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This study investigated the surface modification effect of the selective oxidation annealing (SOA) on the
corrosion properties of cobalt-chromium-molybdenum (Co-Cr-Mo) alloy fabricated by selective laser melting
(SLM). For the SOA, each element's oxidation driving force was calculated, and the condition in which only Cr
was selectively oxidized was thermodynamically analyzed. The oxidation potential was controlled by the partial
pressure ratio of hydrogen gas and water vapor, and the alloy samples were annealed following the condition of
the selective oxidation of Cr. The changes in the oxide layer and corrosion properties according to the SOA time
were examined. On the as-built sample's surface, a very thin native oxide film was formed. After the SOA, a dense
chromium oxide (Cry03) layer was formed on the surface, and its thickness increased along with the SOA time.
These changes in the oxide layer had an impact on corrosion properties. Even though all samples before and after
the SOA were under the passivation state, the corrosion performances in terms of corrosion potential and
corrosion current density were improved by the SOA. The electrochemical impedance spectroscopy (EIS) results
further confirmed that the improved corrosion resistance mainly came from the increased oxide layer resistance

(R,) because of the thickened oxide layer.

1. Introduction

Cobalt-chromium-molybdenum (Co-Cr-Mo; CCM) alloy has high
mechanical strength and wear resistance compared to titanium (Ti) al-
loys because of the precipitation of hard carbide phases. [1-3]. These
characteristics make it widely used as biomedical implants that take on
large loads and require high abrasion resistance, like an artificial hip
joint [4,5]. However, the CCM alloy has low corrosion properties and
biocompatibility compared to Ti alloys. In the CCM alloy, Co is eluted as
an ion in a corrosive environment, and releasing a metal ion is toxic to
cells and increases carcinogenesis risk [6-8].

Because the CCM alloy has low machinability due to its high hard-
ness and hard carbide phases, fabricating parts using a conventional
machining process is challenging [9-11]. By applying selective laser
melting (SLM), a manufacturing process that selectively melts powders
using a laser source, parts with complex internal structures and near-net
shapes could be directly fabricated [12-15]. Therefore, research on
manufacturing CCM alloy parts using the SLM process is being actively
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conducted.

In the SLM process, since the laser-formed melt pool rapidly cools,
samples fabricated through such process have a refined microstructure
and residual stress, resulting in higher mechanical properties than
samples fabricated using the conventional casting method [16-19]. In
addition, adopting the SLM process improves corrosion properties due to
the formation of the uniform microstructure and the inhibition of the
macrosegregation [20-22]. Indeed, Xin et al. [21] compared the
corrosion properties of samples fabricated through SLM and the casting
method and reported that the Co ion elution rate of the SLM sample was
significantly lower than of the sample produced via the casting. There-
fore, by applying the SLM process to the CCM alloy, there are advantages
that not only the process can be simplified by direct fabrication of near-
net-shape parts, but also the higher corrosion properties can be
achieved.

Recently, studies on the surface treatment improving the corrosion
resistance of the CCM alloy fabricated by the SLM have been conducted.
Seo et al. [23] reported a study on plasma electrolytic polishing (PEP) to
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modify the surface properties of the selective laser melted CCM alloy.
When the surface of the CCM alloy is polished through the PEP process,
not only the roughness is effectively decreased, but also the corrosion
resistance is improved by forming a dense Cr203 oxide layer on the alloy
surface. In the CCM alloy, the CryO3 oxide layer acts as a barrier for
dissolving Co and hinder the elution of Co ion from the alloy [6].
Therefore, the corrosion resistance can be improved if the PEP process is
controlled to form a dense and thick CryO3 oxide layer on the alloy
surface.

A selective oxidation annealing (SOA) technology has been devel-
oped to modify the surface oxide layer by selectively oxidizing a specific
element in metallic alloys [24-26]. Park et al. [26] studied changing the
composition of the oxide layer of iron-silicon-chromium (Fe-Si-Cr) alloy
using the difference in the oxidation driving force of Fe, Si, and Cr. In
particular, the heat treatment was performed under an atmosphere in
which Fe was reduced, Si and Cr were selectively oxidized, and the
oxidation potential was controlled by the partial pressure ratio of
hydrogen gas and water vapor. The experiments reported that SiOy and
Cr03 oxide layers with excellent corrosion resistance were densely
formed on the alloy surface, improving the corrosion resistance.

