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Abstract- This study presents effect of direct build during EBM fabricated (0°, 45°, 55° and 90°) to the evolution of 
microstructure that influenced the properties of electrochemical involve passivity formation in blood plasma. The results was 
revealed during solidification of CoCrMo induce the precipitate formation in both grain boundaries and matrix grain. 
Precipitate was contributed to the range of passivity formation, due to induce the dissolution of metals in the electrolyte. 
However, the redox behavior was not influenced by microstructure and precipitate. It was only influenced by type of 
electrolyte composition. During contact with blood plasma, CoCrMo were performed oxide Cr2O3 and Cr(OH)3, which high 
dominated by Cr2O3, respectively. From the bode phase and phase spectra were depicted of stability oxide formation whether 
in low frequency or high frequency. Impedance was described the nyquist spectrum with high semicircle perform in 55° of 
direct build both in Top part and Bottom part. In general, direct built parameter during EBM fabricated was give significant 
contribution to the stability of passivity formation due to the microstructure and precipitate distribution. 
 
Index terms- CoCrMo, Cyclic Voltammetry, EBM (Electron Beam Melting), Impedance, Polarization. 

 
I. INTRODUCTION 
 
The excellent performance of CoCrMo has attract 
attention to use this alloys as medical devices 
particularly in hip and knee joints due to excellent 
corrosion and wear resistance [1]. Manufacturing 
technology is growing so fast. Recently, electron 
beam melting (EBM) has become popular and 
famous in additive manufacturing, due to the 
excellent advantages. It is to be high light, the ability 
to produce a complexes geometries that would not be 
able achieved using conventional manufacturing. This 
promises for metal implant production.  
The preheating temperature causes transformation of 
metastable ɤ-fcc phase to ɛ-hcp phase[2]. The greater 
height of fabricated by EBM induces phase 
transformation at the bottom part which difficult to 
avoid due to long post-melting time. It resulted 
inhomogeneity of microstructure along the built 
height [3]. 
Some studies in clinical was reported that Cr 
detection in the blood[4]–[8]. It can occurs due to 
electrochemical reaction between metal and body 
fluids. This happened without any mechanically 
contribution such as wear. Cr debris from CoCrMo 
will bound to components with low molecular weight 
thus leading to hemoglobin directly[6], [9]–[11]. It 
gives betterexplanationabout difficulty to detach 
chromium in the urine from individuals has expose of 
Cr[8], [9]. 
Electrochemical studies can be used to understanding 
of biocompatibility CoCrMo due to the passivity 
formation. It known that passivity related to the 

corrosion resistance of alloy. The stability of 
passivity formation becomes important to protect the 
surface of alloy during contact with body fluid, 
include blood. Blood plasma is part of blood that 
contain a lot of ions that suggested contribute to the 
electrochemical reaction due to contact with metal 
alloys. 
In this study, the effect of direct built during 
fabricated will investigatethe electrochemical 
behavior due to contact to the blood plasma. 
 
II. EXPERIMENTAL 
 
The geometry of rod CoCrMo alloy that fabricated 
using EBM is 16 mm in diameter and 160 mm in 
height. Four direct build were applied in EBM 
fabrication process involve 0°, 45°, 55° and 90°. The 
CoCrMo alloys was cut in 1 mm of thickness from 
the rod and distinguished between top and bottom 
part. Top and bottom part were took 5 mm from the 
edge. All were wet ground with silica paper until 
2400 grid, further continued with OPU. Furthermore, 
it was cleaned with ethanol in ultrasonic bath. 
Simulated Body Fluid (SBF) was used in all 
experiment by using Kokubo c-SBF [12]. 
 
The EBSD investigation was performed using field 
emission SEM (FESEM) (FEI XL30S-FEG) with 
operate at 15kV. Meanwhile, observation of SEM 
was employed using SEM (FESEM) (Carl Zeiss 
ULTRA 55) at acceleration voltage 15kV, 
respectively. The composition of the CoCrMo alloys 
was revealed in Tabel 1. 



