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Since 2021, cobalt (Co) is in Europe classified as carcinogen in quantities exceeding 0.1 wt-%. This affects
nickel-rich stainless steels, which contain about 0.2 wt-% Co impurities. Previous findings show the bioac-
cessibility of Co in stainless steel to be primarily determined by the corrosion resistance. It has been
unclear whether Co is distributed heterogeneously in the alloy and the outermost surface and whether
a specific location would pose a risk for Co release under specific exposure conditions. This study aimed
at locating Co in stainless steel 316L (0.2 wt-% Co) surfaces prior to and after exposure to different syn-
thetic body fluids for 24 h at 37 �C. Time-of-flight secondary ion mass spectrometry (ToF-SIMS), X-ray
photoelectron spectroscopy (XPS), and inductively coupled plasma mass spectrometry (ICPMS)
investigated the location of Co in the surface oxide and extent of release along with other metals (iron,
chromium, nickel, and manganese) into synthetic biological fluids (gastric fluid, pH 1.5; lysosomal fluid,
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Passive films
Bioaccessibility
pH 4.5; phosphate buffered saline-PBS, pH 7.4). Co was homogeneously distributed along with metallic
nickel beneath the surface oxide and co-released with other metals upon surface reformation and passi-
vation. Exposure in PBS resulted in the incorporation of both Co and phosphate in the oxide.
� 2022 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Stainless steels are iron (Fe) based alloys that exhibit a high cor-
rosion resistance in various harsh environments and are used in a
broad range of applications such as in food processing and in the
human body [1–3]. The main alloying elements (e.g., chromium -
Cr, nickel - Ni, manganese - Mn, molybdenum - Mo) govern the
mechanical and corrosion properties. The ASTM 300-series contain
Ni (6–20 wt%) to stabilize the austenitic (face centered cubic) crys-
tal structure. Since cobalt (Co) is an unintentional impurity when
mining Ni, Ni-rich stainless steel grades inevitably contain small
amounts of Co (<0.3 wt%) [4,5]. Co usually remains in the melt dur-
ing the smelting process and can therefore not be removed in an
economically viable way. Except for applications in the nuclear
industry [4], Co impurities have not shown any influence either
on the function or corrosion resistance of stainless steels. They
have therefore, to our best knowledge, not previously been inves-
tigated with regards to location and surface speciation of Co.

Under ‘‘Registration, Evaluation, Authorisation and Restriction
of Chemicals” (REACH) [6], the chemical regulation of the European
Union (EU), metals are described as substances for which registra-
tion is required to ensure safety from a health and environmental
perspective. Registration dossiers under REACH include informa-
tion on toxicological hazards, which are intimately connected to
metal bioaccessibility. In this context, bioaccessibility means the
amount of metal species that can be released under simulated
physiological conditions and potentially be available for absorption
into systemic circulation [7]. Since metal alloys such as stainless
steel from a legislative perspective are considered as mixtures of
metals, registration dossiers are not required. According to the
Classification, Labelling and Packaging Regulation, Co is classified
as a skin allergen (Skin Sens. 1), suspected of causing cancer (Carc.
1B), mutagenic (Muta. 2), toxic to reproduction (Repr. 1B), a respi-
ratory sensitizer (Resp. Sens. 1), and suspected of causing long-
lasting harmful effects to aquatic life (Aquatic Chronic 4) [8]. Alloys
which contain more than 0.1 wt% Co (generic concentration limit)
are since Oct 1, 2021, classified as Carc. 1B [8,9]. A content of at
least 0.1 wt% Co applies to many stainless steel grades, in particular
Ni-containing stainless steels like the 300-series containing Co
impurities. Discussions are under way to lower the generic concen-
tration limit further to a specific concentration limit of 0.01 wt%
Co. This would also affect other stainless steels and steel grades.

Triggered by the new regulation and the limited knowledge,
studies on Co release (bioaccessibility), from a number of stainless
steel grades were recently conducted in simulated body fluids of
pH values ranging from 1.5 to 7.4, simulating different exposure
scenarios including ingestion, inhalation, and skin contact [5,10].
Released amounts of Co from stainless steel 316L into an acidic
medium simulating ingestion (pH 1.5) were 600-fold lower than
expected based on its bulk content of Co [5]. While the trend in
Co release among different steel grades generally inversely corre-
lated with the corrosion resistance, no correlation was observed
between the pitting corrosion resistance and the extent of Co
release into synthetic body fluids (no applied potential) [5].

