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CoCrMo alloys have been used for several decades in implantable devices due to their favourable mechanical
properties, low wear rate in addition to good biocompatibility and high corrosion resistance. These alloys are
conventionally produced via casting and/or forging route, however additive manufacturing techniques being
recently employed in their fabrication. In this work, CoCrMo samples were produced by direct metal laser
sintering additive manufacturing process. The microstructure and surface composition were examined em-
ploying scanning electron microscopy, X-ray diffraction and X-ray photoelectron spectroscopy (XPS). The cor-
rosion resistance was measured in 0.14 M sodium chloride solution and in phosphate buffered solution (PBS)
both with and without addition of albumin at pH 7.4 and 37 °C. For this, potentiodynamic tests in addition to
electrochemical impedance spectroscopy were employed. The studied CoCrMo alloy exhibits a good corrosion
resistance in solutions tested being the highest in PBS solution without albumin addition. The XPS analysis
showed that the passive film composition and its thickness are not modified by the adsorbed layer.

Microstructural analysis revealed occurrence of strain-induced martensitic transformation.

1. Introduction

For more than five decades, cobalt-chromium-molybdenum
(CoCrMo) alloys have been used in the cast or wrought form as pros-
thetic [1,2] or dental implant materials due to their favourable me-
chanical properties, low wear in addition to good biocompatibility and
high corrosion resistance [3]. The latter is based on a passive oxide film
that forms on the metal surface within human body environment [4].
This oxide film consists of a mix of cobalt, chromium and molybdenum
oxides, mainly Cr,O3 [5] which plays two roles in limiting both the
anodic and cathodic reactions, serving as a physical barrier for cation
and anion transport to the metal surface as well as electronic barrier for
electrons [3]. An exposure to corrosive biological fluids unavoidably
causes corrosion of an implant to some level. The prevailing corrosion
mechanism of CoCrMo alloys is believed to be passive dissolution,
where metal ions migrates through passive oxide layer [6]. During long-
term exposure of the implanted material to human body fluids, the
oxide film may be disrupted by either chemical reaction or mechanical
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wear and metal ions that are released could be harmful to human health
[7]. It is estimated that approximately 20% of patients with well-
functioning implants and 60% of patients with poorly functioning im-
plants develop metal hypersensitivity reactions which can be attributed
to metal ion release [8]. In addition, carcinogenicity and toxicity of this
alloy system is still subject of discussion [9,10]. The corrosion rates of
CoCrMo alloys are usually analysed in vitro using simulated body fluids,
which typically include bovine calf serum, phosphate buffered solution,
sodium chloride solution, Hank solution and Ringer solution. Also,
animal or human synovial fluids are used to study corrosion mechanism
in vivo or in vitro [6].

Casting, machining and plastic work fabrication processes are well
established techniques to produce CoCrMo alloys. Due to the technical
difficulties by fabrication, which are caused by the high hardness of the
material, strain hardening, increased tool and machine wear, alter-
native cost effective production routes are needed. Emerging additive
manufacturing (AM) technologies, including powder bed systems,
powder feed systems and wire feed systems [11], can on the one hand
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simplify the fabrication route, reduce total cost and offers possibility of
production of customised implants [12]. On the other hand, component
certification and process qualification standards for AM parts are not
completely elaborated yet [13]. To date, there have been only limited
number of studies that analyse corrosion resistance of CoCrMo alloys
fabricated via AM route [14]. In ref. [10], the susceptibility for corro-
sion and metal release increased with an increased number melt pool
boundaries. Study of Lu et al. [14] revealed that laser beam scanning
strategy can alter the corrosion resistance of the finished part. The
difference in corrosion resistance was attributed to the thermal residual
stress that occurs during fabrication. The objective of the present study
is to examine the corrosion susceptibility of this alloy system fabricated
via powder bed direct metal laser sintering technique (DMLS). In this
process, a heat source fuses metal powder in layer-by-layer manner to
form the desired part, which is defined by a CAD model. In the present
work, we examine the electrochemical behaviour of DMLS fabricated
samples in phosphate buffered solution (PBS) in addition to sodium
chloride solution both with and without addition of albumin. In this
regard, electrochemical tests were conducted which consisted of open
circuit potential, impedance spectroscopy and potentiodynamic polar-
isation measurements.

2. Material and experimental procedure

CoCrMo samples were produced by DMLS process using Eosint EOS
M280 machine for both corrosion tests and microstructural analysis
(dimension of 10 X 10 x 10 mm®) in addition to tensile test specimens
with cross-section of 3.5 x 1.5 mm?. Samples were fabricated from pre-
alloyed gas atomised CoCrMo powder (EOS Cobalt/Chrome MP1),
supplied by Eosint GmbH, Germany. A continuous laser beam-scanning
mode was employed and manufacturer's recommended parameters
were applied. The laser sintered specimens were prepared and ex-
amined in the as-received condition parallel to the build direction
plane.

2.1. X-ray diffraction (XRD)

XRD technique was used to identify phases present in both the
precursor powder and in the laser sintered specimens. Prior to the
measurement of the laser sintered samples, the surfaces of two different
specimens were prepared. The first sample was ground with 1200 grit
SiC paper (depicted as “ground”) whereas second specimen was pre-
pared by electropolishing (depicted as “electropolished”), using a
mixture of 5 vol.- % perchloric acid in acetic acid under applied voltage
of 25V. The prepared samples were rinsed in distilled water and
ethanol. XRD measurements in the angular range 26 = 30-90° were
carried out using a Philips® X'Pert Pro diffractometer. Cu Ka radiation
source (wavelength of 0.154nm) was used with applied voltage and
current of 40kV and 45mA, respectively. The obtained diffraction
patterns were compared with data from the ICSD database in order to
identify phases present.