International Journal of Mechanical and Production Engineering, ISSN(p): 2320-2092, ISSN(e): 2321-2071 
Volume- 7, Issue-1, Jan.-2019, http://iraj.in 

Study on Electrochemical Behavior COCRMO Alloy using EBM Fabricated in Simulated Body Fluid 
 

62 

Table.1 Chemical composition of CoCrMo alloys both Cast 
Forging and EBM fabricated 

Elements Wt.% 
Co Bal. 
Cr 28.40 
Mo 6.66 
Ni 0.18 
Si 0.45 

Mn 0.69 
C 0.23 
N 0.20 
O 0.023 

 
The potentiodynamic polarization and cyclic 
voltammetry test were performed by scanning the 
applied potential from -1.5 V and moved 1.5 V at the 
scan rate of 10 mV/s.  The software analysis was used 
CS Studio 5. Counter electrode was used carbon rods. 
Saturated calomel electrode (SCE) was employed as 
reference electrode. EIS measurement was carried out 
under potentiodynamic conditions in range applied 
potential from -1.5 V to 1.5 V. Impedance was 
performed for 10 frequency decades from 100 Hz to 
105 Hz with an amplitude of ± 10 mV and scan rate of 
10 mV/s. The data was analyzed using Zview 
software. A double wall three-electrode cell of Teflon 
was used for all experiment. 
 
III. RESULTS AND DISCUSSION 
 
3.1 Microstructures and constituent phase 
The EBSD analysis was conducted only focusing on 
the ɤ-fcc and ɛ-hcp matrix phases. From Figure 1, 
Cast Forging was revealed combination of phase. It 
was contained ɤ-fcc with small ofɛ-hcp that 
distributed in the matrix. The effect of direct build 
was significant clear. Along the height at 160mm, the 
top part was dominated by ɤ-fcc, meanwhile the 
bottom part was dominated with ɛ-hcp. Even in 55 
Bottom, the bottom part was mix between ɤ-fccand ɛ-
hcp with higher ratio of ɛ-hcp. Direct build 90° was 
resulted height as the diameter (16 mm), it indicated 
that phase both in top and bottom part was dominated 
by ɤ-fcc. The evolution of microstructure along 
vertical axis can be explained by relationship between 
the phase transition temperature and the temperature 
of the CoCrMo alloy during EBM fabrication. 
Takashima et al. reported that during cooling process 
the section closer to the bottom part was held at high 
temperature for long period. It was induced for the 
transformation of ɤ to ɛ. Furthermore, the bottom part 
was dominated by ɛ phase. In other hand, the ɤ phase 
was become high in the top part. In addition, the 
prediction of ɛ phase would occurred at a height of 80 
mm during fabrication [13]. This also confirmed by 
Shun et al. investigation. It was strong correlation 
between ɤ phase and ɛ phase due to martensitic 
transformation which maintained the Shoji-
Nishiyama orientation relationship [14].  

 

 
Figure 1:  EBSD phase maps of CoCrMo alloys with different 

direct building and position along vertical: a. Cast Forging, b. 0 
Top, c. 0 Bottom, d. 45 Top, e. 45 Bottom, f. 55 Top, g. 55 

Bottom, h. 90 Top, i. 90 Bottom 
 

Figure 2 was shown the grain boundary (GB) maps. 
The black, green and red lines was indicated theangle 
boundaries with misorientation (2°<θ<5°), (5°<θ<15) 
and (15°<θ<180). All CoCrMo alloys were identified 
with high angle grain boundaries (dominated with 
blue). Exceptional was occurred in 0 Top, it indicated 
combination between (5°<θ<15) and (15°<θ<180). 
The grains were dominated by high angle grain 
boundaries. 
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low boundaries (2°<θ<5°) 
medium boundaries (5°<θ<15) 
high boundaries (15°<θ<180) 

Figure 2:  Grain Boundaries images of CoCrMo alloyswith 
different direct building and position along vertical: a. Cast 
Forging, b. 0 Top, c. 0 Bottom, d. 45 Top, e. 45 Bottom, f. 55 

Top, g. 55 Bottom, h. 90 Top, i. 90 Bottom 
 

Production of carbides is from saturated carbon level 
in the solid stage. The growing of the carbides is 
controlled by metal atom diffusion from the surface 
to carbides structure. The size and composition due to 
the cooling rate during solidification [15]–[17]. 
Formation of carbides was caused irregularities and 
heterogeneities in the adjacent zone (surrounding 
grain boundaries). It will contribute in the alloys 
dissolution. Several of distribution precipitate was 
depicted in Figure 3. A small number of black 
precipitate were noticed in all CoCrMo. Fine 
precipitate was observed in range several tens to a 
few hundred nanometer in diameter. Precipitate was 
distributed not only in the grain boundaries but also 
in the matrix grain. 