Among the elements constituting the CCM alloy, Cr has the highest
oxidation driving force. If a dense and thick CrpO3 oxide layer can be
formed on the surface through the SOA, it is possible to improve the
corrosion resistance of the CCM alloy by the simple heat treatment
method. Therefore, this study thermodynamically analyzed the possi-
bility of selective oxidation of Cr in the CCM alloy. In addition, the
changes in the surface oxide layer and the corrosion properties by the
SOA were examined.

2. Experimental procedures

The CCM alloy powders fabricated by a vacuum induction gas at-
omization method were used as the initial material for this study. These
alloy powders had a spherical morphology; their d10, d50, and d90
values were 24.9, 39.1, and 60.8 pm, respectively. In addition, the
chemical composition was examined by an inductively coupled plasma
mass spectrometry (OPTIMA 7300 DV, Perkin-Elmer). The composition
of the powders was 28.5Cr-6.2Mo-0.2C-0.14N, which met the compo-
sition criteria of ASTM F75 [27].

The CCM bulk samples were prepared through the SLM process using
Merain Co. Ltd.'s DAVID 1.0 Metal 3D printer. The laser spot size and
hatching spaces were 40 and 60 pm, respectively. The laser power and
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scan speed were set to 300 W and 800 mm/s, respectively, while the
layer thickness was 32 pm. The SLM samples were fabricated as cube-
shaped with a size of 20 x 20 x 20 mm?. For the SOA and evaluation
of the corrosion properties, they were machined to a size of 15 x 15 x 3
mm? by electric discharge machining. The samples' surfaces were pol-
ished with SiC paper and 3-pm diamond suspension and cleaned through
ethanol ultrasonication.

The SOA was carried out using a heat treatment furnace equipped
with a thermostat water bath that controls the oxidation potential using
the partial pressure ratio between hydrogen gas and water vapor (pg,,)/
DH,0(g))- The schematic of the furnace is shown in Fig. 1. Firstly, 100% Hy
gas with a flow rate of 1000 sccm was injected into the thermostat water
bath. After bubbling Hj gas in the water, the H>-H>0 mixed gas flowed
into the heat treatment furnace. The gas inlet line was heated to 50 °C
using a heating band to prevent the water vapor from condensing. The
water temperature in the thermostat bath was set to 20 °C. From the
above condition, the pp,)/PH,0( ratio was calculated to 41.8. The
reason for controlling the py,)/PH,0() ratio to 41.8 will be explained in
results and discussion section.

For the SOA, the heat treatment furnace was first heated to 650 °C,
and the Hp-HpO mixed gas flowed to the furnace for 1 h. Then, the
samples were charged into the furnace through a load lock chamber and
they were annealed at 650 °C for 10, 20, and 30 min. Hereafter, the
samples applying the SOA for 10, 20, and 30 min will be designated as
SOA10, SOA20, and SOA30, respectively. The samples were loaded back
into the load lock chamber after finishing the holding time, and 100%
dry Hy gas was supplied during the cooling process.

The oxidation driving force with respect to the temperature of Co, Cr,
and Mo was calculated by Thermo-Calc software using the condensed
compound database of SSUB5. The standard Gibbs free energy change
(AG®) of solid-gas reactions was obtained from the standard Gibbs free
energy (G°) of each elements. The samples' surface properties before and
after the SOA were analyzed using an X-ray photoelectron spectroscopy
(XPS) (K-Alpha, Thermo Fisher). The thickness and chemical composi-
tion of the surface oxide layers on the samples were examined using a
transmission electron microscope (TEM) (Titan G2 ChemiSTEM Cs
Probe, FEI) equipped with energy-dispersive X-ray spectroscopy (EDS).
The TEM samples were prepared using a focused ion beam (FIB) (Versa
3D DualBeam, FEI). The microstructures of the as-built and SOA30
samples were observed using a field emission-scanning electron micro-
scope (FE-SEM) (QUANTA FEG 250, FEI) equipped with electron back-
scatter diffraction (EBSD) (DigiView, EDAX).