2.2. Synchrotron X-ray diffraction

Synchrotron X-ray diffraction was used to follow the strain-induced
martensitic transformation in the laser sintered specimens during ten-
sile loading at room temperature. The electropolished tensile test spe-
cimen with cross-section of 3.5 x 1.5 mm? was strained to failure in the
Gleeble Thermomechanical Simulator integrated within the XTMS
beamline at the Brazilian Synchrotron Light Laboratory, Campinas,
Brazil. The tensile specimen was positioned perpendicular to the dif-
fraction beam and then loaded under tension at a constant cross-head
displacement rate of 1 X 102 mm.s™. The projection of sample cross-
section at the gauge centre was recorded by a laser dilatometer. The
Gleeble system operated in stroke control mode and the macroscopic
force applied to the sample was registered using a 44 kN load cell. A
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monochromatic X-ray beam with dimensions at the slit system of
2.0 x 0.5 mm? and wavelength of 1.0332 A (12keV) was used to illu-
minate the sample. During loading, diffraction data were collected at 3 s
intervals using two silicon microstrips MYTHEN one-dimensional de-
tectors. As result, the time-resolved diffraction data were plotted in an
intensity colour map to qualitatively demonstrate the strain-induced
transformation using a custom peak-fitting algorithm developed for the
IgorPro software by Babu et al. [15].

2.3. Microstructural characterisation

Samples for electron backscattered diffraction (EBSD) analysis were
prepared by polishing with a set of decreasing size diamond suspensions
down to 1 pm. Final polishing step was conducted on Buehler MiniMet™
Polisher using colloidal silica for duration of several hours. EBSD ana-
lysis was performed employing FEI Quanta 450 and FEI Quanta 650
scanning electron microscopes (SEM) equipped with HKL Nordlys or-
ientation imaging system (Oxford Instruments, Oxford, UK). The HKL
Channel 5 software package (Oxford Instruments, Oxford, UK) was used
to process the EBSD data. In addition, specimens for microstructural
characterisation were electropolished using solution of 5vol.-% con-
centrated perchloric acid in an acetic acid base electrolyte under ap-
plied voltage of 21V and temperature of 15°C, respectively. These
samples were examined by secondary electron imaging using FEI
Quanta 450 SEM.

2.4. Electrochemical tests

To analyse corrosion behaviour of the CoCrMo alloy, electro-
chemical tests were carried out using four different solutions including:
(i) 0.14M NaCl, (ii) 0.14M NaCl with 0.5g/L of albumin, (iii) PBS
solution (0.14 M NacCl, 1 mM KH,PO,4, 3 mM KCI and 10 mM Na,HPO,)
and finally (iv) PBS with 0.5 g/L of albumin, where solutions (iii) and
(iv) are tagged as simulated body fluids. Selected solutions evaluate the
influence of albumin, chloride and phosphate ions on the electro-
chemical behaviour of the laser sintered material and compare its
corrosion resistance with conventionally produced alloy previously
examined in ref. [16]. The pH values of the non-buffered solutions were
adjusted to pH 7.4 at 37 °C with addition of concentrated HCI or con-
centrated NaOH before each experiment.

The CoCrMo sample was embedded into non-conductive resin and
area of 0.30 cm? was selected using enamel varnish for electrochemical
tests. Prior to each experiment, the sample was initially ground with
1200 grit SiC paper, then degreased with ethanol and washed with
deionised water and finally dried with compressed air.

Electrochemical tests were performed using Potentiostat
PGSTAT302 N (Metrohm Autolab B.V.) equipment operated by NOVA
software v. 1.11.0. A double-wall three-electrode cell (volume of
100mL) in aerated conditions under constant magnetic stirring was
used for all electrochemical measurements. An Ag/AgCl 3M KCl re-
ference electrode and a Pt wire were used as the counter electrode. In
order to reach a stable state of the electrochemical system, each sample
was immersed and measured for 15h in open circuit potential (OCP).
During the OCP measurements, electrochemical impedance spectro-
scopy (EIS) was carried out under potentiostatic conditions at 1, 5, 10
and 15 h. The EIS measurements were performed over frequency range
from 40 kHz to 6 mHz with an amplitude of + 10 mV. After impedance
measurements, potentiodynamic polarisation tests were performed on
the same sample without removing the specimen from the cell. The
polarisation tests were realised by scanning of the applied potential (E)
from -700 mV g/ agci and moving in the anodic direction to 1500 mV g,
agcl to the OCP at a rate of 1 mV.s. The results were used to construct
Tafel slopes plots in both anodic and cathodic domains. The corrosion
potential E..,, and corrosion current i..,, were determined from the
intersection of these two slopes plots. The test was terminated auto-
matically when the current exceeded value of 1 mA. Each experiment
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was repeated three times and the average values of electrochemical
parameters were determined.

2.5. X-ray photoelectron spectroscopy (XPS)

The surface chemistry of the laser sintered sample in addition to
specimens that were removed from the cell after 15h of the electro-
chemical impedance spectroscopy (EIS) tests was characterised using
XPS technique. Prior to the measurement, the specimens were rinsed
with distilled water and blow-dried. Then, the samples were inserted
into the XPS ultra-high vacuum chamber operating at 10" mbar. The
XPS characterisation was performed with a SPECS Phoibos 150 hemi-
spherical analyser with multi channeltron detection using X-ray Al-K,
anode. The XPS spectra were measured in two different polar emission
angles 6 = 0° (normal emission) and 6 = 60° in order to extract film
thickness. The data obtained were fitted using a Shirley background and
Lorentzian peaks numerically convoluted with a normalised Gaussian
function to describe instrumental broadening. The passive film thick-
ness was determined using a simple dumping model to describe the
signal attenuation of Cr 2p.