Metal release (as ions, complexes, and/or particles) is governed
by different processes taking place at/within the surface oxide or at
the metal interface including localized or uniform corrosion phe-
2

nomena (metal oxidation), ligand-induced dissolution and/or
physical processes such as wear, or their combinations [2]. As pre-
viously reported for native oxides on stainless steel [3,11,12], these
oxides have a duplex character with an outer layer rich in Fe/Mo
oxides and an inner layer enriched in Cr oxides with metallic Ni
enriched at the metal/oxide interface [3,11–16]. The native oxide
composition and thickness typically change with time upon
immersion in an aqueous solution. The extent of Co impurities in
stainless steels is very low and has previously not been studied
to the same extent as other impurities such as carbon (forming
Cr-rich carbides responsible for intergranular corrosion [17,18])
and sulfur (forming MnS inclusions important to pitting corrosion
[19,20]). It is not known whether Co is enriched beneath the sur-
face oxide in a similar way as Ni (non-oxidized) [3,11,13–15],
enriched at grain boundaries (as precipitates), and/or homoge-
nously or heterogeneously dispersed in the alloy and/or within
the surface oxide. Its location will influence its ability to be
released in a given medium.

The aim of this paper is to gain insight in the Co release process
from stainless steel 316L by determining the location of Co impu-
rities in the surface of stainless steel 316L upon exposure to three
synthetic biological fluids of varying pH (artificial gastric fluid –
GST [pH 1.5], artificial lysosomal fluid – ALF [pH 4.5], phosphate
buffered saline – PBS [pH 7.4]). This was accomplished by using
three complementary techniques, including time-of-flight sec-
ondary ion mass spectrometry (ToF-SIMS), X-ray photoelectron
spectroscopy (XPS), and inductively coupled plasma mass spec-
trometry (ICPMS), to locate Co and characterize changes in compo-
sition and thickness of the surface oxide in relation to released
concentrations of Co and other metals in the different fluids.
2. Materials and methods

2.1. Surface preparation and exposure in synthetic biological fluids

Cold-rolled stainless steel, grade ASTM 316L (EN 1.4404) with a
composition (wt.-%) of 0.2% Co, 0.019% C, 0.9% Mn, 10% Ni, 17% Cr,
2% Mo, <0.00005% S, and balanced Fe (based on supplier informa-
tion) was kindly provided by Outokumpu Stainless AB, Sweden.
The material was cut into 2 mm thick 1.5 � 1.5 cm2 coupons.

The coupons were grinded in sequence using SiC paper (200,
400, 800, 1600, and 4000 grit) followed by diamond polishing
(6 mm and 3 mm). The coupons were then ultrasonically cleaned
in acetone followed by ethanol for 5 min each, dried with nitrogen
gas at room temperature, and aged in a desiccator (<10% relative
humidity) for 24 h to ensure a reproducible air-formed surface
oxide. Triplicate coupons and one blank sample (without any cou-
pon) were exposed in parallel at 37 �C for each fluid in individual
closed vessels for 24 h in an incubator (bi-linear shaking, 12� incli-
nation, 22 cycles/min). The exposed surface area to solution vol-
ume ratio was in all cases 1 cm2/mL, as stipulated in the EN
1811 standard of the European Nickel Directive [22] for Ni release
testing to simulate skin contact [21]. Comparative surface analyti-
cal investigations were conducted on non-exposed coupons of the
same surface preparation.