Tube furnace
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Fig. 1. Schematic diagram of the heat treatment furnace for the SOA. A 100% H, gas was bubbled in the water, and then H,-H,O mixed gas was supplied to

the furnace.
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All electrochemical tests to characterize corrosion properties were
conducted with a three-electrode configuration cell, where platinum
(Pt) and silver/silver chloride (Ag/AgCl) electrodes were used as
counter and reference electrodes. After removing dissolved oxygen in
3.5 wt% sodium chloride (NaCl) solution by applying nitrogen (N3) gas,
open circuit potential (OCP), potentiodynamic polarization, and elec-
trochemical impedance spectroscopy (EIS) were carried out. The po-
larization test was conducted with a scan rate of 0.05 mV/s from —1.5V
to 1.5V, and the EIS test was conducted with an alternating current (AC)
amplitude of 10 mV at 0.05 Hz to 10,000 Hz.

3. Results and discussion

For the SOA, the oxidation driving force of the elements constituting
the CCM alloy was calculated using Thermo-Calc software. Fig. 2 rep-
resents the oxidation driving force of Co, Cr, and Mo. At 650 °C, the
temperature at which the heat treatment was performed in this study, Cr
has the highest oxidation driving force, and Co and Mo have the similar
oxidation driving force value. Because Cr has a higher oxidation driving
force than other elements, it will be possible to selectively oxidize Cr by
controlling the oxidation potential to form a CryO3 oxide layer on the
surface. Therefore, to form an atmosphere for the selective oxidation of
Cr during the heat treatment, the py,)/PH,0(e Value in the equilibrium
state of the oxidation and reduction ((px,g)/PH,0(9))eq) Was calculated.

The oxidation behavior of metallic elements is affected by the tem-
perature and the oxygen partial pressure (po,(), and when oxidation
and reduction are in an equilibrium state, it can be expressed as the
following equation.

AG" = RTin(pos ) e8]

eq

where AG® is the standard Gibbs free energy change (AG® = G, —
G, — G%Zw), R is the gas constant, and (po,(g)eq is the equilibrium ox-
ygen partial pressure. The AG® values were calculated using Thermo-
Calc, and the AG® values of Co, Cr, and Mo for the oxidation at 650 °C
were — 338.2, —597.5, and — 335.5 kJ/mol, respectively. Substituting
the AG® values to Eq. (1), the (Po,(9))eq Values for Co, Cr, and Mo at
650 °C were calculated to 1.6 x 10716, 1.2 x 10734, and 3.02 x 107 1°
atm, respectively.

In the heat treatment process, if the po,, is controlled to be higher
than the (po,)eq value, the oxidation occurs; conversely, if the po, is
lower than the (po,)eq Value, the reduction occurs. Therefore, when
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Fig. 2. Ellingham diagram for the oxidation of Co, Cr, and Mo. The oxidation
driving force according to the temperature was calculated by Thermo-Calc
software using the condensed compound database of SSUB5. The py,)/Pr,0()
values according to temperature were represented by the dotted lines.
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Po, is controlled between 1.6 x 10™*®and 1.2 x 1073* atm at 650 °C, it
is possible to form an atmosphere in which Co and Mo are reduced while
Cr is selectively oxidized. However, as the corresponding po,(, for the
selective oxidation of Cr is extremely low, forming the selective oxida-
tion atmosphere in the CCM alloy by controlling the po,, was
challenging.

The (po,(g))eq can be substituted with the (pg,,)/PH,0(e))eq through the
oxidation reaction of Hy gas as follows [25].

AG = AG},

H ,oxidation

+2RTInpy, o) — 2RTInpy, ) — RTInpo, ) (2)

where AG?;ZJ oxidation 1S the standard Gibbs free energy change for the
oxidation of Hy gas (AGR, oxidation = 2Gi,0() — 2Ghi,) — GO,e)- AG is
0 in the equilibrium state for the oxidation reaction of Hy, and the Eq. (2)
can be rearranged as follows.

RTInpo,(q) = AGY, vidarion — 2RTIn Pole) (3)
' PH,0(g)
With the mathematical rearrangement of Eq. (3), the equation for

substituting the po,) to the pr,)/PH,0() can be expressed as follows.

