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ABSTRACT

In the study, the microstructure, mechanical property and metal release behavior of
selective laser melted CoCrW alloys under different solution treatment conditions were
systemically investigated to assess their potential use in orthopedic implants. The effects
of the solution treatment on the microstructure, mechanical properties and metal release
were systematically studied by OM, SEM, XRD, tensile test, and ICP-AES, respectively. The
XRD indicated that during the solution treatment the alloy underwent the transformation
of y-fcc to e-hcp phase; the e-hcp phase nearly dominated in the alloy when treated at
1200 °C following the water quenching; the results from OM, SEM showed that the
microstructural change was occurred under different solution treatments; solution at
1150 °C with furnace cooling contributed to the formation of larger precipitates at the grain
boundary regions, while the size and number of the precipitates was decreased as heated
above 1100 °C with the water quenching; moreover, the diamond-like structure was
invisible at higher solution temperature over 1150 °C following water quenching; compared
with the furnace cooling, the alloy quenched by water showed excellent mechanical
properties and low amount of metal release; as the alloy heated at 1200 °C, the mechanical
properties of the alloy reached their optimum combination at UTS=1113.6 MPa, 0.2%
YS=639.5 MPa, and E%=20.1%, whilst showed the lower total quantity of metal release. It
is suggested that a proper solution treatment is an efficient strategy for improving the
mechanical properties and corrosion resistance of As-SLM CoCrW alloy that show
acceptable tensile ductility.
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1. Introduction

CoCr-based alloys have been widely applied to various types
of orthopedic implants such as artificial hip, knee joints, and
dentistry due to their excellent mechanical properties and
high corrosion resistance. With more and more implants
being used in younger patients, the average service life
should be extended in order to maintain functional activity
(Mitsunobu et al., 2014). Therefore, it is necessary to prolong
the longevity to around 25-30 years with the increase in the
lifespan of human beings (Mazur et al.,, 2015; Patel et al.,,
2012).

In recent years, grain refinement (Yamanaka et al.,, 2014d),
heat treatment (Lashgari et al.,, 2010), microalloying (Yamanaka
et al, 2014c; Yamanaka et al, 2014f), hot deformation
(Yamanaka et al, 2014a) etc. have been used to improve the
mechanical properties of CoCr-based alloys. Yamanaka et al.
(2011) reported that the elongation of Ni-free Co29Cr6Mo alloys
increased with reductions in grain size and reaches a maximum
when the grain size equals approximately 5.0-10 pm. It was also
reported by Yamanaka et al. (2014f) who used a strategy
combining microalloying with thermomechanical processing to
design CoCrW-based alloys suggested that Si and C as alloying
elements caused the brittle o phase precipitates to be replaced
with the plastically deformable Laves phase, resulting in increas-
ing both the alloy strength and the ductility by accelerate the
accumulation of lattice defects. Also, a research has been already
conducted to improve the room-temperature ductility by control
the grain size through hot forging and by adding a nitrogen and
carbon element as a substitute element for N to stabilize the y
phase, and the results showed that a tensile ductility of as-cast
CoCr based alloy can be achieved mover 30% by increasing the
Cr and N contents (Mori et al.,, 2010). Yamanaka et al. (2014e)
used the additions of carbon into the hot-rolled CoCrW alloys to
improve the mechanical properties and believed that the
strengthening of CoCrW alloys due to added carbon originated
from the precipitate of fine MxCs carbide particles and the
coarse carbides caused the gradual decrease in tensile ductility.
Otherwise, the metallic implant that exposed in the vivo
environment are vulnerable to corrosion and release metal ions
(Mitsunobu et al.,, 2014). The metal ion release, an indicator of
the corrosion characteristics of implant devices, in the human
body from metal alloys is a major concern in biomedical
application (Songtr et al., 2009). Thus, it is necessary to deter-
mine whether a significant improvement in mechanical prop-
erty could be obtained without reducing corrosion resistance. In
fact, the corrosion characteristics, as well as other properties of
the alloy are influenced by its microstructure. Mori et al. (2015)
investigated the effects of carbon addition on the microstructure,
mechanical properties and metal release of C029Cr6Mo0.2N.
They suggested that the increasing formation of M,3Ce reduced
the elongation, whilst increased the amount of Co and Cr release
during static immersion.