Studies were conducted in three different synthetic body fluids
of different pH and expected influence on corrosion, including arti-
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ficial gastric fluid (GST), artificial lysosomal fluid (ALF) and phos-
phate buffered saline (PBS). GST (pH 1.5) mimics the harsh condi-
tions in the stomach [23]. ALF (pH 4.5) mimics intracellular
conditions in the lung in conjunction with phagocytosis [24] and
is hence relevant for the inhalation scenario and exposure to parti-
cles, e.g., wear debris. PBS (pH 7.4) mimics the ionic strength and
pH of blood serum [25]. GST is diluted hydrochloric acid (HCl)
and therefore expected to represent conditions of relevance for pit-
ting or crevice corrosion of stainless steel, ALF is a highly complex-
ing solution shown to form complexes with released Cr, Ni, and Fe
[26], and PBS represents relatively benign exposure conditions. All
three fluids kept their initial pH throughout the 24 h exposure per-
iod. The chemical composition and pH of each fluid is summarized
in Table 1. All chemicals were of analytical grade and weighed by
means of an analytical balance (Sartorius ED124S) into volumetric
flasks, followed by mixing with ultrapure water (resistivity-18.2
MOcm, Millipore, Sigma), used as solvent. All fluids were prepared
on the same day as the exposure. The pH was adjusted to stipu-
lated levels using 0.1 M NaOH or 65% HNO3, and checked using a
pH meter (Orion Star).

After the immersion period, the coupons were rinsed with
ultrapure water (thereafter wasted), and dried with nitrogen gas
at room temperature, before stored in a desiccator (<10% relative
humidity) prior to the surface analysis. All sample solutions (after
exposure) were acidified to pH < 2 using 45 lL ultrapure 65% HNO3

prior to trace metal analysis (standard procedure for metal
analysis).

All vessels and containers used in the exposures and for sample
storage were acid cleaned with 10% HNO3 for at least 24 h before
rinsed four times with ultrapure water and dried in ambient labo-
ratory conditions.

2.2. Surface chemical characterization

Surface chemical analysis was performed by a combination of
ToF-SIMS and XPS on unexposed and exposed 316L surfaces.

ToF-SIMS (TOF-SIMS IV, ION-TOF GmbH, Germany) was
employed for depth profiling of the surface oxide. The coupon sur-
face was bombarded with a pulsed (�1 ns) 25 keV Bi3+ primary ion
beam (target current � 1 pA), which generates ions from the outer-
most 1–3 nm of the surface. These secondary ions were extracted
by an electric field and their times of flight through a reflector tube
were determined and converted to mass to charge (m/z) ratios via
known species such as hydrogen, carbon, hydrocarbons and other
known species when necessary, constructing a spectrum of sec-
ondary ion mass. A low energy electron beam flooded over the
sample to compensate build-up of charge caused by the bombard-
Table 1
Components (g/L) and pH of the synthetic fluids: artificial gastric fluid (GST), artificial
lysosomal fluid (ALF) and phosphate buffered saline (PBS).

Chemicals GST, pH 1.5 ALF, pH 4.5 PBS,
pH 7.4

MgCl2 – 0.05 –
NaCl – 3.21 8.77
Na2HPO4 – 0.071 1.28
Na2SO4 – 0.039 –
CaCl�2H2O – 0.128 –
C6H5Na3O7�2H2O (trisodium citrate) – 0.077 –
KH2PO4 – – 1.36
C6H8O7 (citric acid) – 20.8 –
H2NCH2COOH (glycine) – 0.059 –
C4H4O6Na2�2H2O (disodium tartrate) – 0.090 –
C3H5NaO3 (sodium lactate) – 0.085 –
C3H3O3Na (sodium pyruvate) – 0.086 –
NaOH – 6.00 –
HCl 25% 4 – –

3

ment of the positive primary ion beam. The base pressure of the
main chamber of the instrument was about 10-7 mbar. Secondary
ion mass spectra were collected from 128 � 128 pixels over the
rastered area with two shots of pulsed primary ion beam per pixel.
Negative ion mass spectra were calibrated using H-, C- and Fe- sig-
nals. Images of given ions were acquired by mapping the ion inten-
sity against the pixels with a resolution in the order of a couple of
micrometers. Depth profiles were generated by alternatively sput-
tering the surface for 1 s with a 3 keV Cs+ beam over an area sized
200 mm � 200 mm and analyzing an area of 128 mm � 128 mm
within the sputtered area using a 25 keV Bi3+ primary ion beam.
The sputter rate was estimated to � 0.15 nm/s. Data acquisition
and processing were performed using ION-TOF’s SurfaceLab 7 soft-
ware. Duplicate coupons were investigated for each solution, and
two depth profiles were acquired for each coupon.