3. Results and discussion

The chemical composition of the laser sintered CoCrMo alloy ob-
tained by x-ray fluorescence is given in Table 1.

3.1. Microstructural characterisation

Fig. 1 shows the X-ray diffraction profiles of precursor powder in
addition to laser sintered samples prepared by electropolishing and
grinding. Diffraction pattern analysis of both the precursor powder and
the electropolished sample revealed presence of face-centered cubic
(FCC) v phase ICSD card # 52934 with nominal lattice parameter of
3.5688 A. The determined lattice parameter using the three diffraction
peaks in Fig. 1 was 3.578 A. 1t is to be noted, that no other phase was
detected in this condition or the volumetric fraction of the second phase
is bellow the detection limit of the instrument (~ 5 vol.-%). In contrast,
a mixture of y and hexagonal close-packed (HCP) € phase ICSD card #
53806 with nominal lattice parameters a = 2.514A and ¢ = 4.105A
was identified in the specimen after grinding. The determined lattice
parameters of the e phase were a = 2,544 A and ¢ = 4,126 A. The
presence of € phase is attributed to y — HCP ¢ strain-induced marten-
sitic transformation caused by deformation of the near-surface layer
during grinding [17].

Fig. 2 shows a low magnification SEM secondary-electron micro-
graph after electropolishing where fine cellular dendritic micro-
structure, grain boundaries in addition to laser tracks can be seen. The
interdendritic spacing is approximately 1 um. The cellular dendrites are
not confined by the weld pool and in general intersect the weld pool
boundaries. A presence of cellular dendrites is caused by fast cooling
rate during solidification of the molten metal during the build process
and is consistent with observations in ref. [18].

Fig. 3(a) shows a high magnification SEM secondary-electron mi-
crograph of the laser sintered specimen. The energy dispersive spec-
troscopy (EDS) elemental mapping was performed in the boxed region
shown in Fig. 3(a) for elements Co, Cr, Mo and Si. The EDS maps are
presented in the bottom part of the Fig. 3 and results revealed a mi-
crosegregation of some elements (in particular Co) in interdendritic
regions. Point analysis in the interdendritic regions showed that there is

Table 1

Chemical composition of the CoCrMo alloy.
Element Co Cr Mo Si Mn Fe Ni
(wt-%) 63.45 28.14 6.91 0.65 0.72 0.08 0.05
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Fig. 1. X-ray diffraction patterns of the precursor powder and laser sintered
samples subjected to electropolishing and grinding, respectively.

Fig. 2. Low magnification SEM secondary-electron micrograph of the laser
sintered specimen revealing grains, cellular dendrites and laser tracks. The
vertical arrow indicates the build direction.

concentration gradient of the main alloying elements when compared
to the bulk chemical composition. The Co content showed a decrease
from 63.2wt.-% = 0.4 from bulk composition to 58.4 wt.-% * 0.6 in
the interdendritic regions, indicating a Co enrichment of the dendrite
core. For Cr, a marginal difference between bulk content and that in the
interdendritic region was found, being 30.5 *+ 0.3 and 29.5wt.-
% = 0.4, respectively. Similarly, Mo enrichment of the interdendritic
regions was found, reaching a concentration up to 6.9 wt.-% * 0.3,
which is higher than 5.3 wt.-% = 0.5 of the bulk composition. This
confirm a microsegregation from solid to liquid during solidification for
Mo. Microsegregation of Mo was also observed in other alloys including
Ni-based alloys [19,20]. In addition, Si also showed a microsegregation
pattern similar to Mo, enriching the interdendritic regions. Its con-
centration increased to 0.86 wt.-% = 0.05 in the interdendritic regions
when compared to 0.6 wt.-% * 0.1 of the bulk composition.

Although, it was possible to observe some inhomogeneity in che-
mical composition on the microscopic scale, the compositional differ-
ence between dendritic core and that in the interdendritic regions is
considered to be low, especially for the alloying elements that con-
tributes to corrosion resistance, in particular Cr and Mo. Thus, it can be
assumed that even with the microsegregation occurring during the so-
lidification, its effects on corrosion resistance of the CoCrMo alloy
system can be considered as negligible.
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Fig. 3. (a) High magnification SEM secondary-electron micrograph of the laser sintered specimen. The vertical arrow indicates the build direction and the boxed
region depicts area where EDS maps were acquired. EDS maps of (b) Co Ka; (¢) Cr Lo; (d) Mo La; (e) Si Ka.
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Fig. 4 illustrates the formation of HCP phase in the laser sintered
sample subjected to tensile loading. The sample was deformed under
tension to failure at a constant cross-head displacement rate of 10
3mm.s? and simultaneously diffraction data were acquired. The time-

Fig. 4. (a) Left hand side, time-resolved synchro-
tron XRD data of the laser sintered sample sub-
jected to tensile loading. The XRD data are plotted
in an intensity colour map where dark blue cor-
responds to background counts and other colours
are equivalent to counts intensity at the peak po-
sition with red being the maximum value. On the
right hand side are presented corresponding va-
lues of the laser displacement and applied force,
respectively. Fig. 4(b) presents EBSD phase map
acquired prior to the straining showing FCC ma-
trix with ~1 % volume fraction of ¢ HCP phase.
An EBSD phase map collected close to the fracture
of the deformed tensile test sample showing FCC
p phase with approximately ~40 % volume fraction
-2 of ¢ HCP phase, Fig. 4(c). In the EBSD maps, thick
E ;I;Dalé — black lines represent high angle grain boundaries
. ® (misorientation greater than 10°), whereas thin
black lines represent low angle grain boundaries
(misorientation less than 2°). (For interpretation
of the references to colour in this figure legend,
the reader is referred to the Web version of this
article.)