Generally, dental restorations are fabricated by casting and
computer-aided manufacturing technologies. However, cast
CoCr-based alloys generally exist coarse microstructures and
solidification defects as a result of inadequate mechanical
properties and inhomogeneous material quality. Hence, their
strength and ductility are sometimes lower than practical

required. Currently, selective laser melting (SLM) process is
considered to be very suitable for biomedical applications due
to its ability to build complex shapes of individual implants,
such as dentures and bone implants. Basic research on CoCr-
based alloys for biomedical applications has been reported
using the SLM process. Hedberg et al. (2014) used SLM to build
the CoCrMo for dental application. In their investigation, they
elucidated that the non-equilibrium microstructure obtained
by SLM resulted in a material of higher corrosion resistance
from which less amounts of metals were released in the
biological fluids compared with a cast CoCrMo alloy. However,
the mechanical property is not reported. According to Takaichi
et al. (2013), a characteristic SLM microstructure comprising
fine cellular dendrites and parallel elongated grains could be
obtained; and dense Co29Cr6Mo alloys could exist better
mechanical property and lower amounts of metal release
when increased higher energy input. In our previous study
(Lu et al., 2015), two dense CoCrW alloys were formed by line
and island scanning strategy in SLM, and a diamond-network
pattern consisting of border structure and square-like struc-
ture; SEM showed that the border structure showed the
presence of fine homogeneous cellular dendrites with a sub-
micron size, whereas elongated lamellae seem to grow along a
direction inside the square-like pattern. Although As-SLM
CoCrW alloys with fine cellular dendrites showed adequate
yield strength and corrosion resistance, the elongation of the
As-SLM condition was relatively low. Thus its insufficient
plasticity is now a matter of concemn, thereby limited their
applications. There is a strong demand to improve the elonga-
tion of the As-SLM CoCrW alloys to obtain orthopedic implants
with long lifetimes. Generally, the mechanical properties and
corrosion resistance can be improved with a short solution
treatment by dissolving the large carbide network and produce
a more homogeneous structure (Dobbs and Robertson, 1983).
Accordingly, improving the properties of the As-SLM CoCrW
alloys should be conducted through the application of heat
treatments.

To date, compared with the relatively large body of
published works on CoCrMo and CoCrW formed by conven-
tional processes, information concerning the effects of heat
treatment on the microstructure, mechanical property and
metal release of As-SLM CoCrW alloys is scarce in literature.
Additionally, microstructures obtained under different solu-
tion treatment will response to differing expectation, accord-
ingly resulting in various properties. Therefore, the aim of the
present work was the improvement of mechanical properties
and corrosion resistance of As-SLM CoCrW alloy with proper
solution treatment for biomedical application.

2. Experimental details
2.1.  Materials preparation

The commercial CoCrW powders were used to fabricate
samples in selective laser melting processing by line scan-
ning strategy according to our previous study (Lu et al., 2015).
The average chemical composition of CoCrW powders is
listed in Table 1. Therewith the specimens in the study were
solution-treated in annealing oven with high purity argon.
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The solution treatment temperatures were at 1100 °C,
1150 °C, and 1200 °C for 1 h followed by quenching in water,
respectively. As for the 1150 °C, the furnace cooling also
applied. The furnace cooling rate was 2.3 °C/min. Finally,
the specimens were denominated 1100WC, 1150WC,
1200WC and 1150FC. Table 2 shows the solution treatment
plan for As-SLM CoCrW alloys.

2.2 Phase identification and microstructural observation

Specimens with the dimensions of 10 mm x 10 mm x 8 mm
for phase and microstructural observation were grinded with
water proof emery paper from 240, 600, 800, 1000 up to 1200
grit under running water, then and finally polished with
diamond paste. Phase identification was studied by X-ray
diffractometer (XRD, D/MAX-2500PC) with CuKa radiation.
Microstructural observation was observed using optical
microscope (Axio Vert.Al, ZEISS) and Scanning Electron
Microscope (SEM, SU-8010) on the surface etched by a mixture
of 5 mL H,0, and 20 ml HCI for 10 s at room temperature.

2.3. Mechanical property characterization

Tensile tests were performed on a universal testing machine
at room temperature, with an initial strain rate of 2 mm/s.
Three specimens were tested for each group. The schematic
diagram of tensile specimen is shown in Fig. 1. Fractography
were examined by using SEM.

