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The aim of this study was to compare corrosion resistance and ion release in CoCr dental alloys with identical
chemical compositions produced using different technologies (SLM — selective laser melting and milling from cast
blocks) and heat treatment (SLM parts only). The corrosion properties were tested in artificial saliva, artificial
saliva with fluoride ions, and artificial saliva with added lactic acid to simulate inflammations. The study
included electrochemical tests, microstructural investigation and ion release tests in the three different envi-
ronments for a total of 42 days. The best performance of CoCr as a result of potentiodynamic polarization was
observed in the artificial saliva with added lactic acid, which is in contradiction with the highest ion release
measured from all the materials tested and electrochemical impedance spectroscopy that showed a deterioration
of the passive layer in an acidic environment. Microstructural investigation revealed that different phases
precipitated by heat treatment trigger increased release of Mo and W ions. The printing method does not raise
critically ion release from CoCr alloy, while the state of the surface greatly impacts the extent of the ion release.
This study demonstrates the importance of an interdisciplinary approach to the study of corrosion and

Artificial saliva

biocompatibility in dental alloys.

1. Introduction

Despite the fact that many high strength ceramic systems, such as
stabilized zirconia, alumina and lithium disilicate ceramics [1], are
available in clinical dentistry, metal alloys still play an important role as
the material of choice for prosthodontic treatment in everyday clinical
practice. Due to their favourable characteristics and acceptable price,
metal alloys such as CoCr alloys play nowadays a predominant role
amongst metals used in dentistry. In fixed prosthodontics CoCr alloys are
used for metal frameworks in porcelain-metal-fused crowns and bridges,
in removable prosthodontics they are used for metal frameworks in
partial dentures, and in implant prosthodontic treatment they are used
for metal suprastructures. Additionally, with the introduction of
CAD-CAM technologies (computer aided design—computer aided
manufacturing) and different subtractive and additive production mo-
dalities, the use of these alloys has risen in popularity with dentists and
dental laboratories [2].

Additive manufacturing (AM) technologies have the advantages of
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saving material and reducing production time, yet it is precise and costly
compared to milling and casting procedures [3]. One commonly-used
AM processing technique is selective laser melting (SLM). The me-
chanical properties of metal frameworks produced from CoCr alloys
using SLM are superior to those cast or milled, exhibiting higher surface
hardness, yield strength and tensile strength [4,5]. The surfaces of ob-
jects produced using SLM are rough and in most cases should be addi-
tionally machined on the outer surface. The rough as-build surface can
reduce the mechanical, fatigue and corrosion properties of an object
[6-8]. Before use in clinical practice the surface is usually sandblasted
with aluminium oxide particles [9,10]. The purpose of this procedure is
to remove any surface impurities and metal oxides and to flatten the
rough surface which occurs as a consequence of the printing technology.

In addition to having good mechanical properties, dental alloys used
intraorally also need to be corrosion resistant and biocompatible, and
should not contain any diffusible metallic elements that could be
deposited into the surrounding oral tissues. Metal ions released from
alloys can cause an inflammatory tissue response, allergic reactions, cell
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necrosis and unaesthetic staining on the gingival margin or the teeth
[11,12]. Saliva and other external factors create an extremely aggressive
biomechanical environment in the oral cavity, so the corrosion resis-
tance and chemical stability of dental alloys is essential for clinical
success [13].

The excellent corrosion resistance and biocompatibility of CoCr al-
loys is based on the instantaneous development of an oxide layer on the
metal surface in the presence of air. A passive layer of Cr-oxide (usually
Cry03), a few nm thick, prevents a fast reaction of the dental alloy and
the transition of metallic elements into the surrounding oral tissues [12].
The main elements of CoCr alloys, Co and Cr, are toxic,“per-se”, even at
low concentrations. According to European Chemicals Agency (ECHA)
the following properties of concern of Co (CAS no.: 7440-48-4) are lis-
ted: suspected to be mutagenic, toxic to reproduction and skin and
respiratory sensitising. The rate of release into tissue is therefore very
important [14]. It has been found in several studies [15,14] that the
release of Co into synthetic saliva is lower in objects produced by SLM
compared to those manufactured conventionally [16]. Additionally, the
longer the exposure time, the greater the difference in total metal ion
release is between objects produced by SLM and conventionally. The
acidity of saliva significantly influences the release of Co ions [15,17].
CoCr alloys are additionally alloyed with Mo and W. Mo increases
resistance to pitting corrosion by enabling the creation of a passive film,
while W enhances the structural and chemical stability of the alloy and
improves the effects of preoxidation [18-20].

The phenomenon of metal ion release is strongly related to the
corrosion resistance of a metal alloy that interacts with saliva in an oral
environment or body fluid in tissues [21]. Many studies have examined
the corrosion behaviour, ion release and biocompatibility of CoCr alloys
manufactured in different ways. Some researchers have compared the
corrosion properties [22], while research comparing the ion release
between alloys manufactured using different processes, including DED
(direct energy deposition), casting and the wrought process, reported
that ion release is higher in cast objects compared to other specimens
[18,23]. Kassapidou and co-workers [24] studied the ion release in CoCr
alloys manufactured using four different techniques. They concluded
that the cast and milled specimens exhibited the highest ion release in
acidic conditions [25]. The lowest ion release detected occurred when
the alloy was fabricated from virgin powder by 3-D printing [26].

The composition of alloying elements [19], and the heat treatment
applied, play an important role in the behaviour of the CoCr alloys [27].
Heat treatment is, however, even more important in the case of SLM
fabricated parts, which frequently exhibit a columnar-cellular dendritic
structure due to the rapid cooling rates and thermal gradients that occur
under local solidification conditions. This exerts a strong anisotropy on
the microstructure and affects the ductility, mechanical properties and
residual stresses [28]. In »in vitro« testing of the biocompatibility of
CoCr alloys fabricated using the SLM method, it was observed that the
rapid rate of cooling and fine cellular microstructure led to the material
having a higher corrosion resistance than a cast CoCr alloy [29]. Xin and
co-workers [3] also found a more homogeneous microstructure and thus
higher corrosion resistance in specimens fabricated using the SLM
method compared to cast samples.