D (s) — e AGZIZ.(;xidmmn — RTin (pﬂz(g) )

4)
PH;0() 2RT

Reduction occurs when the pp,)/PH,0(9 is higher than the (py,)/
DH,0(9))eq Value, while oxidation occurs when the pr,,)/Pr,o0() is lower
than the (pu,)/PH,0(9)eq Value. The (pr,p)/PH,04)eq Values of Co, Cr,
and Mo at 650 °C were calculated by substituting (po,g)eq values to Eq.
(4), they were 4.19 x 10’1, 5.93 x 10°, and 5.55 x 10’1, respectively.
Therefore, if pp,(5)/PH,0() is controlled between 4.19 x 107! and 5.93 x
10° at 650 °G, it is possible to form an atmosphere in which Co and Mo
are reduced, and only Cr is selectively oxidized.

In this study, the Hy-H0 mixed gas was supplied to the furnace by
bubbling H; gas into the water. In the thermostat water bath, liquid
water and water vapor are in an equilibrium state, and the pp,,)/PH,00)
ratio can be controlled by the temperature of water temperature in the
thermostat bath. The equation for the partial pressure of water vapor
according to the water temperature in the thermostat bath can be
expressed as follows [25,26].

_ Ghow) ~ Chnow
Pryo0 ,exp(,T) )
where Gf,0¢ and Gh,op are the standard Gibbs free energy of water
vapor and liquid water, respectively, which values were obtained from
Thermo-Calc software. Since the experiments were carried out at 1 atm,
the pp,(,) value supplied to the furnace can be obtained by the following
equation.

Py = 1= Pmo( (6)

The pp,)/PH,0(¢ Value can be calculated according to the tempera-
ture of the thermostat bath using the above equations, and the results are
summarized in Table 1.

For the SOA of Cr in the CCM alloy at 650 °C, the pp,)/PH,0(5) should

Table 1
The pr,g)/PH,0) Values with respect to the temperature of water in the ther-
mostat bath when the 100% H, gas is bubbled.

Water temperature [°C] Pr,o [atm] Pn, [atm] Py
PHy0

10 0.012 0.988 80.4

20 0.023 0.977 41.8

30 0.042 0.958 22.6

40 0.074 0.926 12.6

50 0.123 0.877 7.13

60 0.198 0.802 4.04
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be controlled between 4.19 x 10~ ! and 5.93 x 10°. Based on Table 1, if
100% Hj gas is bubbled into the thermostat water bath at 20 °C, an
atmosphere with the pp,)/Pr,0(9) value of 41.8 can be formed, which is
a condition for the selective oxidation of Cr. Therefore, the experiments
were carried out under the condition of the pp,)/PH,0() value of 41.8
because not only Cr can selectively oxide but also the thermostat's
temperature could maintain near room temperature. As described
earlier, although the oxidation potential can be controlled by po,g),
there is a difficulty in controlling the po,) with an extremely low value.
However, if the oxidation potential is controlled by the py,)/PH,0(g), an
atmosphere for the selective oxidation can be formed more easily under
realistic conditions.

The samples' surfaces were analyzed through XPS to inspect the
surface oxide layer changes by the SOA. Fig. 3 shows the XPS results of
the as-built, SOA10, SOA20, and SOA30 samples. In the XPS spectrum of
the as-built sample, peaks with high intensity were presented at 778.2
and 793.2 eV, corresponding to the metallic state of Co (Co®), and peaks
with low intensity were also observed at 780 and 795.2 eV, corre-
sponding to Co?* oxidation state (Co 2p1,2 and Co 2ps3,3) [28]. In the Cr
region, peaks attributed to the metallic state of Cr (Cr®) were detected at
574.9 and 584.4 eV, and peaks attributed to the cr3* oxidation state (Cr
2p3/2 and Cr 2p; ) were detected at 576.6 and 586.3 eV [29]. In the Mo
region, only metallic state peaks of Mo (Mo®) at 228.1 and 231.3 eV
were presented [30]. The surface analysis result of the as-built sample
showed that the metallic state peaks produced by bulk metal were
stronger than the ion state peaks from the oxide. Only a native oxide film
was formed on the surface in the as-built sample as no additional heat
treatment was applied. Therefore, the metallic state peaks are mainly
observed in the XPS spectrum due to the thinness of the native oxide
layer.