2.4. Static immersion test

The static immersion test was performed in accordance with the
ISO 10271 standard. Samples (n=15) with the dimensions of
30mm x 15mm x 1.5 mm were fabricated by SLM. Prior to
performing this study, the samples were ground with water
proof emery paper from 240, 600, 800, 1000 up to 1200 grit under
running water, then ultrasonically cleaned in acetone for 15 min,
rinsed in distilled water and finally dried at room temperature
for 3 h. Therewith, the static immersion tests were conducted in
0.9%NaCl. The pH of 0.9%NaCl solution was adjusted to 7.40 by
1% lactic acid. Before test, the polypropylene bottles were care-
fully cleaned with 5.0vol% concentrated HNO; solution and
distilled water to remove impurities referencing to Okazaki and

Table 1 - The chemical composition of CoCrW powders.

Chemical composition (mass %)

Co Cr W Si Mn C N Fe Ni Be
Bal. 28.00 9.00 1.50 <0.01 <0.05 <0.002 <0.05 / /

Gotoh (2005). A 10.35ml of each solution was poured into the
polypropylene bottles each containing a plate specimen. All the
sealed bottles were placed inside an incubator at 37 °C for 7 d.
Also, a 10.35 ml solution without a specimen was also incubated
under the same conditions using for the blank test. The
concentrations of various metals released into solution were
determined by inductively coupled plasma-atomic emission
spectroscopy (ICP-AES, Ultima?2). Single element standard solu-
tions of Co, Cr and Ni were 1000 mg/L, while W was 10 mg/L (NCS
Testing Technology Co., Ltd). The single element standard
solutions of Co, Cr and W were diluted use as the intermediate
standard solution (0.1 mg/L, 0.5 mg/L, 1mg/L and 10 mg/L) to
establish calibration curves. The analytical detection limits
obtained from calibration curves for Co, Cr, and W were 2 pg/L,
1.5 pg/L, and 0.3 pg/L, respectively. An average of three measure-
ments was taken for each group. The quantity of metal released
(ng/cm?) was estimated using the following formula: The quan-
tity of metal released (ug/cm?=[(The quantity of average metal
concentration in test solution containing sample) — (The quantity
of average metal concentration in blank group)] x 0.01035L/(sur-
face area of specimen).

2.5.  Statistical analysis

The SPSS15.0 statistical software package was used for data
analysis. P>0.05 was considered as no statistically significant
difference.

3. Results
3.1.  Phase analysis
Fig. 2 shows the XRD pattern of the CoCrW alloys with and

without heat treatment. Apart from the 1200WC, it can be
found that the diffraction peaks belong to face-centered cubic
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Fig. 1 - The schematic diagram of tensile specimen.
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Table 2 - The solution treatment plan for As-SLM CoCrW alloys.

Number 1 2 3 4 5
Temperature/time As-SLM 1100°C/1h 1150 °C/1h 1200°C/1 h 1150 °C/1 h
Cooling / WC WG WG FC
Denominated name As-SLM 1100WC 1150WC 1200WC 1150FC

WC= water quenched; FC= furnace cooling
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(fcc) y and hexagonal close-packed (hcp) € phases of Co were
detected in As-SLM, 1100WC, 1150WC and 1150FC specimens,
among which some differences of intensity can be observed.
For As-SLM alloy, the intensity of peaks of the y and ¢ phases
was relative strong. However, the intensity of y and ¢ became
strongest after heating at 1150 °C with furnace cooling. More-
over, the peak of ¢ phase was also detected in the 1150FC alloy.
In contrast, the intensity of peaks of y displays a remarkable
decrease with the increase of the treatment temperature from
1100 °C to 1200 °C when the water quenching was applied. It is
clearly in 1200WC that the y phase drops nearly to zero when
heated at 1200 °C, while 1100WC and 1150WC alloys shows
duplex phases of y and ¢ phases. Apart from y and ¢, no
significant degree of the other peaks can be observed in
1100WC, 1150WC and 1200WC alloys.
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Fig. 2 - XRD patterns of the CoCrW alloys with and without
solution treatment.
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3.2.  Microstructure analysis

Fig. 3 presents the optical micrograph (OM) of the As-SLM
CoCrW alloys heated at different conditions. The As-SLM alloy
appears distinctive diamond-like network pattern consisting of
border structure and square-like structure as denoted by white
lines in Fig. 3a. The 1150FC alloy heated at 1150 °C with furnace
cooling shows the presence of an amount of precipitate and
diamond-like network pattern (Fig. 3b). When alloy heated at
1100 °C following water quenching, the microstructural feature
is similar to the 1150FC alloy, but the morphology of precipi-
tates changes from large size into tiny ones (Fig. 3c). However,
solution treatment at 1150 °C and 1200 °C following the water
quenching results in a complete disappearance of diamond-
like network pattern (Fig. 3d and e).