Cast CoCr alloys mainly exhibit a mixture of y (face-centred cubic -
FCC) and € (hexagonal close-packed - HCP) phases. Although the brittle &
phase in as-build SLM parts starts to fade away, the ductile y phase,
accompanied by low-intensity peaks of the ¢ phase, are only obtained
after solution heat treatment [30,31]. It has also been observed in many
heat treatment experiments that My3Cg type carbides precipitate along
the grain boundaries [27]. Heat treatment also eliminates crystal de-
fects, such as dislocations, and stabilizes the microstructure which leads
to the reduction of residual stress [17,32]. In this respect, the temper-
ature of the solution heat treatment is the most important factor,
affecting the strength, ductility and hardness of the alloy and thus
influencing its fracture strength, fatigue life and wear resistance. It may
also affect the corrosion resistance, as indicated by some authors [27,

Electrochimica Acta 445 (2023) 142066

33]. The influence of different heat treatment temperatures and times
has been extensively investigated in the past [27,29,33-38]. The best
results were observed at a temperature 1050 °C, with the properties
deteriorating at lower temperatures due to a sensitive y—e trans-
formation region, and at higher temperatures due to grain growth [34].
Treatment time, on the other hand, has a lesser effect [39].

The aim of the present study was to investigate the corrosion prop-
erties of CoCr specimens manufactured using different technologies,
namely by SLM, additionally heat treated SLM and from cast alloy for
milling with identical chemical compositions. Corrosion properties were
evaluated by short and long-term electrochemical tests and 42-day ion
migration in artificial saliva, artificial saliva containing fluoride and
acidified artificial saliva at 37 °C. The results of the electrochemical
testing and ion release measurements were supported by detailed
metallographic and surface roughness characterization.

The hypothesises were that different manufacturing processes and
thermal treatments lead to different levels of corrosion resistance, and
that the results of the electrochemical tests lead to the same conclusion
as the results of the ion migration tests.

2. Materials and methods

Three different CoCr alloy specimens were examined, each having
the same chemical composition, containing 59% Co, 27% Cr, 9.5% W,
3.5% Mo, 1% Si and less than 1% of C, Fe, Mn and N, as provided by S&S
Scheftner GmbH, Dental alloys. The first specimen was 3D-printed using
the selective laser method (denoted as SLM), while the second was then
additionally heat treated at 1050 °C and furnace cooled (denoted as
SLM-HT). Laser power was set at 70 W, laser travel velocity of 520 mm/
s, hatch distance of 25 pm and a layer thickness of 25 ym. The calculated
energy density was 215.4 J/mm?. The dimensions of the SLM and SLM-
HT specimens fabricated for the electrochemical tests were 8 x 8 x 8
mm?, with the exposed surface area being 0.64 cm? For the ion
migration tests the SLM printed specimens were cylindrical in shape,
with a diameter of 10 mm, a length of 30 mm, and a total exposed area of
11.0 cm? for each specimen. The third specimen was milled from a
casted prefabricated block (denoted as REF). REF specimens for elec-
trochemical measurement were cylindrical in shape with a 6 mm
diameter, with total exposed area of 0.28 mm?. REF specimens for the
ion migration tests were also cylindrical, with a diameter of 6 mm and
length of 50 mm, giving a total exposed area of 10 cm?.

Metallographical investigation was performed on the cross-section
transverse to the building direction in the SLM specimens, and trans-
verse to the axis of the shorter milling disc in the case of the reference
specimens. All specimens were ground and polished until a mirrored
surface was achieved, and then electrolytically etched in 100 ml H,0 +
4 ml HCI, by applying a voltage of 5 V for 6 s, in order to reveal the
microstructure. Microstructural examination was performed by light
microscopy (Zeiss Axio Imager.Z2m with Zen software, Carl Zeiss AG,
Germany, 2008), using bright-field and polarized light. Samples were
also investigated via scanning electron microscopy (SEM) (Jeol JSM-
6500F, Jeol Ltd., Japan, 2019) using secondary electron imaging (SEI)
and backscattered electron imaging (BSE). The chemical composition of
individual areas was probed using energy-dispersive X-ray spectroscopy
(EDS) with a 15 keV electron beam (Oxford EDS INCA Energy 450, de-
tector type INCA X-SIGHT LN2, Oxford Instruments, UK).

Electrochemical tests were performed using a Gamry 600 Ref+
potentiostat in a sequence containing non-destructive measurements:
open circuit potential measurement (OCP) for 6200 s, and linear po-
larization (LP) in a range +20 mV (vs Ecoy) at a scan rate 0.1 mV/s.
Electrochemical sequencing was finished with destructive potentiody-
namic polarization (PD), starting at —~250 mV cathodically vs Ecor then
increasing in the anodic direction up to 1.2 V at a scan rate of 1 mV/s.
Three-electrode corrosion cell was used, with the working electrode
embedded in a Teflon holder. An Ag/AgCl electrode served as the
reference electrode and glassy carbon used for the counter electrode.
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Unless otherwise stated, all potentials are presented with respect to the
silver/ silver chloride electrode (Ag/AgCl).

For the long-term electrochemical impedance spectroscopy mea-
surements, the frequency ranged from 65 kHz to 1 mHz, at 7 points per
decade and an AC amplitude of +£10 mV. The absolute impedance and
phase angle were measured at each frequency. The impedance mea-
surements were carried out at open circuit potential (OCP) after various
times of immersion (1 h,4h,8h,24h,48h,72h,96 h, 120 h, 144 h and
168 h) in the artificial saliva at 37 °C. The impedance data were inter-
preted on the basis of equivalent electrical circuits, using the Zview
(Scribner) program for fitting the experimental data. The chi square
values for goodness of fit were between 0.0001 and 0.005. Before all
electrochemical tests all specimens were ground with SiC grinding paper
up to 1200 grit, rinsed by deionized water and ethanol, and dried at the
air.