XPS analysis was carried out with a Kratos AXIS Supra X-ray
photoelectron spectrometer using a monochromatic Al Ka source
(15 mA, 15 kV). All elements except hydrogen and helium can be
detected within the outermost surface (7–10 nm) with detection
limits ranging from 0.1�0.5 at.-% depending on the element. The
instrument work function was calibrated to give a binding energy
(BE) of 83.96 eV for the Au 4f7/2 line for metallic gold and the spec-
trometer dispersion was adjusted to give a BE of 932.62 eV for the
Cu 2p3/2 line of metallic Cu. The Kratos charge neutralizer system
was used on all coupons. Survey scan analyses were carried out
on areas sized 300 � 700 mm using a pass energy of 160 eV, and
high resolution analysis used a pass energy of 20 eV. Spectra were
charge-corrected to the main line of the C 1 s spectrum (adventi-
tious carbon) set to 284.8 eV. Two different surface areas on one
coupon were investigated for each solution and the spectra were
analyzed using the CasaXPS software (version 2.3.14) [27]. Esti-
mates of oxide thicknesses were made as described by Strohmeier
[28], Carlson and McGuire [29] and modified by Biesinger et al.
[30]. If the metal to oxide ratio can be determined for a thin oxide
(�0–9 nm) and if the inelastic mean free path (IMFP, k) of the
metal (km) and oxide (kox) (or a weighted combination of oxides)
is known (or can be calculated), the oxide thickness can be calcu-
lated as in Eq. (1).

d ¼ koxsinh ln ðNmkmIoxÞ= NoxkoxImð Þ þ 1ð Þ ð1Þ
where h is the photoelectron take-off angle (90� in this study), Iox
and Im are percentages of the oxide and metal peaks from the
high-resolution spectrum, and Nm and Nox are volume densities of
the metal atoms in the metal and oxide, respectively. More details
are given in Tables S2 and S3 (supplementary information).

2.3. Trace metal analysis in solution

Inductively coupled plasma mass spectrometry (ICPMS, Agilent
7700x) was used to quantify released amounts of Cr, Mn, Fe, Co and
Ni in solution after 24 h of exposure. Limits of detection (LOD) and
limits of quantification (LOQ) are summarized in Table 2, based on
3 and 10 times the standard deviation of the noise level, respec-
tively. The LODs and LOQs were adjusted to consider any dilution
of the samples performed to reduce matrix effects induced by Na
Table 2
Limits of detection (LODs) and limits of quantification (LOQs) for the metals analyzed
by means of ICPMS.

Element LOD (mg/L) LOQ (mg/L)

Cr 0.17 0.50
Mn 0.51 1.5
Fe 2.8 8.4
Co 0.37 1.1
Ni 0.79 2.4
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and Cl ions in solution. Recoveries of spiked matrix samples were
in the 70–130% range of the nominal values and recoveries of qual-
ity controls samples were analyzed during the measurements with
< ±15% difference from nominal values.

Average sample concentrations of three independent samples
are presented with the corresponding blank concentration (solu-
tion sample exposed without a 316L coupon) subtracted. Released
amounts of metals expressed as mg/cm2 correspond to the blank-
corrected concentration of released metals (mg/L) multiplied with
the solution volume (L) and divided by the exposed surface area
(cm2) of the coupon.

3. Results and discussion

3.1. ToF-SIMS compositional depth profiling

Fig. 1 displays depth profiles of selected negative ions of the
stainless steel 316L, which include ions representing metal oxides
(MeOx

-), metallic species (Me2- ) and solution components (PO3
- , PO-,

Cl2- , Cl-). These metal ions are conventionally used to characterize
stainless steel surfaces [3,11]. As proposed in the literature [3],
the depth profiles can be divided into three regions corresponding
to the oxide, the modified alloy layer, and the metallic substrate,
see Fig. 1. The oxide is defined as depth at which the integrated
peak intensity of the Cr oxide (CrO3

- /CrO3H-) has been reduced with
20% from its maximum. The intermediate region between the
oxide and the metallic substrate is assigned as the modified alloy
layer and defined as the region between the oxide and when the
intensity plateau of metallic Fe (Fe2- ) has reached 80% of its maxi-
mum. The sputtering time range was determined from where the
intensities of ions in their depth profiles plateaued, which suggests
the complete removal of the modified alloy layers and the expo-
sure of the bulk of 316L.