Fig. 4 displays the backscattered electron images (BSE) of
the As-SLM CoCrW alloys heated at different conditions. It is
evident in Fig. 4a that the As-SLM alloy shows a much finer
structure and non-equilibrium structure. In addition, it is
noted that some e martensite phase is identified as striations
within grains in the As-SLM. As treated at 1150 °C following
the furnace cooling, a dense and large amount of bright
blocky precipitates is randomly dispersed inside the grain
or at the grain boundaries; In the case of water quenching,
the microstructure of 1100WC alloy shows a distribution of
very fine precipitates within the grain and at the grain
boundary. In contrast, similar microstructure consisting of
fine grain structure with annealing twins and a spot of tiny
black precipitates inside the grains can be observed in the
1150WC and 1200WC alloys after the solution treatment at
higher temperature. According to the literature (Chen
et al,, 2014; Zangeneh et al., 2012), it is expected that the tiny
black precipitates is M3Ce. The annealing twins observed in

Fig. 3 - OM images of the CoCrW alloys: (a) As-SLM, (b) 1150FC, (c) 1100WC, (d) 1150WC and (e) 1200WC.
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the 1150WC and 1200WC suggested that martensite transfor-
mation from the y-phase to the e-phase occurred during
cooling to room temperature (Yoda et al., 2012).

Fig. 5 shows the EDS patterns of the precipitates in the
SEM images of 1100WC and 1150FC alloys. From the EDS
pattern, the bright particles in thell00WC (Fig. 5a) and
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Fig. 5 - EDS patterns of the precipitations (b-d) in the SEM images of 1100WC (a) and 1150FC (c) alloys.
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1150FC (Fig. 5c¢) alloy are main composition of high Si, Co, Cr,
and W. The quantity of Co is lower than that of the matrix,
whilst the Cr content is higher that of the matrix. According
to the previous results on the chemical compositions of the
precipitations, i.e., the Laves-, o- and M,;Cs-phases, the
particles should not the Laves phase particles, because the
concentration of Cr in the particles is higher than that of Cr in
the surrounding matrix (Yamanaka et al., 2014b). Also the
M,3Ce-phases should be excluded, because the M,;Cg is Co-
depleted and Cr-rich phase. Therefore, it can be confirmed
that the precipitates at the grain boundaries is identified as o
phase (Narushima et al., 2013); according to Yamanaka et al.
(2014b), the o phase is identified in the alloys at low-carbon
concentrations of 0.01 mass%, which is identical to the alloy
in our present study.

3.3.  Mechanical property

Fig. 6 shows the stress-strain curves of tensile test specimens
and the mechanical properties. As can be seen from the
Fig. 6a, no characteristic of macroscopic necking is observed
in all the tensile specimens. The mechanical properties of
specimens are listed in Table 3 and Fig. 6b and c. The As-SLM
alloy exhibits the highest ultimate tensile strengths (UTS) and
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0.2% yield strengths (0.2%YS), respectively along with elonga-
tion of 9.8%. It can be found that the elongation-to-failure of
the As-SLM CoCrW alloys significantly depended on the heat
temperature and cooling rate. As for water quenching, the
UTS and elongation increased with the solution temperature,
while there is no significantly difference in 0.2%YS of alloys
(Fig. 6b-d). When increased the heat temperature, the elon-
gation increased from 15% to 20%; as heated at 1200 °C, the
1200WC alloy displays the highest elongation of 20%. Addi-
tionally, the different cooling ways lead to the differing
mechanical properties. Compared with the 1150WC using
the water quenching, the 1150FC alloy cooled in furnace
shows a marginal increase in UTS and 0.2%YS. However,
considerable drop occurred in elongation (Fig. 6d).

Table 3 - The mechanical properties of specimens.