The ion migration tests were performed according to the standard
ISO 10,271: 2020 (Dentistry — Corrosion test methods for metallic
materials). Before exposure all specimens were sandblasted with 110 um
particles of aluminium oxide, then cleaned with ethanol in an ultrasound
bath for 15 min and air-dried. 1 ml of test solution per cm? of the
exposed specimen area was poured into each cuvette for a given period,
then, according to the prescribed schedule, the testing solution was
exchanged for the new one, and the previous solution tested. The ion
migration test lasted 42 days in total. The solution for the ion release test
was extracted after days 1, 4, 7, 14, 21, 28, 35 and 42, and replaced each
time with a freshly prepared solution. In order to assure repeatability,
three specimens of each type of specimen were exposed to each type of
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solution. The amount of Co, Cr, W and Mo ions in the solutions sampled
were measured using an ICP-MS Agilent 7900x, Agilent Technologies,
Japan (2019).

Both the electrochemical and the ion migration tests were performed
at a constant temperature of 37 °C. The solution for both tests was
artificial saliva (AS) with a chemical composition as follows: 0.6 g/L
NacCl, 0.72 g/L KCl, 0.22 g/L CaCly-2 H0, 0.68 g/L KH,POy4, 0.856 g/L
NapHPO4-12 H20, 0.060 g/L KSCN, 1.5 g/L KHCO3 and 0.03 g/L citric
acid [40]. The pH of this solution was 6.5 + 0.1. The electrochemical
tests were also conducted in saliva containing 1450 pg/mL of fluoride
ions, through the addition of 3.15 g/L NaF (AS + NaF), and acidified
saliva (AS + lactic acid), containing 0.1 mol/L of lactic acid, with a pH of
2.3 £ 0.1. Ion migration tests in artificial saliva with added F~ ions and
the acidic artificial saliva solution were only carried out on the SLM
specimens (including those heat treated).

The ion release test results were analysed using IBM® SPSS statistical
software (version 22). Data were presented as means and standard de-
viations (SD). A t-test was used to investigate the difference between the
two groups, while a two-way ANOVA was applied for comparison of
more than two groups. A p-value lower than 0.05 was deemed to be
significant.

Since the surface appearance of the milled and 3D printed specimens
differed significantly, despite the fact that the surface sandblasting
protocol before the migration test was identical, the actual area of both
types of specimen was compared using a ZEISS LMS 700 confocal laser
microscope, using a 405 nm laser at 200 x magnification.

Fig. 1. Microstructural images of the CoCr specimens produced by different methods and with or without heat treatment: a) to c) the SLM specimen, d) to f) the SLM

specimen heat treated at 1050 °C and g) to i) the reference specimen.
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3. Results
3.1. Microstructural properties

The micrographs of the various samples presented in Fig. 1 clearly
indicate the different microstructures developed due to the
manufacturing process used and the application of heat treatment dur-
ing production.

Following production the SLM samples display a characteristic for-
mation of overlapping regions of melting pools (Fig. 1a) that are defined
in shape and texture based on the parameters of the SLM printing [14,
41]. The dominating y (fcc) phase is present with a small quantity of the
¢ (hcp) martensitic phase, which can be seen as bands in the accompa-
nying SEM image (marked with white arrows in Fig. 1¢). The columnar
structure is presented in Fig. 1b (due to the cellular-like form of the
cross-sectioning, it is also denoted as a cellular structure), which defines
the regional orientation of sub-micron crystallites in groups that pref-
erentially grow with their long axis along the highest thermal gradient.
The columnar structures can be observed inside the melting pools
(Fig. 1b). The orientation of smaller groupings can, however, deviate
within a given melt pool (see the regions marked I and II in Fig. 1c).

The heat-treated SLM produced specimen (SLM-HT), the micro-
structure of which can be seen in Fig. 1d-f, displays less pronounced
features associated with the previous (SLM) grown structures (Fig. 1d).
The reduced texture effect occurs due to the precipitation of additional
phases and redistribution of the alloying elements. As such, the original
melt pool structures and the columnar structure dissolve and reform,
leaving behind an arrangement pattern of various precipitates (Fig. 1e).
The selective growth of individual phases occurs due to the differing
chemical concentrations within individual regions of the prior micro-
structure. Fine needle-like precipitation, enriched with Cr (approxi-
mately 30 at%), develop across the material, evenly forming within the y
(fcc) phase. The previous melt pool boundaries are replaced by CosCr
(Mo,W),Si precipitates and the o phase, as was determined by addi-
tional EDS analysis. These two phases also preferentially formed when
the prior microstructure had displayed enlarged columnar structures
(Fig. 1f), which formed due to the overlap of the laser paths during the
SLM process, causing the material to remelt locally.

Microstructural examination of the milling block samples (REF)
revealed they have a dendritic microstructure (Fig. 1g). The micro-
structure primarily consists of the y (fcc) phase, with different inter-
dendrictic regions enriched with alloying elements Mo, Co and W, as can
be seen by the uneven etching effect on the microstructure (Fig. 1h). The
dendritic structures also indicate a different arrangement of defects,
most of which were determined to be silicon-enriched particles formed
during the casting process.

3.2. Electrochemical measurements

3.2.1. Potentiodynamic measurements
Potentiodynamic curves for the REF, SLM and SLM-HT specimens
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exposed in AS, AS + NaF and AS + lactic acid at 37 °C are presented in
Fig. 2, showing the cathodic and anodic behaviour of the CoCr alloys in
the different environments. Electrochemical parameters deduced from
the PD curves of all tested material / environment pairs are gathered in
the columns on the right in Table 1. Upon immersion, the measured
potential started to increase in all specimens in all three environments.
Eocp was lowest in the REF specimen in AS (-0.399 V), and the most
positive in the REF specimen in AS + lactic acid with a pH of 2.3
(Eocp=-0.10 V). The most positive potentials are observed in the AS +
lactic acid.

Potentiodynamic (PD) curves for the CoCr samples in AS exhibited a
slight increase in anodic current density more positive than Eco,, then a
region of constant current density (j) is formed (Fig. 2a). At a certain
potential, the current started to increase, and a typical transpassive peak
is observed in all the specimens in AS. The width of the passive region is
related to the position of the corrosion potential, with the passive cur-
rent density at 3 pA/cm? being widest for the REF specimen and nar-
rowest for the SLM-HT specimen. Furthermore, j.or is lowest for the REF
specimen and highest for the SLM specimen, with the jeo for the SLM-
HT specimen lying somewhere in between.