In the XPS spectra of the samples after the SOA (SOA10, SOA20, and
SOA30), no peaks were observed in Co and Mo regions. In the Cr region,
Cr® peaks disappeared, and the intensity of Cr>" peaks at 576.6 and
586.3 eV drastically increased. Also, a peak formed by the multiplet
splitting of the Cr" ion state is observed at 575.4 eV, slightly to the left
side of the Cr 2p3,» peak (576.6 €V) [31]. These results confirmed that
only Cr was selectively oxidized under the condition with the pp,)/p,0
(o of 41.8, as in the thermodynamic calculation results, resulting in the
formation of the Cr oxide layer on the surface.

Meanwhile, Fig. 4 shows the morphology of the oxide layer on the
samples' surfaces observed using TEM. Only a very thin native oxide film
was observed on the surface of the as-built sample, which affected the
formation of the metallic state peaks with high intensity in the XPS
result. The surface oxide layer's thickness increased with the SOA time,
and the oxide layer thicknesses of SOA10, SOA20, and SOA30 samples

SOA30

SOA20

Relative intensity [a.u.]

aas

Cco®  SOA10

" 1 1
As-built

Co2+
230 570 580 590770 780 790 800 810
Binding energy [eV]
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&

N

Fig. 3. X-ray photoelectron spectroscopy (XPS) spectra of the as-built, SOA10,
SOA20, and SOA30 samples.
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Fig. 4. Morphology of oxide layer on the (a) as-built, (b) SOA10, (c) SOA20,
and (d) SOA30 samples analyzed by TEM.

were 8.7, 20.3, and 39.5 nm, respectively.

In addition, Fig. 5 represents the composition mapping results of the
samples analyzed by the TEM. The oxide layer on the as-built sample
was so thin that the area with high oxygen concentration could not be
observed on the surface. On the surface of the SOA10, SOA20, and
SOA30 samples, oxide layers with high Cr concentrations were formed
by the SOA. The compositions of the surface oxide layers of the three
samples were analyzed by the EDS, and the oxide layers of the samples
had a similar composition with the CryO3. These XPS and TEM results
confirmed that the Crp,O3 oxide layer could be formed on the surface
through the SOA in the CCM alloy, and a thicker oxide layer could be
obtained by increasing the annealing time.

Corrosion properties could be affected by the microstructure of the
samples. Therefore, the microstructures of the as-built and SOA30
samples were observed by the EBSD and the result is shown in Fig. 6. In
the as-built sample, an elongated microstructure formed along the
building direction, which is the common microstructural feature of the
sample fabricated by the SLM. The SOA30 sample had almost the same
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(a) | As-built

(b)
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Fig. 5. Composition mapping results of the (a) as-built, (b) SOA10, (c) SOA20, and (d) SOA30 samples analyzed by TEM. The yellow rectangles indicate the region
where the composition analysis of the oxide layer was performed. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

microstructure as the as-built sample. From the microstructure obser-
vation, it was confirmed that the microstructure of the samples was not
changed in the SOA performed in this study.

Fig. 7(a) and (b) represent OCP analysis results and polarization
curves, respectively. The corrosion potential (Eo) and corrosion cur-
rent density (I.,rr) derived from the polarization curves were summa-
rized in Table 2. In Fig. 7(a), the OCP values of the sample increased
with time elision in the initial stage. Once samples (electrode) were
immersed in an electrolyte, the system tends to stabilize from the
disturbance. The rise in the OCPs at the initial stage of the immersion is a
kind of stabilization behavior. This stabilization would be achieved by
surface reactions such as surface oxidation/reduction, surface dissolu-
tion/precipitation, and ion adsorption even though all samples are in the
passivation state. This kind of rise in OCP was also reported in the
previous study [23].

As shown in Fig. 7, the Cry03 oxide layer grown by the SOA altered
the CCM alloy's corrosion properties. The OCP value shifted catholically
after the SOA, but no additional shift occurred with the annealing time.
The OCP fluctuation shown in the as-built sample seemed to be ascribed
to the very thin CryO3 oxide layer, so the fluctuation weakened and/or
disappeared after the SOA due to the thickened oxide layer. From the
OCP positions, it is known that all samples were well passivated, as
shown in Fig. 7(b). However, because of the thickened oxide layer
through the SOA, the corrosion current density remarkably decreased
with the increase in corrosion potential. Further reduction in the
corrosion current density occurred with the increase in the SOA time

from 10 to 20 min. However, no additional reduction occurred when the
annealing time increased from 20 to 30 min.