resolved diffraction data are plotted in an intensity colour map,
Fig. 4(a) (left hand side) together with corresponding values of laser
displacement and applied force (right hand side). In the colour map,
dark blue corresponds to background counts and other colours are
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equivalent to counts intensity at the peak position with red being the
maximum value. Prior to the loading, one can note a single-phase FCC
structure as revealed by presence of two indexed FCC diffraction peaks.
The subsequent straining causes FCC — ¢ HCP transformation as evi-
denced by appearance of additional € (10-11) and € (10-10) peaks at
160 and 250s, respectively. The degree of transformation increases
with progressing strain as indicated by change of colour intensity at the
peak position.

The FCC — ¢ HCP transformation was further confirmed by EBSD
analysis. Fig. 4(b) shows an EBSD phase map collected prior to the
straining. In this map, a FCC matrix with ~1 % volume fraction of €
HCP phase (except for < 0.3 % non-indexed points) was identified. An
EBSD phase map that was collected close to the fracture of the de-
formed tensile test sample is shown in Fig. 4(c). In this map, in addition
to the FCC phase (highlighted by yellow colour), one can note plates of
the € HCP phase (highlighted by red colour). The volume fraction of the
¢ HCP phase determined by the EBSD analysis was almost 40 %.
Therefore, the EBSD analysis combined with in-situ diffraction experi-
ments evidenced the occurrence of strain-induced martensitic trans-
formation in the alloy studied. This transformation is results of local
change in the atomic stacking sequence of the ABC-type in the FCC
phase which is altered to the hexagonal ABA-type by introducing
stacking fault on every second {111} plane. The strain-induced mar-
tensitic transformation can contribute to enhancement of both the
tensile strength and ductility in this alloy system due to suppression of
necking and an increase in work-hardening rate by the martensite
formation.

3.2. X-ray photoelectron spectroscopy (XPS)

The XPS survey revealed that the surface of the laser sintered
sample is composed mainly of chromium and cobalt oxide, whereas
predominantly metal signals from the bulk are present after sputtering
of the surface in the XPS chamber, Fig. 5.

The XPS survey spectra recorded after electrochemical tests in four
tested solutions show changes in the chemical composition on the
sample surface, Fig. 6. In solutions containing albumin, the nitrogen
signal shows a strong contribution located at ~400 eV, attributed to the
presence of adsorbed protein on the metal surface.

In order to determine thickness of both passive film and adsorbed
layer, the chromium spectrum was acquired at 0° and 60°. The XPS
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Fig. 6. Normalised XPS survey spectra recorded after electrochemical tests in
four tested solutions.
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Fig. 7. XPS chromium spectrum measured at 0° and 60° after electrochemical
test using solutions composed of a) NaCl and b) NaCl + albumin, revealing an
increase in adsorbed film thickness (dagsorb) in solution containing albumin.

Table 2
Peak area obtained from a simple fitting of Cr 2p considering only two com-
ponents: a metallic one at 574.0 eV and that of oxide at 576.4 eV.
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Fig. 5. Normalised XPS survey spectra of the laser sintered sample (black line)
and after removing of the oxide layer (grey line) by sputtering in the XPS
chamber revealing chemical composition on the sample surface.

Theta = 60° Theta = 0°
Total Metal Oxide Total Metal Oxide
NaCl 11711.7 821.2 10220 24164.5 4193 18803
NaCl + Albumin 3748 212 3271 12532.7 2363 9595
PBS + Albumin 10329 580 9042 21703 3868 16652

NaCl + albumin are presented in Fig. 7(a) and Fig. 7 (b), respectively.
An increase of adsorbed film thickness (dagsorb) in solution containing
albumin was observed.
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Fig. 8. A model of continuous thin films used for estimation of both the oxide
and adsorbed film thickness.

Table 2 shows peak area obtained from a simple fitting of Cr 2p
considering only two components: a metallic one which is located at
574.0 eV and that of the oxide situated at 576.4 eV.

A simple model of continuous thin films, Fig. 8, to estimate the
oxide and adsorbed film thickness was considered. The inelastic mean
free-path Aaqsorb @and Aox were calculated using the QUASES — IMFP
software based on the TPP2M formula [21,22]. Using the signal from Cr
2p (I°'® component) and solving equation (1) using two angles (0° and
60°) we can obtain thickness of the adsorbed film, d.qsorp. With this
result, Cr 2p (rmetet component) can be used to extract the oxide film
thickness from equation (2). The I, in the equations (1) and (2) is a
constant intensity related to x-ray power, sample illumination and ex-
perimental geometry. The determined oxide film thickness is approxi-
mately 3.0 nm in all samples and the thickness of the adsorbed layer is
about 1.7 nm in the NaCl solution whereas 2.9 nm in NaCl + Albumin
and PBS + Albumin solutions.

. ( dadsorb )
I‘”ﬂde (6) = Iye Aadsorb €0s(6) (])

(_ dox _ dadsorb )
IMetal (9) = Jye Aox €os(0)  Agadsorb cos(0)

(2)

Mo 3d was not considered because it has a very small intensity and
for thick films, the obtained signal can be very low and therefore can
compromise the measurement. Co 2p shows the strongest signal, which
in principle could be an easy signal to be chosen. However, as observed
in Fig. 5, there are several Auger transitions nearby the Co 2p peaks
which could compromise the quantitative analysis. Moreover, Co 2p has
the lowest kinetic energy compared to Cr 2p and Mo 3d, therefore for
thick films and graze emission angles, it would be a challenging task to
perform a proper measurement due to the strong signal dumping. On
the other hand, Cr 2p electrons are emitted with intermediate kinetic
energies, have large and well-resolved chemical shift between the oxide
and metallic component, as well as a large photoemission cross-section.
Thus, taking in account all experimental constraints, the best choice in
our opinion is selection of Cr 2p.