In artificial saliva with added flouride ions, the shape of the poten-
tiodynamic curve is very similar across all of the specimens (Fig. 2b),
while in this media the polarization resistance values (Rp) are highest in
the SLM specimen, at 0.691 MQ cm?, and lowest in the SLM-HT spec-
imen (R,=0.508 MQ cm?). A similar tendency is observed for the
corrosion current density values, jeorr (Table 1).

In the case of AS + lactic acid at 37 °C, it can be observed that both
the OCP potentials and the PD curves are very similar across all of the
materials studied i.e. the REF, SLM and SLM-HT samples (Fig. 2c). The

Table 1

Electrochemical parameters (open circuit potential - Eocp, polarization resis-
tance - R;, corrosion potential - Ecoy, corrosion current density - jeor, and
breakdown potential - Ep) deduced from corrosion potential measurements,
potentiodynamic polarization curves and linear polarization measurements.

Eocp LP PD curves
Eoce/ R,/ Ecorr/ Jeor/WA  Ep/V  Ep-
A MQ \' cm™2 Ecorr/
cm? \'
AS REF -0.399 1.19 -0.532 0.0155 0.452 0.984
SLM -0.314 0.472 -0.287 0.0539 0.456 0.743
SLM- -0.185 0.640 -0.176 0.0278 0.460 0.636
HT
AS + REF -0.312 0.543 -0.303 0.032 0.447 0.750
NaF SLM -0.350 0.691 —-0.348 0.0352 0.437 0.785
SLM- -0.228 0.508 -0.243 0.0836 0.461 0.704
HT
AS + REF -0.10 0.857 -0.20 0.0102 0.670 0.870
lactic SLM -0.101 1.05 -0.25 0.0264 0.780 1.03
acid SLM- -0.122 0.419 -0.260 0.0244 0.790 1.05
HT

e
o

E/Vvs. Ag/ AgCl
e
=)

E/Vvs. Ag/AgCl

05} ‘{ 05
a) AS

o
o

E/Vvs. Ag/ AgCl
2
=3

05}
b) AS + lactic acid

b) AS + NaF

10" 10" 10° 10® 107 10% 10° 10* 10% 10
jlAcm?

10" 10" 10° 10® 107 10° 10° 10* 103 102 10" 10 10° 10® 107 10 10° 104 10% 10?2
jlAcm?

j/Acm'2

Fig. 2. Potentiodyanamic polarisation curves for measurements in a) artificial saliva, b) artificial saliva with added fluoride ions and c) in artificial saliva with added

lactic acid at 37 °C for the reference, SLM and heat-treated SLM specimens.
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corrosion current density, jcorr, is lowest in this environment in all cases,
in comparison to the AS and AS + NaF environments. The R, values
(Table 1) are the highest of all the environments tested, being 0.857 MQ
cm? for the REF CoCr alloy and 1.01 MQ cm? for the SLM specimen. The
SLM-HT specimen had the lowest R, (0.419 MQ cm?) in the AS + lactic
acid.

From the PD curves (Fig. 2) it can also be seen that the highest
breakdown potential (Ep) is observed in the AS + lactic acid in all three
specimen types (0.67 mV for the REF specimen and approximately 0.78
mV and 0.79 V for the SLM and SLM-HT specimens, respectively).
Furthermore, the potential window of passivity is wider in the AS +
lactic acid (see Ep-Ecorr column in Table 1). The width of the passive
region is similar for all of the specimens in the AS + NaF, at around 0.75
V. A transpassive region could be identified from the shape of the
potentiodynamic curve [42] in all three of the specimens exposed to AS,
indicating the oxidation of Cr** to Cr®", as described by XPS analysis in
the literature [43,44]. This specific phenomenon was only observed
when the specimens were exposed to AS. For all specimens the current
density in the passive region is very similar in all the environments
tested (AS, AS + NaF, AS + lactic acid), at around 4 pA/cmz.

3.2.2. Long-term electrochemical impedance spectroscopy

The long-term behaviour of the different CoCr specimens was
measured during exposure to AS and AS + lactic acid at 37 °C for 168 h
(7 days) at 1 h,4h,8h,24h,48h,72h,96 h, 120 h, 144 h and 168 h.
Selected electrochemical impedance spectroscopy results for the
different CoCr specimens, namely spectra for the milled (REF), SLM and
SLM-HT specimens measured at 24 h, 96 h and 168 h are presented as
Nyquist plots in Fig. 3.

In general, the impedance spectra in Fig. 3 consist of a high fre-
quency intercept with the abscise axis and a main frequency semicircle.
The impedance spectra were fitted with the equivalent circuits repre-
sented in Fig. 3a. The lower equivalent circuit consisted of a parallel
couple of resistance and capacitance elements (RQ) in series with Ry,
which represents the electrolyte resistance. The circuit represents just
one possible equivalent circuit that adequately fits the impedance
spectra. Previous studies of a CoCr alloy showed that the equivalent
circuit in Fig. 3 gave representative values of the parameters fitted [45,
46].

The symbol Q signifies the possibility of a non-ideal capacitance
(CPE, Constant Phase Element), with n varying from 0 to 1. The
impedance of the CPE is given by [47]:

Q = Zepr(w)= [C(o)' T, 1

where o is the sine wave modulation angular frequency, j?=-1 and n is
the CPE exponent. For n = 1, the Q element reduces to a capacitor with a
capacitance C (Z¢pg=C, n = 1) and, for n = 0, it reduces to a simple
resistor (Zcpg=R, n = 0).
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The high frequency parameters R; and Q; represent the properties of
the growing passive film/ solution interface reactions. In the low fre-
quency range, the process describes the capacitance of the passive layer
(Q2), where R is the resistance of the passive film. In some cases, the
equivalent circuit is simplified to a QaR2 combination in series with the
solution resistance (the upper equivalent circuit in Fig. 3a). At this point
the properties of the passive film were expressed more than the other
reactions during the period of observation.