Samples UTS (MPa) 0.2%YS (MPa) E (%)
1100WC 1026 +3.0 651.0+7.0 15.0+0.34
1150WC 1035.5+2.5 654.5+10.7 17.5+1.25
1200WC 1113.6+9.2 639.5+7.6 20.1+0.5
1150FC 825.18+7.5 593.2+11.7 4.80+0.90
As-SLM 1158.22+21.0 850.0+23.0 9.80+0.10
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Fig. 6 — Stress—strain curves (a) of tensile test alloys with and without solution treatment and the tensile properties, (b) UTS,

(c) 0.2%YS and (d) elongation.
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Fig. 7 demonstrates the SEM fracture surface of As-SLM
CoCrW and ones under different solution treatment condi-
tions. For the As-SLM alloy, the fracture appearance appears
mainly as tear ridges with a little dimples (Fig. 7a). As
indicated in our previous study, the fractured mechanism of
the As-SLM alloy was recognized as quasi-cleavage-type
fracture (Lu et al., 2015). For the 1150FC alloy in Fig. 7b, the
fracture surface mainly appears smooth cleavage planes,
indicating a typical brittle fracture behavior of the poor
ductility, although little and shallow dimples are also

identified. After the solution treatment at 1100 °C following
water quenching, the improved ductility lead to the quasi-
cleavage characterized as a mixture of the small cleavage
planes and shallow dimple-like patterns (Fig. 7c). However,
dimples become dominant in the fracture surfaces, where
shows much less cleavage planes. When the heat treatment
increased to 1150 °C and 1200 °C, the fracture surfaces of
1150WC and 1200WC alloys are distributed by fine dimples
with long tear ridges (Fig. 7d and e), indicative of a highly
ductile fracture. The dimple features suggests that the voids
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Fig. 9 - Schematic illustration of the microstructural change of As-SLM alloy during solution treatment.

were initiated around the precipitates, and their growth and
coalescence led to fracture (Sun et al, 2014). The ductile
fracture is corresponding to the characteristics of an inter-
mediate ductile fracture mode.

3.4. Metal release

Fig. 8 shows the results of metal release of the CoCrW alloys
immersed in 0.9%NaCl solution for 7 days. Error bars in the
figure show the standard deviation. The total released metals
(Co, Cr and W) ranked by the following order:
1150FC>1100WC>1200WC>1150WC>As-SLM, seen Fig. 8a.
Regarding the individual metal shown in Fig. 8b, it is evident
that the total quantity of metal element released from the
1150WC alloy is highest than the other samples. For the Co
element, Co is more active than Cr and W independent of
solution temperature. It is noted that the Co represents in most
cases above 60% of the total metal ion release for each sample
independently on the solution temperature. This indicates that
Co is preferentially released from CoCrW alloy. The As-SLM
sample shows the lowest the amount of Co, while the 1150FC
sample released the highest amounts of Co (p<0.01); mean-
while, the quantity of released Co in 1150FC cooled in furnace is
approximately twice higher than that in 1150WC quenched by
water (p<0.05). The similar trend is also observed in the
amounts of released Cr. When coming to the W element, the
amount of released W is strongly reduced after 1150 °C and
1200 °C solution treatment following water quenching when
compared with the other treatment (p<0.01). Furthermore, no
Ni ions were detected in the immersed solution.

4, Discussion
4.1. Phase

As shown in XRD pattern (Fig. 2), a large amount of y phase
was maintained as a metastable phase at room temperature
in As-SLM alloy. The martensite ¢ phase was induced by the
transformation of y phase to the martensite ¢ phase when the
previous solidified layers were reheated and remelted by the
subsequent layer under the quick cooling rate during the SLM
process (Lu et al., 2015). Generally, CoCr-based alloys under-
take a phase transformation from y phase to the martensite e
phase during the cooling process, and a large amount of ¢
martensite are produced after water quenching from

temperature above 1100 °C (Huang and Lopez, 1999; Lopez
and Saldivar-Garcia, 2007; Saldivar-Garcia and Lopez, 2004).
After the solution treatment, the 1150FC, 1100WC, and
1150WC alloys exhibited duplex y and ¢ phase, but nearly full
¢ phase in the 1200WC. This indicates that the fractions of y
and ¢ phases strongly depend on temperature and cooling
method. Since the y phase was identified in the initial
microstructure of As-SLM, the partial e-phase must originate
from the y—e martensitic transformation during cooling
process. It is noted that the 1150FC alloy coexisted with
largest fractions of duplex phases comprising y and ¢ after
the furnace-cooled; but the amount of y phases decreased,
whilst the ¢ phase became dominant as heated above 1100 °C
following the water quenching. Apparently, a large amount of
the formation of ¢ martensite was strongly favored at high
cooling rates from a higher temperature. It is evident that a
few y phases observed on the 1100WC and 1150WC alloys; in
contrast, the peaks of the y phase are hardly visible in
1200WC alloy after solution treatment at 1200 °C with water
quenching. This means that the nearly complete y—¢ phase
transformation equilibrium temperature can be estimated to
be approximately above 1200 °C. Moreover, this transforma-
tion of y—¢ phase was also owning to more internal stresses
generated by the water quenching from higher temperature
of 1200 °C, which would promote the partial y—e¢ transforma-
tion (Lashgari et al., 2010).