3.3. Electrochemical tests

3.3.1. OCP measurements

Fig. 9 shows the OCP measurement as function of time. A con-
tinuous shifting of potential towards more positive values with pro-
gressing time is observed in solutions without albumin added. The
positive potential evolution indicates a possible formation of a passi-
vation layer on the sample surface. Comparing the two solutions with
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Fig. 9. OCP measurements recorded in NaCl and PBS solutions with and
without albumin addition (tested at pH 7.4, 37 °C).

no albumin added the OCP values are higher for the NaCl solution until
5h of measurement. After 5h of immersion, the trend is inverted.

Albumin notably shifts the OCP towards more negative values when
added in two solutions. For the albumin-containing solutions, the cor-
rosion potential is nearly constant after 1 h of measurement. It is known
that albumin may reduce cathodic reaction in CoCrMo alloys [23], thus
shifting their OCP towards lower values. Vidal and Mufoz [3] showed
that bovine serum albumin (BSA) addition into similar solutions re-
sulted in OCP shift towards more negative values. This was related to
the double role of BSA adsorption on the CoCrMo surface. The BSA
adsorption on the one hand causes reduction of the cathodic reaction
(impeding access of the oxidant to the metallic surface) and on the
other hand increases the anodic reaction rate by forming soluble metal
complexes. In addition, phosphate in PBS solution reduces the anodic
reaction [24]. When both compounds are present in PBS solution, the
albumin effect predominates.

Table 3 summarises the average values and standard deviation from
the OCP measurements at time 0, 1, 5, 10 and 15 h of immersion.

3.3.2. Polarisation curves

Polarisation curves of CoCrMo alloy in NaCl and PBS solutions with
and without addition of albumin are shown in Fig. 10. There is a usual
active-passive transition in all solutions. In the cathodic domain, al-
bumin slightly decreases the current density in both solutions. This is in
agreement with results reported by Vidal and Munoz [25] where was
claimed that albumin acts as a cathodic inhibitor.

The cathodic to anodic current transition was observed in potential
range between -750 and -650 mVg/agc1 to solutions with addition of
albumin and between -250 and -150 mVag/agc1 to solutions without
addition of albumin. When comparing the two solutions without ad-
dition of albumin, phosphate ions can passivate metal surface.
Therefore, these ions translate the corrosion potential to more positive
values and decrease the current density. The presence of albumin shifts

Table 3
OCP values (mVag/agc1) With scatter bands.

Solution tested

Time (hours) NaCl NaCl + Albumin PBS PBS + Albumin

0 -399 £ 28 382 + 3 -446 * 9 -395 + 8
1 -83 = 6 -136 = 20 -113 = 11 -120 = 12
5 -36 = 4 -139 = 17 73 £ 6 -154 + 4
10 -34 £ 7 -156 + 13 -30 = 6 -164 = 8
15 -32 £ 5 -132 = 19 -29 £ 7 -161 = 6
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Fig. 10. Polarisation curves recorded in NaCl and PBS solutions with and
without albumin addition (tested at pH 7.4, 37 °C).

Table 4
Potentiodynamic results with scatter bands of CoCrMo alloy in 0.14 NaCl and
PBS with and without albumin addition (tested at pH 7.4, 37 °C).

Parameter Solution tested
NaCl NaCl + Albumin PBS PBS + Albumin
Ecorr (MV,pg,  -164 + 12 -674 = 14 -201 £ 5 =700 * 6
Agcl)
Leorr (MA/ 0.56 = 0.17 2.28 = 0.92 0.33 = 0.08 4.11 + 0.83
cm?)
Epp (MVag, 414 + 4 546 = 6 539 * 4 558 = 5
Agcl)

the corrosion potential towards more negative values and increases the
current density in both solutions. To facilitate comparison, the values of
corrosion potential E.,,,, corrosion current density i.o, and breakdown
potential (transpassive region) Ey,, were extracted from the polarisation
curves and these are listed in Table 4. Tafel slop plots for NaCl and PBS
solutions are presented in Fig. 11.

The active-passive plateau was observed in range from -700 up to
500 mVg/agct and from -200 up to 550 mVag a¢c for solution with and
without albumin addition, respectively. Addition of albumin increased
both, the active-passive plateau and the current density. In solutions
without addition of albumin, phosphate ions caused a drop in the
current density.

In a stagnant solution, the metal surface ions can be released by ions

i A/ cmz)

10° 4

NaCl
e NaCl+Album

| l':mrr

10- T T T T T T

-1000 -750 -500 -250 O 250 500
E (mV vs. Ag/ AgCl)
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of the solution through the dissolution process. As mentioned pre-
viously, stirring of solution was applied in the present work, which
creates a turbulent flow on the sample surface. The amount of material
reaching the metal surface increases by the mass transfer through the
diffusion layer. Nevertheless, the metal ions and transport of oxygen to
the surface required for the formation of the passive layer may decrease
by convection process towards the bulk solution due to agitation.
Therefore, the formation of the passive layer becomes more difficult.
Even if formed, as indicated by a horizontal plateau of polarisation
curves in the albumin-containing solutions, the passive layer will be
thinner and possibly inhomogeneous than that formed under stagnant
conditions [26].