All profiles showed a sharply increased signal in the first couple
of seconds of sputtering, mainly due to the removal of the adven-
titious carbon [31] present at the outermost part of the surface. In
the surface oxide region, most coupons revealed an oxide com-
Fig. 1. Representative ToF-SIMS depth profiles for 316L: unexposed (a), exposed to GST
information from an area sized 128 mm � 128 mm. Cl2- in (b) and PO- in (d) are presented,
the strong signals of Cl- and PO3

- , which saturate the detector. A sputter time of 1 s rep
7.5 nm). Presented intensities are integrated from the ToF-SIMS mass spectra, and the r

4

prised of Fe and Cr oxides as the most predominant components
and to a lesser extent Mo oxide (Fig. 1). The FeO2

- and MoO2
- profiles

showed very similar in-depth distributions which were concen-
trated within the outermost oxide, whereas CrO3H- in most cases
appeared slightly further away from the surface. This indicates a
bi-layered oxide structure with a predominance of Fe and Mo oxi-
des located in the outer layer and of Cr oxides enriched in the inner
layer. These findings agree with reports on air-formed and water-
immersed surface oxides on stainless steel 316L and similar grades
[3,11,32,33]. It has been suggested that, due to the abundance of Fe
metal, Fe oxides are initially formed followed by Cr oxides [34].
However, for the coupons exposed to GST (Fig. 1b), the Cr, Mo
and Fe oxide peaks appeared at approximately the same position
(after sputtering � 4 s). The enrichment of Cr within the outermost
surface oxide under acidic conditions is in accordance with previ-
ous findings [5,15]. The oxidized Fe, Cr, and Mo ion profiles slowly
decreased in intensity through the film and reached a plateau adja-
cent to the metallic substrate.

The oxidized Co ion is not included in Fig. 1, since its intensity,
indicative of oxidized Co fragments (e.g., Co–, CoO–, CoO2

–), was
extremely low compared to the FeO2

- , CrO3
- /CrO3H- and MoO2

- ions.
There was also an overlap between oxidized Co and other species,
most importantly Ni since the mass to charge ratio of Co– (58.9332)
interferes with NiH- (58.9432). This interference is clearly illus-
trated in Fig. S1 (supplementary material) and precludes any
definitive conclusions in measuring Co– and any Co oxide ions.

Coupons exposed to ALF and PBS (Fig. 1c and 1d) showed depth
profiles containing phosphate fragments, with a higher concentra-
tion for coupons after exposure to PBS. PO- was used for the cou-
pons exposed to PBS due to very strong PO3

- peak intensities that
saturated the detector, see Figure S2 (supplementary material).
The profiles of PO- and PO3

- appeared to strongly correlate with
the metal oxide signals, indicating their incorporation within the
oxide as a result of exposure to ALF and PBS. Cl- was detected on
all coupons, with stronger signals for exposed compared with
unexposed coupons, especially in GST. Since the Cl- signal satu-
rated the detector, Cl2- was used instead, Fig. 1b.
(b), to ALF (c) and to PBS (d) for 24 h at 37 �C. The depth profiles provide average
instead of Cl- and PO3

- , for the coupons exposed to GST and PBS, respectively, due to
resents the removal of �0.15 nm (a sputter time of 50 s corresponds to a depth of
esults are plotted using a logarithmic scale.



Fig. 2. Magnified ToF-SIMS depth profiles of 316L from Fig. 1, focusing on ions corresponding to metallic species: unexposed (a), exposed to GST (b), to ALF (c) and to PBS (d)
for 24 h at 37 �C. Note that the intensity is plotted in a linear scale versus sputtering time.
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coupon. Raw data is given in Table S1 (supplementary material).
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Nometallic Cr profile was observed due to its very low intensity
as a result of low secondary emission yield [35]. The modified alloy
layer (Fig. 1), which is the transition region between the oxide and
the metal substrate, was characterized by progressively increased
signals of metallic compounds (Fe2- , Ni2- and Co2–) and concomi-
tantly reduced signals of metal oxides, e.g., MeOx

- (with Me = Cr,
Fe, Mo). Fig. 2 shows the depth profiles of metallic Fe, Ni and Co
versus sputtering time in a linear scale. The Fe2- signal gradually
increased to a plateau further into the substrate, whereas the Ni2-

signal tended to be highest adjacent to the interface between the
modified alloy layer and the substrate. The metallic Co (Co2–) signal,
though relatively weak, followed the trend of the Ni2- signal. These
results suggest that this region is mainly composed of metallic Fe
and enriched with Ni and Co at the metal/oxide interface.