4.2. Microstructure

Before considering the mechanism property and metal
release, the formation of microstructure and precipitation at
different solution treatment condition should be elucidated.
Fig. 9 shows the schematic illustration of the microstructural
change of As-SLM alloy during solution treatment. As can be
seen from the BSE images in Fig. 4, disparity of the micro-
structure and the amount of precipitate phases were formed
in the alloys. Actually, the formation of the diamond-like
network structure with dense striations in As-SLM alloy has
been investigated in our previous study (Fig. 4a and Fig. 9a),
which was never observed before in traditional CoCr-based
alloys(Lu et al., 2015). The large amount of striations in As-
SLM alloy may be attributed to a large nucleation of e-
embryos promoted by lattice defect formation during the
rapid cooling in SLM processing (Barucca et al., 2015). It is
considered that the overlapping regions existed highest
residual stress. This is because when subsequent laser tracks
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was processing, the prior overlapping melted tracks were
remelted by the subsequent laser tracks during the SLM,
thereby suffered quenching-like processing, resulting in the
high residual stress in the overlapping region (Zhang et al,,
2005). Liu (2011) showed that the residual stress in the
overlapping region was higher than that of the interior region
of a single pass. It is reasonable that the precipitates pre-
ferentially precipitated in overlapping region due to higher
energy from the residual stress during heat treatment while
the alloys undergo continually recrystallized; when solution
at 1100 °C following the water quenching, the diamond-like
structure with the dispersion of the small precipitates still
presented in 1100WC alloy (Fig. 9b). It is noted that a fine
microstructure with random crystallographic orientations
and small tiny carbide was identified (Fig. 9c) when solution
at 1150 °C and 1200 °C following the water quenching. More
importantly, the diamond-like pattern was not visible at
these conditions (Fig. 8c). The findings regarding the micro-
structure change and precipitate behavior in 1150WC and
1200WC alloys is related to matrix element diffusing and
carbon dissolving into matrix phase at high temperature,
thereby promoted the grain boundary migration and recrys-
tallization. Compared with the water quenching, the micro-
structure with coarse and continuous precipitates in 1150FC
have important implications for the cooling rate that the
furnace cooling provides sufficient time for the phase
precipitating.

4.3. Mechanical property

As-SLM CoCrW alloy showed highest strengths including UTS
and 0.2%YS, but non-ideal elongation for surgical application.
As described in Introduction, the elongation of the As-SLM
condition was probably due to the diamond-network micro-
structure with dense striation to some extent. The high
strengths of As-SLM alloy should be related to the striation
consisting of residual y phase and ¢ phase, seen Fig. 4a; such
striations would impede the dislocation glide operative in y
phase through the martensite ¢ phase with dense stacking
faults, and enhance a high stress concentration at y-¢ inter-
faces where tend to become sites of crack initiation and
propagation during tensile deformation. On the other hand,
striation grown on the {111}y planes that restricts the dis-
locations slip in the y-phase (Koizumi et al.,, 2013; Lee et al,,
2005). As a consequence, a premature fracture before suffi-
ciently uniform elongation occurs.

Therefore, it is necessary to improve the mechanical
properties of As-SLM CoCrW alloy by heat treatment to
dissolve the diamond-like network structure and thereby
recrystal a more homogeneous one. Results from the tensile
test suggest that the expected mechanical properties of the
As-SLM CoCrW alloy can be controlled by recrystallization
under optimal heat treatment conditions. There is no doubt
that it should describe the correlation between the micro-
structure change and mechanical properties under different
conditions. It is well accepted that if the precipitates
appeared constitution type, they would accordingly result in
loss of the desired properties. Previous study indicated that
microstructure containing a dispersion of ¢ phase particles
would result in inferior ductility (Rosenthal et al., 2010). Liao

et al. (2012) considered that the spherical and discontinuous
island carbide structure can increased ductility, whereas the
coarse carbides are detrimental ductility. The coarse and
dense precipitate dominantly is detrimental to the elonga-
tion, which cause stress concentration and crack initiation
and lead to the growth of microvoids as a result of an
insufficiently fracture (Yamanaka et al., 2014e). There is a
high probability that the fractures of the 1150FC alloy much
be triggered by the coarse precipitates located at the grain
boundary regions (Fig. 4b). In contrast, the distribution of
small and fine precipitates inside the grain or grain boundary
(Fig. 4c), the ductility of the 1100WC alloys were significantly
increased to 15%.