The polarisation in the anodic direction in albumin containing so-
lutions causes electron depletion, which favours the adsorption of ne-
gatively charged ions and molecules. The isoelectric point of albumin is
4.9 and in the test solutions that were adjusted to pH 7.4, the albumin
will be negatively charged [8]. Therefore, albumin tends to form a film,
which is adsorbed on the sample surface [3]. The more positive po-
tentials and longer times for breakdown of the passive layer in albumin
containing solutions can be explained in following way: since protein
and chloride in both PBS and NaCl solution are negatively charged, they
will compete to adsorb on the surface. Thus, the adsorption would re-
tard the film breakdown [27].

Phosphate containing solutions with and without addition of al-
bumin show a shoulder at approximately 400 and 350 mVag/agci, Te-
spectively. Similar effect was reported in an electrolyte containing
phosphates and it was attributed to the formation of phosphate-chro-
mium ions complexes that activates transpassive dissolution [27]. The
increase in the current at the end of the active-passive region can be
caused by the dissolution of the chromium oxide in addition to water
oxidation [28]. Therefore, albumin acts as cathodic inhibitor and can
accelerate the anodic reaction, which is in good agreement with results
of Vidal and Munoz [27].

3.3.3. Electrochemical impedance spectroscopy (EIS)

The electrochemical behaviour in the metal/electrolyte interface
and the adsorption process of albumin on the surface of CoCrMo alloy
were examined by means of EIS measurements.

Fig. 12 shows the Nyquist diagrams after 1, 5, 10 and 15h of im-
mersion time at OCP in NaCl and PBS solutions with and without ad-
dition of albumin. In these diagrams it is possible to observe the for-
mation of one capacitive semicircle. This is characteristic for charge
transfer process at the metal/electrolyte interface. In Fig. 12, diameter
of the semicircles increases with progressing immersion time in all
tested solutions. It is known that CoCrMo alloys spontaneously form a
thin oxide layer [29] in particular Cr,Os3, which present both the che-
mical and physical barrier for the ion exchange [2]. Therefore, oxide

-2
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Fig. 11. Polarisation curves with Tafel slops plots for NaCl and PBS solutions with and without albumin addition (tested at pH 7.4, 37 °C).
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Fig. 12. Nyquist plots with fitted curves after 1, 5, 10 and 15 h of immersion time at OCP in NaCl and PBS solutions with and without addition of albumin (tested at

pH 7.4, 37°C).

layer would form capacitive semicircle at low frequencies in the Ny-
quist diagram. Charge transfer process through the electric double layer
can result in second capacitive semicircle at high and medium fre-
quencies [3,30]. However, only one capacitive semicircle was observed
in Fig. 12.

Nyquist diagrams present limitation for separation of possible pro-
cesses occurring at the metal/electrolyte interface. Bode diagrams are
best suited to represent the separation due to the fact, that they show
change of impedance as function of applied frequency.

Bode phase plots of electrochemical system with addition of al-
bumin, Fig. 13, clearly shows two phase angles maxima which corre-
sponds to two time constants. This indicates occurrence of two reac-
tions with different kinetics [6]. The separation between the two-phase
angles maximum is not well pronounced in NaCl and PBS solutions
without addition of albumin.

The absolute impedance curve is almost constant at high fre-
quencies (range from 10° up to 10*Hz). The phase angle is approxi-
mately 15° in this frequency range. This frequency range showed a
resistive behaviour corresponding to the solution resistance between
the working and the reference electrode. At frequency range of 60-
10 Hz the first phase angle reached maximum values in approximately
80°. In this frequency range, the metal samples examined showed ca-
pacitive behaviour [31]. In addition, the second phase angle with
maximum value at approximately 60° at frequency range of 1-0.05 Hz.
The absolute impedance increased and the phase angle was shifted to
the lower values in frequency range from 10 to 0.006 Hz in all solutions.

The metal/electrolyte interface, in addition to formation of oxide
film and adsorbed albumin can be schematically represented by
Randles model of equivalent electrical circuit (EEC) [3,30], which is
shown in Fig. 14 in the bottom part of the figure. Two resistor-capacitor
(RC) groups were used and the circuit description code was [([(RC)R]C)
R]. The NOVA software v.1.11.0 was used for fitting of the EEC. It is to
be noted that each of the RC group corresponds to the interfaces shown

in the upper part of the figure.

The RC1 group is intercalated after the diffusion resistance (Rs) of
ions from the bulk solution until these reach the Helmholtz external
interface of the electrical double layer. This group is observed at fre-
quencies between 10 and 10°Hz and represents the presence of in-
homogeneous oxide film and the passive dissolution of this layer at the
oxide film/electrolyte interface, i.e. the electrical double layer. The RC1
group consists of first constant phase element (CPE1) that represents
the capacitance of the double layer Cy4 in addition to R1 which re-
present the charge transfer resistance R.; through this interface. The
RC2 group is observed at frequencies between 102 and 1 Hz and re-
presents the oxide film formation on the metal surface. This includes
second constant phase element (CPE2) which consists of capacitance of
the oxide film C¢ in addition to R2 polarisation resistance of the system
Rp. Similar considerations were reported by Hukovi¢ and Babi¢ [4].

Surface roughness, impurities, dislocations or grain boundaries of
the sample leads to a non-ideal behaviour of the capacitive components
[25]. Therefore, pseudo capacitors of both double layer C4 and oxide
film C; need to be considered and these are represented by CPEs in
Fig. 14. The NOVA software include fitting and simulation tool that
simplify a parallel combination of a resistor and the CPE by converting
it to pseudo capacitance according to equation (3):

1
Coseuo = Y-R(77) 3)

Where Cpseuqo is the resulting pseudo capacitance, Y, is the admittance
value of the CPE, R is the resistance value and n is the exponent of the
CPE.