2D chemical images (128 mm � 128 mm) of the differently
exposed coupons are shown in Figs. S3-S6 (supplementary mate-
rial), based on ToF-SIMSmeasurements for selected ions represent-
ing metallic, metal oxide and phosphate species of the surface. The
signals from the metallic fragments (Cr2- , Fe2- , Ni2- , Co2–) were evenly
distributed across the surface. The Fe and Cr oxide signals showed
some variation across the surface for coupons exposed in both ALF
and PBS, while this was not the case for the Mo oxide. The phos-
phate signals correlated with stronger oxide signals for the cou-
pons exposed in ALF and PBS. Most importantly, no
heterogeneous distribution of the Co signal could be discerned.

The presence of oxidized Co in the surface oxide could not be
completely resolved by means of ToF-SIMS due to its low concen-
tration and interference with other species. The generation of sec-
ondary ions from a surface during ToF-SIMS analysis can be
affected by many factors, including the presence of surface hetero-
geneities and differences in chemical stability of various surface
species [36]. Surface-sensitive quantitative XPS analysis was there-
fore employed to acquire quantitative compositional and comple-
mentary information.

3.2. Quantitative surface compositional analysis by means of XPS

Fig. 3 presents the relative atomic percent (at.-%) of surface spe-
cies on the unexposed and exposed coupons investigated by means
5

of XPS. Their relative fractions are based on curve fitting of high
resolution XPS spectra of Fe 2p, Ni 2p, Co 2p and Cr 2p [30,37]. Sim-
ilar to the ToF-SIMS results, the surface oxides were in all cases
mainly composed of oxidized Fe (15–51 at.-%) and Cr (16–50 at.-
%) and to a minor extent Mo (1–2 at.-%). Exposures to synthetic
body fluids resulted in a surface oxide composed of less amounts
of oxidized Fe (from 51 to 15–33 at.-%), most evident for exposures
in GST and ALF. Simultaneously, the relative content of oxidized Cr
(especially Cr(OH)3 species) increased from 16 at.-% within the
native oxide to 40–50 at.-% upon immersion in GST and ALF. This
can be explained by the preferential dissolution of Fe compared
to Cr during immersion under acidic conditions [35,38,39]. The
Cr oxides were identified in their trivalent form (Cr2O3 and/or Cr
(OH)3), providing good corrosion resistance [15]. Interestingly,
small amounts of Co(III) were observed after exposure to PBS. No
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Ni oxide was noted in the outermost surface of any of the investi-
gated coupons. Metallic Ni signals were identified for all coupons,
related to the enrichment of Ni beneath the surface oxide as
observed by means of ToF-SIMS (Figs. 1 and 2) and in agreement
with previous findings [3,11,40]. Solution constituents were
observed on the surface including Cl (as Cl-) in GST and P (as
PO4

2-) in PBS. The presence of phosphate on the coupons exposed
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Fig. 4. Amount of released metals (mg/cm2) from 316L exposed for 24 h to GST, ALF,
and PBS at 37 �C. In PBS, the Co concentration exceeded the LOD but not the LOQ.
The error bars represent the standard deviation of independent triplicate samples.
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to PBS may indicate the precipitation of Co(III)-phosphate from
solution [41,42]. It should be noted that the phosphate concentra-
tion in PBS was about 10 times higher than in human blood [43],
which means that this study cannot answer the question whether
a similar precipitation of Co(III)-phosphate would be expected in-
vivo. Sodium (Na), silicon (Si) and zinc (Zn), either from the solu-
tions or the surrounding environment, were also observed on the
surfaces.
3.3. Metal release determined by means of ICPMS

