance in
sodium chloride [43], which originated from the presence of the passive nickel oxide layer.
However, Munoz et al. noted that this passive nickel oxide layer did not comparatively
enhance the passivation properties in halide environments because the film could be
destroyed by replacing the oxygen position with halide ions in the film [43,44]. Furthermore,
S. Azuma et al. found that the resistance of 4% Ni ferritic steel was higher than that of
0% Ni ferritic steel and 30% Ni austenitic steel in the seawater immersion test, which was
mainly due to its higher pitting potential and lower depassivation pH [45]. In this paper,
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although the Ni content varied from 0 wt.% to 5 wt.%, the solidification segregation of Ni
element was not apparent. Therefore, the corrosion resistance did not change distinctly
with increasing or reducing Ni content.

Conversely, the corrosion resistance of the CoCrW-1Cu alloy is higher than that of the
CoCrW alloy. Nevertheless, increasing Cu content could decrease the corrosion resistance
if the Ni content was 0 wt.%, 3 wt.%, or 5 wt.%. These results should be mainly attributed
to the dendritic segregation of Cu. Figures 2 and 3 showed that Cu was enriched in the
interdendritic region and grain boundary, which means that there were lots of Cu-rich
regions in these alloy systems. As is well known, the presence of a chromium depleted
region could decrease the corrosion resistance of the metallic alloys [46-50]. Similarly, the
Cu-rich regions might be responsible for the decreased corrosion resistance of the alloys in
this paper. The standard potential of the Cu/Cu?* couples is obviously nobler than other
elements in these alloy systems, which is the reason why the corrosion resistance of the
CoCrW-1Cu alloy is higher than that of the CoCrW alloy. The standard potential of the
Ni/Ni?* and Co/Co?* couples was very close. Therefore, galvanic corrosion was generated
between the Cu-rich region and matrix in the electrochemical testing. The galvanic corro-
sion was more severe when the Cu content increased, which was deleterious for corrosion
resistance. The Cu-rich region might break the uniform passive oxide (Cr,O3) [29,51-53];
thus, the corrosion resistance of CoCrW-xNi-yCu alloys was driven by the variation of Cu
content rather than Ni content, which shows that the corrosion resistance decreased by
increasing Cu content when the Cu content was greater than 1 wt.%. However, it should be
noted that the corrosion resistance of all alloys was relatively close apart from CoCrW and
CoCrW-0/3/5Ni-4Cu alloys.

The microhardness results showed a similar changing tendency by changing Cu or Ni
content. For instance, the microhardness decreased by increasing the Cu content when Ni
content remained unchanged. Similarly, the microhardness decreased by increasing the Ni
content. In Co-based alloys, the hardness is related to the fraction of constituent phases
and precipitates. Wei et al. found that the increase in the hcp ¢ phase proportion could
increase the hardness of Co-based alloys due to the higher hardness of the ¢ phase than
that of y phase [2,54]; there was no precipitate in these alloys. However, it should be noted
that the change in the microhardness was not obvious among all alloys as a result of the
small change in microstructure and phase component.

In the as-cast Cu-containing Co-based alloys, the factors that might affect mechanical
properties mainly consist of phase component, precipitates, solidification segregation, and
the solid solubility of Cu in matrix. Firstly, the fraction of the fccy phase was relatively high
among all alloys, which could enhance the plasticity of Co-base alloys. The ¢ phase fraction
slightly decreased when increasing the Ni or Cu content in this paper. For the CoCrW-1Cu
alloy, the yield strength was lower than that of the CoCrW alloy, which might be due to
the fact that the ¢ phase fraction of the CoCrW-1Cu alloy was a little lower and Cu has low
strength and good ductility. Li et al. found that the average grain size of the Co-(5-25)Ni-Cr-
Mo alloy was approximately the same, while the ¢ phase fraction decreased by increasing
the Ni content; the yield strength also decreased by increasing the Ni content [16]. However,
the yield strength of Cu-containing alloys increased by increasing the Cu content, which
might be related to the solidification segregation. Normally, the solid solubility of Cu in Co
at room temperature was very low, while approximately 20 wt.% Cu could dissolve in Co
at 1367 °C [28]. Therefore, Cu could gradually segregate during the solidification process
due to its low solid solubility in matrix and low melting point. It was proven that Cu was
enriched in the interdendritic regions in Figure 2. However, no precipitate was found in any
alloys. Liu et al. found that the Cu precipitates with high misfit and many crystal defects
in metastable austenite could improve its strength by precipitation hardening [55]. We
speculate that the Cu segregation region in a Co-based alloy might have large misfit with
the matrix, which could increase its alloy strength as precipitation hardening, much like
the effect of Cu precipitates in the high-strength low-alloy steel. Similarly, large amounts of
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Cu-rich regions might cause stress concentration during a compression test and finally lead
to fracture at the end of the test.

For biomaterial, cell toxicity is a subject worthy of special attention. Zhang et al.
proved that the CoCrW-10Ni-4Cu alloy exhibited as good biocompatibility as an L-605
alloy. However, the corrosion resistance of the CoCrW-10Ni-4Cu alloy was significantly
lower than that of the L-605 alloy [29]. The corrosion resistance of all alloys in this paper
was higher than the results of the CoCrW-10Ni-4Cu alloy; therefore, although there was no
any cytocompatibility experiment in this paper, it could be reasonably inferred to that no
alloy in this paper would cause cell toxicity.

In conclusion, dendritic segregation was obviously observed in the as-cast CoCrW-
xNi-yCu alloys. The dendritic segregation was more severe when increasing Cu content.
The ¢ phase fraction decreased by increasing the Ni or Cu content. Adding a slight amount
of Cu (1wt.%) in the CoCrW alloy could enhance its corrosion resistance. Although the
corrosion resistance decreased with increasing Cu content in Cu-containing alloys, it was
still higher than that of the Cu-free alloy. The addition of Cu or Ni reduced the hardness
significantly. The compressive yield strength showed an increasing tendency with increased
Cu content for Cu-containing alloys, while the influence of Ni content on compressive
yield strength was limited. The synergistic effect of Cu and Ni on the microstructure,
corrosion resistance, and mechanical properties were systematically investigated. The harm
of Ni as a carcinogen and the effect of Cu on reducing the occurrence of in-stent restenosis
should be considered simultaneously in the design of a CoCrWNiCu alloy. However, the
solidification segregation has a strong impact on the properties of Cu-containing Co-based
alloys. Therefore, more investigations focused on these alloys after heat treatments are
needed in the future.

5. Conclusions

(1) The addition of Cu or Ni retarded the martensite transformation and decreased the ¢
phase fraction of the CoCrWNiCu alloy. The addition of Cu promoted the segregation
of Cu at the interdendritic regions and grain boundaries.

(2) The addition of <1 wt.% Cu would enhance the corrosion resistance of CoCrW-xNi-
yCu alloys, but more Cu content would reduce it. The change in Ni content did not
affect the corrosion resistance visibly.

(3) The addition of Cu or Ni decreased the microhardness. The influence of Ni content on
yield strength was limited, but the compressive yield strength showed an increasing
tendency when increasing the Cu content.
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