Regarding the 1150WC and 1200WC, despite they existed
large fraction of the e martensite in XRD pattern (Fig. 2),
reversely showing excellent elongation, especially for
1200WC. This seems not agree with the previous conclusions
that CoCr-based alloy with y phase structure exhibited better
ductility due to the former having a relatively large number of
effective slip systems; while the amount of ¢ martensite
phase greatly was known to reduce the ductility due to e
martensite plates would introduce a high stress concentra-
tion at their interfaces and/or grain boundaries, resulting in
premature fracture before the onset of plastic instability (Lee
et al., 2007). For example, Yamanaka et al. (2014e) reported
that the amount of ¢ martensite phase that forms due to
athermal martensitic transformation greatly reduced the
ductility of CoCrMo alloys. Yoda et al (Yoda et al., 2012) who
investigated the effects of Cr and N content on the micro-
structures and mechanical properties found that elongation
of CoCrMo alloy increased with peak intensity of the ¢ phase
decreased. However, a higher strength and a similar excellent
elongation of 20.1% were obtained in 1200WC alloy with the
present of nearly full ¢ martensite. It was reported that the
presence of athermal ¢ martensite enhanced the quasi-
cleavage type fracture due to the stress concentration
occurred when strain-induced martensite £ phase intersected
with the preexisting athermal ¢ martensite (Yamanaka et al,,
2011). However, in the study since the matrix phase had
already transformed to a nearly full ¢ phase, no strain-
induced martensitic transformation (SIMT) was possible.
Therefore the SIMT certainly would not propagate along the
interface between the y phase and the SIMT ¢ phase on {111}
to form a quasi-cleavage fracture (Sun et al, 2014). This
analysis is corresponding to the characteristics of an inter-
mediate ductile fracture mode (Fig. 7). Although, it is accepted
that fine carbide precipitates in intragranular regions con-
tribute to increase the strength due to the micro-voids can
initiate around the precipitates as a result of large plastic
deformation, the remarkable improvement of elongation
should not be interpreted simply in the context of the
precipitation behavior. Herein, this result should not com-
pletely attribute to the distribution of small and fine pre-
cipitates inside the grain or grain boundary that reinforce the
matrix in the case. There should be the other factors endow-
ing the excellent ductility. Thus, a large numbers of the
dislocations on the basal plane in the water quenched alloys
may be considered (Sun et al, 2014). According to the
research from Matsumoto et al. (2014), a polycrystalline
CoCrMo alloy consisting of a single ¢ hcp structure without
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o precipitates also exhibited both high strength along with an
excellent plastic elongation at room temperature, in spite of
the relatively limited number of slip systems due to the
present of martensite ¢ phase. They elucidate that the
simultaneous activation of both the basal (a) slip and pris-
matic (a) slip was noted, which should responsible for the
excellent elongation. Therefore, the dominant deformation
mode of the nearly full ¢ phase CoCrW alloys may be due to
simultaneous activation of basal (a) slip and prismatic (a) slip.
Nevertheless, as the detail mechanisms involved remain
unclear the associated basal (a) slip and prismatic (a) slip
should be further investigated.