 

 
Figure 3:  SEM-BSE images of CoCrMo alloyswith different 

direct building and position along vertical: a. Cast Forging, b. 0 
Top, c. 0 Bottom, d. 45 Top, e. 45 Bottom, f. 55 Top, g. 55 

Bottom, h. 90 Top, i. 90 Bottom 
 
The polarization curves of CoCrMo alloys in SBF 
condition was depicted in Figure 4. All are divided in 
four potential domains. First, the cathodic region was 
started at -2.5 V until corrosion potential (Ecorr) which 
indicate the reduction of water partially oxygen 
dissolved (called hydrogen evolution). The second 
region was performed the transition from cathodic to 
anodic current (called Ecorr). In the next region was 
recognized to the passive area which indicate no 
change in current density. In the transpassive region 
was performed increaseof current due to chromium 
oxide dissolve then continuing to oxygen evolution. 
However, during transpassive domain was performed 
secondary passivity(shoulder phenomenon) that 
indicate the solubility of Co interact with electrolyte 
to produce Co(OH)2 (0.54 V-0.64 V).In addition, it 
was reported that shoulder phenomenon was 
attributed to contribution of formation Co phosphate 
and Co carbonate (phosphate ion complexes)[18]–
[20]. 
 
In the SBF at pH 7.4,from Figure 4 was exhibited 
active/passive behavior in all CoCrMo alloys. The 
Ecorr of CoCrMo alloys were performed at ~(-0.9) V 
to (-0.4) V with quick to transform in passivity start 
at ~(-0.5) V to ~(-0.4) V and finish at ~0.2 V.The 
Ecorr of 0 Bottom and 45 Top were shown more 
anodic compare than others. However, both of them 
just performed shorter range of passivity region. It 
suggested due to the carbide formation in the 
microstructure.It was reported by Bertini et al. that 
passive dissolution of alloys dominated occur in 
carbide boundaries zone [21], [22].Due to c-Kokubo 
SBF contain phosphate, it was suggested that it will 
contribute to the production of hydrogen phosphate 
ions [19]. It became constitute a conjugate base of 
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phosphoric acid. Asthe result, a weak acid may 
increase dissolution of CoCrMo [23]. 

 
Figure 4:  Polarization curve of CoCrMo alloys in SBF 

 
The electrochemical behavior of CoCrMo in SBF 
(artificial blood plasma) was characterized by the 
cyclic voltammetry presented in Figure 5. It was 
performed similar trend in all CoCrMo alloys. There 
are three distinct regions in the potential range (-1.5 
V-1.5 V) determined: the hydrogen evolution, the 
oxide film region and transpassive region followed by 
the oxygen evolution. In the oxidation, the first 
passivity region was observed in potential range -1.2 
V to 0.5 V, then following with a peak as secondary 
passivity. This phenomenon oxidation was suggested 
as Co(OH)2[24], while in reduction it proceed non-
detectable amount of Co[25].The reversible potential 
corresponding to the reaction bellow, which it vs SCE 
reference [26].  

 
 
During the reduction, after transpassive the curve 
backward to form a peak reduction in potential -1.48 
V. The reduction peak was observed of Cr(OH)3 
reduction due to the half-reaction vs SCE 
reference[26]: 

 
 
Manufacturing technology of CoCrMo was not 
influenced the behavior of oxidation and reduction 
during electrochemical in SBF. Cast Forging and 
EBM in various direct build have the same trend.  
 
The FTIR peaks of surface CoCrMo alloys after 
cyclic voltammetry was shown in Figure 6. From 
here, the different of oxide formation significant 
clear. Cr2O3 wasdominated as oxide in CoCrMo 
alloys after contact with SBF. Meanwhile, Cr(OH)3 

was found with not strong transmittance intensity. 
During contact with SBF was induced formation of 
Cr2O3 and Cr(OH)3 in all CoCrMo alloys. 