The values of fitted parameters of the equivalent circuit in the two
different environments following different periods of immersion are
presented in the Table 1 in a supplemental file for all three specimens
investigated. The parameter Rg has a value between 0.5 and 29 Q cm?
and is ascribed to the electrolyte resistance. It can be seen from Table 1
in supplemental file that the R1 values are smaller than the Ry values.
The R; values represent the resistance at the interface of the metal and
the growing passive layer, while Ry represents the resistance of the
passive film on the CoCr dental alloy. In the REF specimen, the R1 values
show that a porous layer with a very low resistance was formed. These
values are higher for the SLM specimen in AS, while this process was not
observed in the SLM-HT specimen. In AS + lactic acid, the SLM specimen
again showed a relatively small resistance compared to the process
observed at high frequencies in artificial saliva at 37 °C. After 3 days of
exposure to AS the R; value of the SLM specimen became higher, as the
effect of porosity became less pronounced. CPE, denoted as Q; (and Qy),
were recalculated using the following equation [48]:

€1 = [RI™ Q'™ ()

in order to compare the capacitance values of the CoCr alloy at different
immersion times for the different specimens in the two different media i.
e. AS and AS + lactic acid.

The overall polarization resistance (R) is a sum of the partial re-
sistances, R; and Ry, and represents the resistance to corrosion. The
results of polarization resistance are presented in Fig. 4a. In AS these are
slightly higher at longer immersion times for both the REF and SLM-HT
specimens. With the SLM specimen, the polarization resistance slowly
decreases, with the reduction being even more pronounced when the
SLM specimen was exposed to the AS. The decrease in polarization
resistance indicates the weakening or dissolution of the passive film/
oxide layer.

As seen from Figs. 4b and c, the C1 and C2 values are similar for all
the specimens observed in both types of media and across the different
immersion times.

A decrease in C2 can be attributed to a thickening of the oxide layer.
This thickening is greater at lower immersion times (Fig. 4c). In the REF
and SLM specimens this thickening is more pronounced in the AS, while
it is very stable for both the SLM-HT specimen in AS and the SLM
specimen in AS + lactic acid.

The constant value of C2 and the decrease in R could indicate that the

® REF-AS ® REF-AS m ® REF-AS B
v SLM-AS a)24h v SLM-AS b) 96 h v SLM-AS c) 168 h
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<& SLM-AS+lactic acid <& SLM-AS+lactic acid <& SLM-AS+lactic acid
| o
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Fig. 3. Nyquist plots of the EIS measurements for the CoCr alloys in different environments (SLM — AS, SLM-HT - AS, REF — AS and SLM - AS + lactic acid) at a) 24 h,
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during long immersion time.

passive layer either stopped growing or started to thin, as in the case of
the SLM specimen in AS + lactic acid [49].

From equation:

d = (€)(&)(A)/C2, (3) where ¢ is the dielectric constant of CryOs3,
which is equal to 12 [47,50], d is the thickness of the film, ¢ is
8.85010 1 F/cm and A is the surface area (cmz), it can be deduced that
a decrease in the capacitance points to an increase in the thickness of the
passive layer. This increase in thickness is bigger at early immersion

times. At the end of the immersion period (168 h), the calculated
thicknesses of CroO3 were 1.52 nm for the REF specimen, 0.35 nm for the
SLM specimen, and 0.47 nm for the SLM-HT specimen, all in AS, and
0.56 nm for the SLM specimen in the AS + lactic acid.

3.3. Ion release tests

The results of the ion release tests, indicating the migration of
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alloying elements (Co, Cr, Mo and W) in the CoCr alloy investigated after
exposure to AS, AS + NaF and AS + lactic acid are shown in Fig. 5. In
these figures, the average cumulative concentrations of released metal
ions and the associated standard errors, obtained from discrete mea-
surements of three different samples, are plotted versus time.

Results showing the ion release of each individual element investi-
gated following 42 days of exposure, as well as the total amount of ions
released over this period, are presented in Table 3. The maximum
allowed concentrations of all released ions from dental objects is defined
in the standard ISO 22674: 2016, where it is prescribed not to exceed
200 pg/cm? after 7 days of exposure to saliva environments. In our case,
the sum of the Co, Cr, Mo and W released, even after 42 days exposure
(Table 3), i.e. the total mean ion release, considering the standard error —
SE, was far below the maximum permissible concentrations. This in-
dicates that investigate CoCr alloy (whether SLM printed or milled) are
safe to use in dental applications. It can also be observed from Table 3
that, compared to AS, the total amount of ions released is higher in the
AS + NaF, and even higher in the AS + lactic acid. In the AS environ-
ment, the total amount of metal ions released from the SLM and SLM-HT
specimens is significantly higher than that from the REF sample (p(SLM/
REF)=0.027 and p(SLM-HT/REF)=0.014). On the other hand, no sig-
nificant difference was calculated between the ion release in the SLM
and SLM-HT specimens in AS. In AS+NaF however, the total ion release
was observed to be significantly higher in the SLM-HT specimen
compared to the SLM one. In AS + lactic acid no significant differences
were found between the materials compared (SLM vs. SLM-HT).

In AS at a neutral pH the mean release of Co ions (Fig. 5a) after 42
days of exposure is higher in the SLM and SLM-HT printed specimens
(1.37 and 1.52 pg/mL, respectively) than in the reference specimen
(0.32 pg/mL). Statistical analysis showed this difference to be statisti-
cally significant, although there was no significant difference between
the SLM and SLM-HT specimens. The release of Co ions is higher in AS +
NaF than in AS, (see Fig. 5b), and significantly lower in the basic SLM
printed specimens (2.53 pg/mL) compared to those that had been heat-
treated (SLM-HT, 3.42 pg/mL). In the case of the samples exposed to AS
+ lactic acid, however, the trend is reversed — Co ions are released in
higher concentration, with 16.6 pg/mL released from the SLM samples
and 10.2 pg/mL from the SLM-HT samples (Fig. 5c). No significant
difference was, however, found between the samples compared in this
environment.

As can be seen in Fig. 5d-f, the amount of Cr ions released into the
three different solutions is smaller in comparison to the migration of Co
ions.