4.4, Metal release

The metal release in the biological environments is an
indicator of the corrosion characteristics of a biomedical
alloy, which is closely linked to their corrosion resistance
and mechanical property. The metal release results in Fig. 8
show the released concentrations of Co, Cr, and W were
affected by solution temperature and cooling method. The
difference in metal release should be attributed to the distinct
microstructure and phase. There are some factors should be
taken into account for explaining the metal release behavior.
On one hand, when corrosive solution arrived at the sub-
strate, the initial metal release may be attributed to the
dissolution of unstable precipitates in the surface oxide until
the formation of passive surface oxide. On the other hand, it
is considered that the presence of grain boundaries and
precipitates may cause the selective corrosion. Bettini et al.
(2012) who investigated the influence of grain boundaries on
the dissolution behavior of a CoCrMo alloy in phosphate
buffer saline solution by scanning Kelvin probe force micro-
copy found that metal release initiated from the matrix areas
around carbides and grain boundaries. This may due to the
depletion of Cr, Co and W around the precipitates, which
contained richer Cr, Co and W than matrix. Given this, metal
release preferentially occurred around the precipitates. That
is, the more number of precipitates and grain boundaries that
formed by the precipitates, the more initiation sites for metal
release. Interestingly, it can be found that the amount of W
release of 1150WC and 1200WC dramatically reduced when
compared with other specimens. It is conjectured that W
release behavior can be inhibited in the ¢ hcp structure to
some extent. When compared with the 1150WC and 1200WC
alloys, the fact is that the 1150WC alloy shows slightly less
metal release than that of 1200WC one. More internal
stresses generated from the water quenching from higher
temperature of 1200 °C should be responsible for the behavior
(Lashgari et al.,, 2010). In view of above analysis, the internal
stresses may be used to explain that why the amount of the
1150WC was lower than that of 1200WC. It has been widely
proved that the excellent corrosion resistance of CoCr-based
alloy results from a Cr-rich passive surface oxide on the
substrate in most biological environments (Jacobs et al., 1998;
Okazaki et al., 1997). Okazaki et al. (1997) who used XPS
examination the passive films formed on 316 L stainless steel
and CoCrMo alloy in a calf serum solution, elucidated that the
amount of metal release depended on the Cr content in the
oxide film. Actually, the precipitates can act as preferential

initiation sites for the breakdown of passive film (Zhang
et al,, 2014). On the basis of the considerations, this also
may be used to explain that why the amount of the 1100WC
and 1150FC was larger than that of the other groups. Further
study is needed to investigate the cytotoxic reactions of the
CoCrW alloy.

The daily dietary intake of Co, Cr, and Ni is 250, 240, and
400 g, respectively (Geurtsen, 2002). Co, Cr and Ni release can
be cause clinical failure or cutaneous allergic reactions
(Summer et al., 2007), which is related with the clinical
implant failure of artificial joint prostheses (Okazaki and
Gotoh, 2005). It has been reported by Anissian et al. that Co
ions would effect on human osteoblast proliferation and
collagen synthesis when Co concentrations was above
10 pg/mL in the cell culture medium (Anissian et al., 2002).
The Cr is most probably released as Cr’*, and it is demon-
strated that Cr** ions would induce cell mortality (Fleury
et al., 2006; Hedberg and Odnevall Wallinder, 2014). Regarding
Ni, the rate of Ni release should be not more than
0.2 g /cm?7d into artificial saliva solution (Okazaki and
Gotoh, 2008). In the study, the quantities of weekly Ni
releases from heated CoCrW alloy into 0.9% NaCl were
Oung /cm?7d. For W element, in vivo experimental and
in vitro studies have been conducted to determine metabolic
and toxicity profile of W, which is not considered very toxic
for humans (van der Voet et al., 2007).

It has to be mentioned that mechanical property will be
reduced when implants suffer corrosion in vivo environment
under mechanical loading conditions. Therefore, in further
studies the releationship between the metal release behavor
and mecahnical change with cyclic load condition should be
investigated. Also, the surface modification of the CoCrw
alloy will be considered to increase its biocompatibility and
longevity of implants.

5. Conclusions

In the present study, the microstructure, mechanical prop-
erty and metal release of As-SLM CoCrW alloys under
different solution treatment conditions were systemically
investigated. Within the limitations of this study, the main
results obtained can be listed as follows:

1. The microstructure and precipitates in the CoCrw alloys
depended on the solution temperature. The diamond-like

structure and amounts of precipitates could be observed in
the alloys heated at 1100 °C with water quenching and
1150 °C with furnace cooling. At higher temperatures, such
as 1150°C and 1200°C after water quenching, the
diamond-like structure was completely vanished and the
amount of precipitates was almost reduced. Thus, a proper
solution treatment can cause the precipitate dissolution
into matrix and elimination of the grain boundary

precipitates.

2. The mechanical properties of the CoCrW alloys depended
mostly on microstructural change and precipitates beha-
vior; the tensile elongation increased with the reduction of
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precipitates and the disappearance of diamond-like
structure.

3. The large precipitates were associated with the increase of
metal release; less amount of metal release can clearly
occurred at the CoCrW alloys containing most ¢ phase
without the precipitates. Therefore, the massive large
precipitates were detrimental to the metal release.

4. The proper heat treatment can realize a promising high-
strength and tensile ductility As-SLM CoCrW alloys while
obtained acceptable the amount of metal release.
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