Using the EEC model, the experimental impedance data were fitted.
A good agreement between the predicted (fitted lines) and measured
data was found, Figs. 12 and 13. In these figures, both Nyquist and
Bode diagrams for NaCl and PBS solutions with and without albumin
addition are shown. Two-phase angles maxima in the fit confirmed, that
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Fig. 13. Bode modulus and Bode phase plots with fitted curves after 1, 5, 10 and 15 h of immersion time at OCP in NaCl and PBS solutions with and without addition

of albumin (tested at pH 7.4, 37 °C).

DOUBLE LAYER
BULK SOLUTION

ALBUMIN ADSORPTION

Fig. 14. Schematic representation of metal/electrolyte interface (upper part of
the figure) and Randles equivalent circuit type [([(RC)R]C)R] shown in the
bottom part of the figure. Rs is solution resistance, CPE1 represents capacitance
of the double layer, R1 is charge transfer resistance, CPE2 represents capaci-
tance of the oxide film and R2 is polarisation resistance of the system. Adapted
from ref. [25].

in the analysed system, two electrochemical processes with different

kinetics take place. Following the EEC model, electrical circuit para-

meters were calculated and results obtained are shown in Table 5.
The Cgy capacitance shows a gradual decrease with progressing time

in all solutions. Similar results were obtained for forged CoCrMo alloys
in simulated body fluids. Drop of the Cq can be related to the charge
separation on the double layer at the interface oxide film/electrolyte.
This separation is caused by redox reaction and/or intercalation of the
oxide film with adsorbed ions or molecules from the solution that re-
sults in an irreversible Faradaic charge transfer on the sample surface
[32].

The influence of immersion time on the charge transfer resistance
(R depends on the solution chemistry. In the NaCl solution, albumin
increases the R, due to the barrier effect (adsorption) of the protein
molecules. However, this effect is reduced with progressing time be-
cause formation kinetic and properties of the passive film changes with
the applied potential. Also, adsorption properties of the albumin on the
oxide film depend on the electrostatic force, which changes with var-
iation of the electrical potential. In addition, the mass transfer through
the diffusion layer increases with stirring and consequently influences
the formation of the passive layer. When formed, this layer is thinner
and may presents discontinuities and consequently reduces the charge
transfer resistance [26]. Albumin reduces the R, when present in the
PBS solution. With progressing OCP time, albumin modify the electro-
chemical properties of the passive film which is in line with results
reported by Muiioz and Mischler [33]. They claimed that the presence
of the protein displaces the phosphate ions inhibiting the protective
effect of phosphates. In ref. [3], higher R, values in PBS solutions
without addition of albumin were attributed to the fact that the phos-
phate ions formed a layer on the electrode surface. This phosphate ion
barrier hinders the mass transport of oxygen and/or of reaction pro-
ducts to and/or from the electrode surface. Albumin is less efficient in
reducing the reaction rate because larger size of its molecules does not
allow the formation of the compact film [27].

The presence of albumin increases the capacitance of the oxide film
(Cp in NaCl solution. However, in the NaCl solution-containing al-
bumin, C; decreases after the first hour of immersion and remains al-
most constant between 5 and 15 h of OCP. In the PBS solutions with and
without addition of albumin, Crincreases with progressing time. Similar
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Electrical circuit parameters with scatter bands obtained from the EEC model (tested at pH 7.4, 37 °C).

OCP time (hours)

1 5 10 15

Solution tested Parameter

NaCl R(Q) 42.8 = 2.20 42.50 = 2.10 42.2 = 2.60 41.90 = 2.50
Cq (UF.cm®) 442 = 0.11 3.73 = 0.15 3.45 = 0.12 3.35 = 0.14
Ret (kQ.cm?) 2.24 = 0.30 2.54 = 0.20 2.43 + 0.50 2.63 + 0.60
C (uF.cm®) 13.60 = 1.20 19.90 + 1.50 20.70 = 2.20 22.3 = 1.70
R, (MQ.cm?) 1.25 + 0.15 3.51 = 0.12 5.31 = 0.11 6.91 *= 0.10

NaCl + Albumin Ry(Q) 47.00 += 2.50 46.20 + 2.40 45.60 + 2.30 45.10 = 2.10
Ca (UF.cm™®) 3.58 + 0.13 3.19 = 0.17 3.14 = 0.12 3.10 = 0.27
Ret (kQ.cm?) 18.50 = 1.10 14.70 = 0.20 11.80 = 0.40 11.60 = 1.80
Cy (UF.cm™) 77.00 + 3.10 47.20 + 6.20 46.30 + 8.20 48.10 * 4.60
R, (MQ.cm?) 1.21 = 0.06 1.55 = 0.10 1.66 = 0.17 1.83 = 0.14

PBS Rs(Q) 43.90 = 2.50 43.30 = 2.10 42.90 = 2.00 42.70 = 2.10
Ca (UF.cm™®) 3.11 + 0.21 2.63 + 0.27 2.48 + 0.31 2.42 + 0.34
Rt (kQ.cm?) 16.30 = 2.10 16.50 + 1.50 21.80 = 1.90 26.10 = 1.20
Ce (uF.cm'z) 21.70 = 1.50 76.10 = 6.80 71.30 = 6.50 79.80 = 6.10
R, (MQ.cm?) 1.43 = 0.38 4.07 = 0.27 7.12 = 0.89 11.31 + 0.79

PBS + Albumin Rs(Q) 50.20 * 3.70 49.10 = 3.90 48.10 = 4.20 47.50 = 3.90
Cq (UF.cm™®) 3.69 + 0.92 3.44 = 0.90 3.46 = 0.94 3.36 = 0.90
Ree (kQ.cm?) 17.10 = 1.80 14.30 = 1.20 13.50 + 1.40 13.30 + 1.10
Cr (WF.cm™) 35.10 = 1.60 40.20 = 1.30 43.50 = 1.20 51.20 += 1.10
R, (MQ.cm?) 1.08 += 0.32 1.41 += 0.02 1.44 = 0.02 1.52 = 0.08

results were reported by Vidal and Mufioz [3]. When comparing PBS
solution with and without addition of albumin, C¢ values are lower in
solution with addition of albumin except for the first hour of immer-
sion.