The SLM and SLM-HT samples released a similar amount of Cr ions
into AS (0.03 pg/mL), with no significant difference found between
them, while the REF sample released 3 times fewer Cr ions (0.01 pg/mL;
Fig. 5d), a difference which was shown to be statistically significant

Table 3
Mean ion release concentrations + SE (standard error) after 42 days of exposure
(all results are given in pg/cm?)*.

SLM SLM- REF SLM SLM- SLM SLM-
AS HT AS AS AS+NaF HT AS AS + HT AS
+ NaF lactic + lactic
acid acid
Co 1.37 1.52 0.32 2.53 3.42 16.6 10.2
+0.32 +0.25 +0.02 +0.04 +0.10 +6.23 +4.42
Cr 0.03 0.03 0.01 0.10 0.05 1.42 0.86
+0.00 +0.00 +0.00 +0.01 +0.01 +0.30 +0.25
Mo 0.19 0.21 0.03 0.16 0.32 0.50 0.57
+0.05 +0.08 +0.00 +0.02 +0.10 +0.19 +0.16
w 0.30 0.36 0.04 0.22 0.57 1.01 1.21
+0.10 +0.19 +0.00 +0.05 +0.26 +0.48 +0.69
Total  1.89 2.12 0.40 3.01 4.37 19.5 12.7
+0.48 +0.51 +0.00 +0.12 +0.47 +7.20 +5.53

* The ion release concentrations reported are the average and standard error
obtained from discrete measurements of three different samples.
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(p<0.001). A higher amount of Cr ions are released into the AS + NaF,
with the SLM-HT specimen releasing 50% fewer ions over the 42-day
exposure period compared to the SLM specimen (0.05 and 0.10 pg/mL
respectively, Fig. 5e). No statistical difference was measured between
the Cr ions release in these two specimens after the first day of exposure,
but after that day a significant difference between the amount of Cr ions
released from the two types of specimens was observed. In AS + lactic
acid the amount of Cr ions released is higher compared to AS only or AS
+ NaF — with 1.42 pg/mL released from SLM and 0.86 pg/mL from SLM-
HT (Fig. 5f). However, no significant difference is present between the
results of Cr ion release from SLM and SLM-HT specimens in AS + lactic
acid.

In the case of Mo ion release, it can again be observed that AS was the
mildest corrosion media, with the lowest amount of Mo released in that
environment (Fig. 5g) compared to the AS + NaF (Fig. 5h) and the AS +
lactic acid (Fig. 5i). In AS the reference sample released a lower amount
of Mo ions (0.04 pg/mL) than the SLM printed alloys (SLM = 0.19 pug/mL
and SLM-HT = 0.21 pg/mL). The interesting observation here is the
behaviour of the SLM and SLM-HT samples, whereby the SLM-HT
samples released a higher amount of Mo ions in all of the corrosive
environments. It should, however, be pointed out that the statistical
analysis showed no significant difference between the release of Mo ions
in SLM and SLM-HT in any of the environments tested. In AS a signifi-
cant difference was found between the amount of Mo ions released in the
SLM-HT and REF specimens, but this was not consistent across all
sampling days.

With respect to the release of W ions over 42 days of exposure at
37 °C, very similar trends are observed as to with Mo. In all three en-
vironments the highest amounts of W ions are released in the SLM-HT
samples, and the lowest amount in the reference samples, which was
only measured in AS (Fig. 5j-1).

Comparing the results given in Table 3 (total ion release after 42
days) and the graphs in Fig. 5j-1, relatively less W is released in AS than
in AS + lactic acid, meaning that phases rich in W might preferentially
dissolve in acidic artificial saliva environment. Statistical analysis,
however, did not confirm a significant difference between the amount of
W released from the specimens exposed to the three different
environments.

3.4. Surface roughness measurement on specimens for the ion migration
test

The effect of surface roughness was studied in order to understand
the different surface properties of the SLM printed and reference spec-
imens. In this study the ion migration tests were carried out on speci-
mens with the surface in the “as received condition”, which was
sandblasted with 110 um particles of aluminium oxide, as they are
prepared before tissue implantation and according to standard ISO
10271: 2020 - Dentistry — Corrosion test methods for metallic
materials.

The starting surface condition of the SLM and REF specimens differs
significantly. After sandblasting, both surfaces change. Images of the
respective surfaces observed with a confocal microscope are given in
Figs. 6a and b, with the alumina-sandblasted surfaces presented in
Figs. 6¢ and d, respectively.

The surface roughness results of the as-received specimens, as
measured by confocal microscopy, are presented in Table 4. The surface
parameters S, S, and Sq; were determined on the SLM and REF speci-
mens both before and after sand blasting. S, is an extension of R, — the
mean arithmetical height of a line that expresses, as an absolute value,
the difference in height of each point compared to the arithmetic mean
of the surface. The maximum height (S,) is defined as the sum of the
largest peak and the largest pit over the surface examined. The last
parameter, Sy, (ratio of the interfacial area developed), is the percentage
of the calculated area’s additional surface area attributed to the texture
as opposed to the planar area calculated [24,51,52].
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Fig. 6. Surfaces of the a) SLM, b) REF, c¢) alumina-blasted SLM and d) alumina-blasted REF examined by confocal microscopy.

Table 4
Results of surface analysis; S, and Sg,*.

SLM (as REF SLM (alumina REF (alumina
built) (milled) blasted) blasted)
Sa 15.6+3.1 2.44+0.2 6.7+0.5 6.5+0.8
[pm]
S, 74.1+9.0 4.0+1.7 35.7+1.5 31.1+1.8
[pm]
Sar [%] 2099+206 12.5+0.4 14444+57.6 1277+13.9
R, 9.4+1.3 0.54+0.1 2.3+0.5 1.24+0.1
[pm]
R, 50.9+4.1 4.0+0.8 13.7+2.1 8.9+0.9
[um]

* The reported values of S,, S,, Sar, Ra and R, are the average and standard de-
viations obtained from discrete measurements of each sample at three different
locations.