Fig. 4 shows the amount of released Cr, Fe, Mn, Co, and Ni per
surface area (mg/cm2) for 316L after 24 h of exposure to GST (pH
1.5), ALF (pH 4.5) and PBS (pH 7.4) at 37 �C. Consistent with previ-
ous findings [2], the released amount of each element was highly
pH and solution-dependent, with the highest release in GST, fol-
lowed by ALF and PBS. In the case of ALF, the release was, as pre-
viously demonstrated, not primarily caused by the solution pH
but rather by ligand-induced processes connected to complexation
with citric acid [26,44]. Fe was predominantly released (86–91 wt-
% of total Fe + Cr + Ni + Mn + Co release), followed by Ni (5.6–
7.4 wt-% of total release), Cr (0.6–5.6 wt-% of total release), Mn
(1.0–2.0 wt-% of total release), and Co (0.23–0.34 wt-% of total
release), see Table S2. The results show that Fe (� 70 wt-% in the
bulk) was preferentially released into all solutions, Mn and Co were
approximately released in proportion to their bulk compositions
(0.9 wt-% Mn and 0.2 wt-% Co), whereas Cr and Ni were released
to a lower extent than their bulk compositions (17 wt-% Cr and
10 wt-% Ni).
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3.4. Oxide thickness estimations

The analytical results from ToF-SIMS and XPS were used to esti-
mate changes in oxide thickness before and after reformation in
the different synthetic fluids, and metal release data generated
by ICPMS was used to calculate the average estimated thickness
of the dissolved oxide, Fig. 5. All calculations assumed uniform
changes in oxide thickness. Total amounts of released metals (total
amount of Fe, Cr, Ni, Mn, Co, in mg/cm2) were used to estimate the
corresponding released/dissolved (hydr)oxide thickness, assuming
an average (hydr)oxide density of 5 g/cm3 [45] described in Eq. (2).

dðnmÞ ¼ ð
X lg

cm2Þ=ð5
g

cm3Þ � 10 ð2Þ

Based on the ToF-SIMS and XPS results (Fig. 5a), it was concluded
that the exposure in PBS resulted in an approximately 1 nm thicker
surface oxide compared to the native oxide (from 2.6 to 3.2 nm to
3.5–4.3 nm). However, a lower extent of metals, corresponding to
an approximate oxide thickness of 0.5 nm, was released into solu-
tion (Fig. 5b). These results indicate that oxide formation was
favored over oxide dissolution in PBS. This is not surprising, as Fe
and Cr oxides have very low solubility at a pH of 7.4, and any aque-
ous Fe and Cr ions would be expected to precipitate from solution to
form Fe and Cr hydroxides or oxides [46,47].

According to XPS, exposure to ALF resulted in a reduced oxide
thickness (from 2.6 to 3.2 nm to 1.8–2.0 nm), whereas the ToF-
SIMS data rather indicated a slightly increased thickness (to
3.1 nm), Fig. 5a. The extent of measured metal release in ALF cor-
responded to a reduction in oxide thickness of approximately 1 nm
(Fig. 5b), i.e. in line with the XPS findings. The corresponding mass
of this thickness reduction was identical to the released mass
Fig. 6. Schematic overview of changes in surface composition and estimated surface oxi
37 �C to GST (pH 1.5), ALF (pH 4.5) and PBS (pH 7.4). CA – citric acid.
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determined in solution. This suggests that the released metals in
ALF predominantly originated from the surface oxide rather than
from the bulk alloy matrix. This is consistent with previous find-
ings with surface complexation reactions as the predominant
metal release mechanisms in citric acid solutions [26,48]. The rel-
ative content of oxidized metals within the surface oxide seemed
to decrease (based on oxide to metal ratios determined with XPS
and compositional findings in the outer oxide layer determined
with ToF-SIMS), while the total surface layer (surface oxide and
modified alloy layer) seemed to slightly increase in thickness. Sim-
ilar to findings in ALF, exposure to GST resulted, according to the
XPS results, in a reduced (approximately 1 nm) surface oxide thick-
ness. ToF-SIMS measurements indicated a similar total surface
oxide thickness (2.8 nm, including the modified alloy layer) as
the thickness of the native surface oxide (2.6 nm) (Fig. 5a). Expo-
sure to GST resulted in the highest extent of released metals, cor-
responding to an estimated dissolved surface oxide thickness of
approximately 4 nm (Fig. 5b), which 4-fold exceeded the XPS-
determined reduced surface oxide thickness. This implies that
the released metals in GST originated not only from the surface
oxide but also from the bulk material. The results in this acidic
chloride-containing fluid indicate the presence and importance of
surface defects [5].
3.5. Proposed Co release mechanism in the synthetic biological fluids

The most important mechanistic insights from this study are
schematically summarized in Fig. 6. Co is proposed to be enriched,
along with Ni, as a metallic impurity in the modified alloy layer
beneath the surface oxide of stainless steel 316L. Co release into
de thickness of 316L and relative extent of released metals after 24 h of exposure at
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solution was a consequence of surface defects and surface oxide
reformation upon exposure in the different synthetic fluids.