The EIS results also showed similar behavior to the polarization ones.
Fig. 8 showed the evolutions of Nyquist plots with the SOA and its time,
and the corresponding fitted data were listed in Table 3. The equivalent
circuit used to fit consisted two resistor-capacitor (RC) cells connecting
in the series, where R, and CPEq corresponded to a charge transfer
resistance and double-layer capacitance at the oxide/electrolyte inter-
face, and R, and CPE, were the resistance and capacitance of the oxide
layer, respectively. Diameter of the semicircle denoting corrosion
resistance was increased with the SOA as a result of the thickened oxide
layer, but this increase stopped over the 20 min SOA. The main contri-
bution to the increase in the corrosion resistance came from the resis-
tance of the oxide layer (R,), meaning that the increased oxide thickness
played the main role in improving the corrosion resistance. For the oxide
layer's resistance, the as-built sample had about 5 x 10* Qecm? and its
value increased up to 1 x 10° Qecm? when the SOA over 20 min was
applied.

4. Conclusions

The SOA successfully modified the surface of the CCM alloy fabri-
cated by the SLM. Only Cr was selectively oxidized by annealing at
650 °C in an atmosphere with the py,)/Pr,0( ratio of 41.8. In the as-
built sample, a very thin native oxide film was formed on the surface.
Through the XPS and TEM analyses, it was confirmed that the dense
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Phase map

Table 2
Results of corrosion potential (E.,,) and corrosion current density (I.o) Were
derived from the polarization curves of the as-built, SOA10, SOA20, and SOA30
samples.

As-built SOA10 SOA20 SOA30

Ecorr (V) —0.61 —-0.25 -0.23 -0.22
Lor (A/cm?®) 5.34 x 10°° 2.84 x 1077 1.58 x 1077 1.30 x 1077
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Fig. 6. Microstructure of the (a) as-built and (b) SOA30 samples observed by ,
the EBSD. Z' [Qem2]

. . Fig. 8. Nyquist plots of the as-built, SOA10, SOA20, and SOA30 samples were
Cr,03 oxide layers were formed on the surface by the SOA. The thickness measured in 3.5 wt% sodium chloride (NaCl) solutions. The inlet is the

of the oxide layer steadily increased with extending SOA time, and the equivalent circuit used to interpret the data.

Cry03 oxide layer with a thickness of 39.5 nm was formed after the

annealing for 30 min. The thickened oxide layer caused not only the

ennoblement of the corrosion potential but also the reduction of the Table 3

corrosion current density. In addition, the EIS results revealed that the Results of impedance parameters of the as-built, SOA10, SOA20, and SOA30
improved corrosion resistance mainly came from the oxide layer's samples derived from the equivalent circuit analysis. The n is CPE dimensionless

resistance which increased with the oxide layer's thickness. exponent.
Element R; Ry CPE, (n) R.: CPEg (n)
Declaration of Competing Interest 3.05x107° 9.25x10°°
L 4 . .
Asbuilt  9.241  5.15x10 (0.8807) 1011 (0.8045)
. . . -5 5
The authors declare that they have no known competing financial SOA10  9.774  4.50x10° 1838%(;) 1016 4&?)58215%)
interests or personal relationships that could have appeared to influence e e
i thi SOA20  9.214  1.39x10° 4.69x10 1021 4.58x10
the work reported in this paper. - 99X (0.8822) (0.8424)
. 7.81x107° 1.82x107°
SOA30  9.415  1.32x10 (0.6853) 1018 (0.8451)
04 (a) (b)  passivation

: region
0.2 | :

=
— 1
S W
[=1)) 1
< 1
i M -------
< Y G
w |
Z 04+ I
< 1
: I
1
§ 06 F —asoun LW
S ——S0A10 .
-0.8 - ——S0A20 |
——S0A30 :
_1'0 L 1 1 1 1
0 5 10 15 20 10° 108 107 10°¢ 10° 10+

Time [hr] Current density [A/cm?|

Fig. 7. (a) OCP variations with time and (b) polarization curves of the as-built, SOA10, SOA20, and SOA30 samples in 3.5 wt% sodium chloride (NaCl) solution.
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