The actual exposed surfaces (Sq;) differ from those that were calcu-
lated for ion migration test needs. The number of ions eluted from the
exposed surface depends on the area exposed, which can be calculated
from the outer dimensions of the object exposed. It can be seen from the
results of the surface examination that, regardless of the initial surface
condition, sandblasting with 110 um particles of aluminium oxide,
provides a very unique surface morphology, with not only the Sq4; being
similar, but also the parameters S, and S,. The S4, parameters for the
alumina-sandblasted area are, however, very high: 1500% means the
area is 15 times larger than the nominal dimensions of the object tested.
Since all the specimens intended for the ion migration test were pre-
pared in the same manner, the effect of the surface roughness was
verified and proven to have a similar effect on the results of all the ion
migration tests.

4. Discussion

The main aim of the present in vitro study was to compare the
resistance of corrosion over time, its progress over time, and the sub-
sequent release of ions from chemically identical, but differently man-
ufactured CoCr dental alloys. This infers that the corrosion resistance
compared is not influenced by the chemistry of the alloys, but rather
solely by the method of production. Through the temperature and
cooling rate of the process the method of production thus dictates the
development of a different microstructure and its interaction with the

environment throughout its service life.

The ion release concentrations measured from the materials inves-
tigated in different types of AS, representing the various oral environ-
ments possible (neutral, with excessive fluoride concentration, and with
added lactic acid, as influenced by the inflammatory process), are herein
interpreted by the results of the electrochemical tests and the micro-
structural features.

Potentiodynamic electrochemical measurements show that the pas-
sive current, indicating the quality of the passive layer, does not differ
between the different specimens nor with a changing environment. The
main reason for this is the similar chemical composition, especially with
respect to the concentration of Cr, which plays the crucial role in the
formation of the passive layer, and affects its thickness and composition.
On the other hand, the open circuit potential (Eocp) measured during the
conditioning period, the breakdown potential (Ep), and the difference
between Ejy, and E.,,r show that the best corrosion behaviour in AS can be
attributed to the REF specimens, and the worst to SLM-HT. In AS + NaF,
the best and the worst are SLM and SLM-HT, respectively. Overall, in all
specimens tested the corrosion behaviour is better in AS + lactic acid
than in the plain AS or the AS + NaF. In AS + lactic acid, however, the
REF specimens show the lowest corrosion resistance, and SLM-HT the
best. A similar, although not identical, behaviour, is also confirmed by
the results of the polarization resistance, which was highest (indicating
the best corrosion resistance, value R;,) in the AS + lactic acid for the
SLM specimen, followed by the REF and SLM-HT specimens. Because of
the lower rate of potential increase from the cathodic to the anodic re-
gion, polarization resistance measured by the linear polarization tech-
nique is more accurate than results obtained by potentiodynamic
polarization, where the potential increases 10 times faster. A specific
observation for the potentiodynamic polarization is that the E}, potential
is related to the environment to which the specimens are exposed
(regardless of the specimen type). Passive current density, on the other
hand, is neither related to the manufacturing process nor the
environment.

From the results of long-term EIS measurements, and their additional
analysis, it could be confirmed that the R values increase, while C2 re-
mains constant, meaning that in the REF and SLM-HT specimens
exposed to AS the passive layer improves over the measurement period.
In the AS + lactic acid, on the other hand, despite the layer being thicker
than that on both SLM specimens in AS, the value of C2 is constant, and
R decreases, indicating that the passive layer stopped growing or started
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to lose its protective behaviour by becoming porous [49]. This coincides
well with the increased ion release measured in artificial saliva with
added lactic acid compared to in the plain one. In plain AS, the corrosion
performance and concentrations of ions released was similar in the SLM
and SLM-HT specimens, with the difference being statistically insignif-
icant. The lowest ion release was measured on the REF specimen in
artificial saliva, and this difference was statistically significant. This was
also confirmed by analysis of the long-term impedance measurements,
namely calculation of the thickness of the passive layer, which in AS was
highest for the REF specimen. This observation from our study is,
however, in contradiction with results from the literature [3,53], where
SLM specimens show better corrosion resistance and lower ion release
than specimens produced by conventional methods. The far lower ion
release from the REF sample could be a result of the more homogenous
microstructure, which in turn provides the formation of a more homo-
geneous oxide development compared to the SLM samples. Further-
more, the metallographic analysis indicates that a strong formation of
additional phases occured in the SLM samples, which also depleted
alloying elements from the material matrix. In turn, the chemical and
phase heterogeneity could induce the development of other, less stable,
passive layers that can later also cause the material to open on a local
scale and increase corrosion progression in the underlying material,
leading to a higher release of ions. Another possible explanation is the
significantly higher presence of defects and interfaces in the SLM sam-
ples, which in turn can produced weak points for increased corrosive
attack. This, in turn, could also explain why the corrosion behaviour is
slightly improved when the SLM samples undergo heat treatment, which
enables homogenization and recovery of the microstructure. amongst all
the ions measured, the highest ion release was measured for Co. The
concentrations of Cr, W and Mo ions released are not related to their
concentrations in the alloy. Namely, the percentage of W and Mo
released in the solution is almost in all tested cases higher than their
respective amounts in the alloy (calculations given in Table 1). The
opposite was observed for Cr which amount in the alloy is 27%, while
the amount of Cr ions in the different saliva environments varies be-
tween 0.01 ug/cm? and 1.3 pg/cm?, which is between 2.3% and 7.3% of
the total ions released for a particular system tested. This is due to the
formation of a passive film, the main constituent of which is Cr, at least
in freely corroding systems [54].