Previous studies on 316L exposed to the investigated synthetic
body fluids show strongly reduced metal release rates (including
Co) with time, and considerably lower extent of metal release after
an initial passivation process (either in nitric acid, in the investi-
gated synthetic body fluids, or other acids) [5,48,49].

During this initial passivation process, the oxide partially dis-
solves, and surface defects passivate. However, most surface
defects, including formed pits, remain or occur upon exposure to
GST [5], which facilitates the release of Co and other alloying ele-
ments into solution both from the surface oxide and from the bulk
matrix. In ALF, surface complexation by citric acid species has pre-
viously been shown to be the dominating metal release mecha-
nism [26,46].

In the case of PBS, in which oxide formation was favored over
dissolution, released Co ions precipitated onto the surface, possibly
as Co-phosphates [41,42]. As the XPS results (Section 3.2) identi-
fied Co as Co(III), this may suggest precipitation of Co(III) phos-
phate. Since the very strong phosphate signals of the ToF-SIMS
spectra correlated with the metal oxide signals after exposure to
PBS, the Co-phosphates are proposed to be incorporated in the
outermost surface layer. This raises the question whether Co could
be released upon subsequent exposure in more corrosive media.
This requires further investigations. A recent study reported high
amounts of Co released from the surface of a stainless steel con-
tainer in PBS, being pre-exposed to PBS and Co ions released from
cobalt alloys [42].

From a regulatory perspective, it makes sense to suggest that Co
is not, or only during the initial passivation period, released from
stainless steel 316L under conditions for which the passive surface
oxide is stable, such as in PBS and ALF (after the passivation pro-
cess). However, under conditions where localized corrosion could
occur, such as in crevices and in hydrochloric acid, small amounts
of Co can be released along with Ni from the enriched metallic
layer present beneath the surface oxide.
4. Conclusions

The aim of this study was to gain mechanistic insight in the
release process of Co from stainless steel 316L by determining
the location of Co impurities in the outermost surface upon expo-
sure to three synthetic biological fluids. The following main con-
clusions were drawn:

� ToF-SIMS and XPS analysis revealed that the surface oxide of
316L has a duplex structure with FeII/III-MoIV/V/VI enriched in
the outer oxide and CrIII enriched in the inner oxide, both before
and after exposure to ALF (pH 4.5) and PBS (pH 7.4). Exposures
to GST (pH 1.5) resulted in an outermost oxide predominantly
composed of FeII/III-MoIV/V/VI-CrIII species. Exposures in all fluids
showed a homogenous distribution of metallic Co and its co-
location with metallic Ni beneath the surface oxide.

� Trace amounts of Co were released along with other metals in
all fluids. The highest amounts of released Fe, Cr, Ni, Mn, and
Co were observed in GST (pH 1.5), followed by ALF (pH 4.5)
and PBS (pH 7.4). Fe was preferentially released, whereas Cr
and Ni were released to a lower extent than their respective
proportions in the bulk. Co and Mn were released in proportion
to their respective bulk composition.

� When comparing changes in estimated surface oxide thick-
nesses before and after exposure based on results generated
by means of XPS and ToF-SIMS to the corresponding dissolved
surface oxide thickness estimated from ICPMS findings, it was
evident that oxide formation exceeded oxide dissolution in
8

PBS. The reduction in oxide thickness was equal to the oxide
dissolution determined from the amount of released metals in
ALF. In GST, the oxide dissolution estimated from the amount
of released metals was four-fold higher than the estimated
reduced oxide thickness based on XPS and ToF-SIMS findings,
which implies a role of surface defects.

� XPS detected oxidized Co(III) within the surface oxide after
exposure to PBS, and ToF-SIMS showed laterally and spatially
overlapping phosphate and metal oxide signals. These findings
may suggest the precipitation and incorporation of Co-
phosphate in the surface oxide.
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