A decrease of the C¢ values in NaCl solution with addition of al-
bumin can be associated with the increase in thickness of the passive
layer due to the presence of the protein, in accordance of previous XPS
results. C¢ can be related to oxide film thickness approaching the di-
electric behaviour of the parallel plate capacitor according to the fol-
lowing equation (4) [3,34]:

_ €A
e @
Where ¢ is dielectric constant of the layer, ¢, is the permittivity of free
space (8.85 x 10" F.cm™!), A the active area and d the oxide film
thickness.

Considering A is constant, C; depends both dielectric properties of
the oxide film and its thickness, which may change with immersion
time. Hodgson et al. [28], Vidal and Munoz [27] studied at a fixed
potential, the impedance spectra of a CoCrMo wrought alloy and they
observed variations in both dielectric properties and thickness of the
passive film with immersion time, thus supporting the previous state-
ment. The CoCrMo surface oxides have a voltage-dependent impedance
behaviour that reflects the properties of the passive-oxide film, such as
changes in the thickness and chemistry of the oxide [35]. However, XPS
results of Ithurbide et al. [36] revealed that an increase in both the
passive potential and pH, the thickness of oxide and adsorbed layer
remains constant and the passive film is not modified by the adsorption
of the protein. Variations in the passive film properties, morphology
and its composition can be attributed to adsorption of phosphate and
albumin molecules on the metal surface [3,37].

In our work, XPS results revealed changes in chemical composition
on the sample surface in the laser sintered condition and after elec-
trochemical tests in four solutions. The determined oxide film thickness
was approximately 3.0 nm in all samples tested. Therefore, the change
of the dielectric properties of passive film in PBS solutions may influ-
ences to a greater extent the Cf when taking in account possible changes
in the passive film thickness with progressing time.

10

Finally, when comparing the results of all solutions, polarisation
resistance (R;,) increases with progressing time. This suggests a further
stabilisation of the oxide film. The addition of albumin decreases the R,
values of the solutions tested and consequently decreases the corrosion
resistance of the alloy. Highest R, values were observed in the PBS
solution without protein added. Therefore, highest corrosion resistance
is expected in this condition, because of precipitation of phosphate ions
on the sample's surface. The values of R, obtained from EIS are con-
sistent with polarisation curves data, Fig. 10. Similar results were re-
ported by Vidal and Muifioz [27] for CoCrMo wrought alloy for longer
periods of exposure. They concluded that immersion time above 15h
modifies the surface behaviour of the material increasing the corrosion
resistance of the oxide film mainly in the phosphate-containing solu-
tions while decreasing the corrosion resistance in the albumin-con-
taining solutions.

The EBSD analysis also revealed anisotropy in crystallographic or-
ientation consistent with results reported in ref. [18] which can lead to
inhomogeneous corrosion properties. For example, the (111) close-
packed crystallographic planes in the FCC lattice of CoCrMo alloys ty-
pically exhibit a higher corrosion resistance. This is due to the fact that
the higher atomic coordination and stronger atomic bonds in these
planes causes a decrease of the surface energy which in turn increases
the corrosion resistance of the alloy [38]. In this paper, the anisotropy
in grain orientation was found to have less significant effects on cor-
rosion resistance compared to the precipitation behaviour and grain
boundaries characteristics. The later can lead to initiation of localised
corrosion in corrosive solutions.

In the present work, we have examined the effect of the electrolyte
composition on the corrosion behaviour and the influence of anisotropy
on the corrosion rate was not accounted for. In this regard, the mi-
crostructure was considered to be identical for all tests. A systematic
analysis of the relationship between crystallographic orientation and
the corrosion behaviour will be the subject of our future research.

Experimental data obtained in our study can be used to improve
accuracy of numerical models [39,40].
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4. Conclusions

Corrosion behaviour and the surface chemistry of biomedical
CoCrMo alloy produced by direct metal laser sintering technique was
assessed during electrochemical tests conducted in different mediums.
Mediums included 0.14 M NacCl and phosphate buffered solutions (PBS)
both with and without addition of albumin. The influence of solution
chemistry and immersion time on the electrochemical behaviour was
evaluated using electrochemical impedance spectroscopy in addition to
potentiodynamic tests. X-ray photoelectron spectroscopy was employed
to study both passive film and adsorbed layer after electrochemical
tests. In addition, a microstructural analysis was performed.

From the work conducted, the following conclusions can be drawn:

o Among four different tested solutions, the highest corrosion re-
sistance (Rp values) after 15 h of immersion was observed in the
order of PBS > NaCl > NaCl + albumin > PBS + albumin.

e The corrosion behaviour of the laser sintered material in solutions

tested is comparable to a conventionally produced cast and/or

forged alloy.

The solidification microstructure and microsegregation that de-

velops during the DMLS process does not impair the corrosion re-

sistance of the alloy.

® The chemical composition and thickness of the passive film is not
modified by the adsorbed layer.

e Microstructural and XRD analysis revealed occurrence of strain-in-
duced martensitic tranformation, that contributes to an enhance-
ment of alloy strength and the ductility.
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