In the case of Co, a significantly higher amount of ions were released
from SLM-HT into the AS + NaF compared to the SLM and REF (only in
AS) specimens, whereas the amount of Co ions released in the acidic AS
was significantly higher for SLM (p<0.05). The release of Cr ions was
highest in the SLM specimens in all environments, which can be related
to the fact that the matrix is in the least relaxed state, as a result of the
rapid cooling during the SLM process. This, in turn, allows the formation
of instable solid solutions with high chemical differences on a local
scale. From this result it can be assumed that, based on passivation, and
the formation of primarily Cr-oxide, but also Co-oxide, on the surface,
corrosion resistance is improved by heat treatment. This assumption is
confirmed by calculating the passive layer thickness from long-term EIS
measurements. Additionally, the heat treatment causes partitioning of
the alloying elements through the formation of additional phases, which
causes the formation of more noble patches of the material present on
the surface [27,33,35]. This reduces the amount of matrix material
exposed and with it reduces the release of Cr and Co through oxide
degradation. In the case of the AS + lactic acid, however, the additional
Co-rich phases could also be involved in the corrosive degradation of the
material, thus leading to the faster release of Co overall. In all the en-
vironments tested, the highest mean concentrations of W and Mo ions
released were measured for the heat-treated SLM specimens, but no
significant differences were confirmed by statistical analysis. During
ageing at elevated temperatures, the c-phase, rich in these two alloying,
participates elements in grain boundaries. It has been observed by re-
searchers [55] that an increase in the ¢-phase has no influence on the
release of Co ions, but increasing the amount in the alloy increases the
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concentration of Cr and Mo released. In our study, the Cr ion release
measurements did not confirm trend referred before, but this was
observed for the release of Mo [55,56]. The cellular or columnar
microstructure of the SLM specimens is enriched with Cr and Mo on the
cell boundaries [57]. Since this unique microstructure completely dis-
appears when the SLM specimens are heat-treated, but the corrosion
properties are comparable to SLM as fabricated microstructure, this
cannot be the main reason for the better corrosion performance of the
milled specimens of this alloy.

In the case of our study, the total amount of ions released increased 6
(for SLM-HT) to 10 (for SLM specimens) times when changing the
environment from AS to an AS + lactic acid. This is in agreement with
other research [15,23,24,58]. In our study the results of electrochemical
tests on specimens exposed to AS + lactic acid show the opposite, which
could lead to a misleading conclusion. Results of the potentiodynamic
measurements and the jon release tests can be successfully proved by the
results of the long-term EIS experiment. The long-term impedance
measurement in this study was recognized as a good tool for monitoring
the passivation/ corrosion development of an environment/ metal sys-
tem. By comparing the results of the EIS and ion migration tests it was
observed that these two types of investigation complement one another,
and the overall information gained is therefore more complete.

The ion release concentrations measured in our study were higher
than those found in the literature [15,59]. The surface characteristics
were therefore investigated as a possible reason for this discrepancy.
Examination of the surfaces of the exposed specimens revealed the dif-
ferences between the as-build (SLM and SLM-HT) and manufactured
(REF) specimens. Since it was expected that the heat treatment would
influence the geometry of the samples, because of the stress relief
function, but not the micro appearance of the surface, it was assumed
that the SLM specimens (both with and without heat treatment) would
not differ significantly differ in this parameter. Sandblasting using 110
um particles of aluminium oxide-alumina (AlyO3) decreased the Sg4, of
the original SLM surface, but increased the Sy, on the specimens milled
from prefabricated blocks. By comparing the alumina-sandblasted sur-
faces of the SLM and REF specimens, it could be seen that the SLM
sandblasted surface was 14.4 times larger than the calculated surface,
while the developed surface of the REF samples was 12.8 times larger. If
we take this parameter into consideration and normalize the ion release
concentrations, the concentrations in the REF samples are still approx-
imately 3 times lower than those of the SLM or SLM-HT specimens,
which means that, despite fabrication by casting, the microstructure of
the REF specimen is less sensitive to corrosion, as was described earlier
in this manuscript. The Sq parameter measured on the
alumina-sandblasted specimens could also explain the higher concen-
trations of released ions measured compared to those reported in the
literature. In one study on polished SLM specimens, for example, the
concentration of Co ions released into artificial acidic saliva after 7 days
of exposure was measured to be 0.685 pg/cm? [15], whereas the con-
centration measured in a similar solution after the same period of time in
our case was far higher, at 7.535 pg/cm2. When we normalized this
result, by considering the Sy, parameter, a comparable concentration of
0.523 pg/cm? was obtained. Here, a significant effect of the surface
condition on the release of ions is clearly demonstrated.

Sandblasting with aluminium oxide particles, a necessary surface
treatment that is routinely used in dentistry [60], significantly increases
the real surface on a micro level, by up to 15 times more than the
nominal level. The differences between the nominal surfaces of the
differently manufactured specimens were reduced by sandblasting. It
can be seen from the results of the ion migration measurements, how-
ever, that the lowest concentrations were measured in the REF speci-
mens. This might have also contributed to the lower real exposed area in
this type of specimen. In order to prove this, however, additional study
should be carried out on specimens of the same type investigating the
effect of differently machined surfaces (as well as alumina-blasted also
as-fabricated and polished surfaces, for example).
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5. Conclusion

From the results of the present in vitro study the following conclu-
sions can be drawn:

The CoCr alloy manufactured by SLM releases higher ion concen-
trations in AS than those manufactured by milling, where the original
condition is cast block. The difference between the non-heat-treated and
the heat-treated SLM specimens is not significant in this environment.
From a clinical perspective this means that heat treatment of the SLM
printed restorations has no impact on the corrosion properties of this
particular CoCr alloy.

Long-term electrochemical impedance spectroscopy measurements
revealed the formation of a passive layer over time, whereby in AS the
most stable and thickest passive layer is formed on REF specimens,
which released the lowest quantity of ions. In AS with lactic acid, where
the highest total release of metal ions was measured, a less protective
passive layer is formed, which undergoes thinning over time. In clinical
conditions this means that the CoCr alloys will probably exhibit higher
corrosivity in patients with a chronic acidic oral environment.

The concentration of eluted elements is somehow proportional to its
concentration in the alloy, with the exception of Cr, the release of which
into AS and AS with NaF is the lowest amongst all the elements moni-
tored, indicating its role in the formation of a stable and high-quality Cr-
oxide layer in these environments. The release of Cr ions in AS with
lactic acid is, however, higher, due to deterioration of the passive layer
in this media.

The real interfacial area, defined as Sqy, plays a crucial role in the
release of metal ions - the total amount of metal ions released is pro-
portional to the actual area of the surface exposed to the environment to
the environment.

Additional analysis of the structure of the passive film is envisioned,
but the implementation of such analysis is beyond the scope of this
paper.
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