 
Figure 5:  Voltammogram curve of CoCrMo alloys in SBF 

 

 
Figure 6:  FTIR peaks of CoCrMo alloys in SBF 

 
The impedance spectroscopy result of CoCrMo alloys 
in SBF at selected potential values was presented as 
Bode diagrams (Figure 7).  All CoCrMo alloys were 
exhibited higher impedance in over the entire 
frequency range. The higher the impedance in high-
frequency region suggested the better ability to 
mitigate charge transfer process, however the higher 
impedance in low-frequency region indicates better 
resistance to mass transport[27]. At high frequencies 
(103 to 105) the absolute impedance curve is almost 
independent of the frequency. This represents the 
electrolyte resistance. However, the electrolyte 
resistance in pH 7.4 was performed from 103-104, 
then followed by enhance the absolute impedance.  
Only 0 Bottom was performed increase the absolute 
impedance dependent of the frequency. 
 
From the phase spectra, it is possible to predict the 
presence of a compact passive film if the phase angle 
is closed to 90° over a wide frequency range and if 
the spectrum shows linier portion at intermediate 
frequency [28]. Due to frequency range of phase 
angle higher than 70°, it suggested thecharge transfer 
process has been retarded[29]. It is attributed to the 
presence of oxide or amorphous surface layer that is 
free from defect of dislocation or grain boundaries. It 
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is known that dislocations or grain boundaries can 
enhance ionic transport [30].  
 
Figure 8 was depicted phase spectra of CoCrMo, 
which indicate the formation of passivity. All 
CoCrMo alloys was exhibited trend higher impedance 
in 102 frequency, except 0 Bottom.Then, it was 
decreased at 100 frequency. The 55 Top was 
performed the stable of passivity until low frequency 
which indicate a plateau line. O Bottom was 
performed differently, the phase spectra was achieve 
80° at high frequency, which indicate the passivity 
was occurred in high frequency. However, the 
passivity formation was not stable, it drawback at 30° 
at low frequency.  It noticed from our previous 
research that 0 Bottom was dominated by hcp (ɛ) in 
their microstructure [14]. Further, it was caused the 
electrolyte resistance raise in high frequency due to 
the retardation of in charge transfer.  
 
It suggested oxide chromium formation in the inner is 
strong contribution. This data correlate to the peaks 
FTIR, that 0 Bottom was dominated by Cr2O3 
through high transmittance intensity. Unfortunately, 
this oxide is less stable in low frequency due to the 
passive dissolution of ion metal (oxide film ruptured) 
during electrochemical. In SBF pH 7.4, most all 
CoCrMo was performed drop of phase in the lower 
frequency. Decrease the phase indicate that the 
dissolution ion metal is higher. 

 
Figure 7:  Bode spectrum curve of CoCrMo alloys in SBF 

 

 
Figure 8:  Phase spectra of CoCrMo alloys in SBF 

From the nyquist spectrum, generally a larger 
capacitive loop corresponds to better corrosion 
resistance. In addition, the appropriate film thickness 
and fewer defects results in the best corrosion 
resistance of CoCrMo alloy. According to the nyquist 
plot (Figure 9), all CoCrMo were performed two 
semicircle. First semicircle was indicated by oxide 
film formation on the surface. Further, the next 
semicircle was performed by increasing the 
impedance imaginer due to increasing the real 
impedance, which indicate mass transfer occurred.  

 
Figure 9:  Nyquist spectrum of CoCrMo alloys in SBF 

 
It suggested that this phenomenon correlate with 
passive dissolution then followed with transpassive 
behavior. The effect of build direction and position 
along vertical was significant different in nyquist 
results. The 55 Top was indicated of better corrosion 
resistance, the following with Cast Forging. It 
suggested that the effect of precipitate on the 
structure was influenced the passivity ability.  
 
CONCLUSION 
 
Technology manufacturing gives a great impact to the 
microstructure development of CoCrMo alloys. 
Investigation of electrochemical was given a better 
understand to the passivity formation during contact 
to blood plasma. Passivity was significant influenced 
by microstructure and precipitate distribution. In 
order to investigate the better performance of 
CoCrMo alloys in blood plasma, 55° of direct build 
was performed better passivity in blood plasma both 
Top part and Bottom part.  
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