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a b s t r a c t

The surface characterization and electrochemical behaviour of UNS S31254 (254 SS) have been
performed in 0.15 mol L�1 NaCl medium in order to evaluate its application as orthopaedic implants.
Polarization curves, chronoamperometry, electrochemical impedance spectroscopy and X-ray photo-
electron spectroscopy were used for characterizing the samples. A cytotoxicity test was also performed
to study the biocompatibility of the proposed steel as biomaterial. The electrochemical behaviour of 254
SS was compared to that observed for ISO 5832-9 and ASTM F138 stainless steels, used in orthopaedic
implants. 254 SS is similar to ISO 5832-9 SS: it is passivated on the potential range between the corrosion
and the transpassivation potential. Mo (VI) forms an outer layer which blocks Cr (VI) dissolution.
Cytotoxicity test showed no cytotoxic character of 254 SS.

& 2015 Elsevier B.V. All rights reserved.

1. Introduction

Austenitic stainless steels are used as internal fixation devices.
Regardless of the lower corrosion resistance when compared to
titanium, they exhibit excellent mechanical properties and low
cost when compared to that material [1–2]. A new generation of
steels with higher corrosion resistance and improved mechanical
properties is being studied [3–7]. ISO 5832-9 SS is an example of
steel used in orthopaedic implants. It does not suffer pitting
corrosion contrarily to F 138-92 SS [8–9]. UNS S31254 SS (254SS)
is highly resistant to corrosive media, such as hydrochloric acid
[10], phosphoric acid [11] and does not present pitting potential in
chloride media at room temperature [10]. The viability of the
scientific investigation of 254SS for this purpose is also due to its
high content of nitrogen [12].

This paper reports on the electrochemical characterization of 254SS
in 0.15 mol L�1 NaCl at 37 1C from linear voltammetry, chronoam-
perometry, electrochemical impedance spectroscopy and X-ray photo-
electron spectroscopy (XPS). Cytotoxicity test was also performed to
evaluate its viability as orthopaedic implants. A comparative study
between 254SS, ISO 5832-9 SS and ASTM F138 SS was also included.

2. Experimental

The chemical composition of the SS samples studied is given
by: UNS S31254-19.40Cr, 17.70Ni, 6.26Mo, 0.52Si, 0.208N, 0.018P,
0.016C, 0.004S; ISO 5832-9- 20.70Cr, 9.94Ni, 2.50Mo, 0.33Si, 0.32N,
0.28Nb, 0.014P, 0.015C, 0.005S; ASTM F138-92-17.60Cr, 14.20Ni,
2.08Mo, 0.26Si, 0.023P, 0.021N, 0.012C, 0.002S.

The working electrodes (0.28 cm2 area) were constructed according
to previous descriptions [4]. The surface treatment of these electrodes
was described elsewhere [4]. The auxiliary electrode consisted of a
platinum foil and the reference electrode was the saturated calomel
electrode (SCE). NaCl pa was used as electrolyte. All the experiments
were conducted with naturally aerated solutions at (37.070.5)1C. The
electrochemical measurements were made using equipments described
elsewhere [4]. Prior to each experiment the electrodes were immersed
in the electrolyte until the attainment of the stationary open circuit
potential (corrosion potential Ecorr). The breakdown potential (EB) was
considered when the current density was equal to 10 μA cm�2 in the
potentiostatic curves. The impedance measurements were performed
from 100 kHz to 50mHz, using 10mV amplitude. The results were
modelled using Boukamp’s equivalent circuit.

The samples were analysed using a Kratos XSAM HS spectrometer
from the same surface treatment used for the electrochemical
measurements. The technique was performed for three conditions:
1st – after polishment (600 mesh), 2nd – after application of a
potential in the passive region (E¼300 mV/SCE) during 20 min
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3rd – after application of E¼1400 mV/SCE (transpassivation
region) during 20 min. It was used ultrahigh vacuum (low
10�9 Torr range), a dual Mg/Al anode as X-ray source, emitting
AlKα (hν¼1486.6 eV) radiation with the application of 10 mA and
14 kV. High-resolution spectra were recorded at a normal emission
angle using 20 eV analyser pass energy. The Shirley background,
Gaussian (for 1s peaks) and mixed Gaussian/Lorentzian (for p and
d peaks) functions, and a least-square routine were used for peak
fitting. The binding energies were referenced to the adventitious
hydrocarbon C 1s level set at 284.8 eV.

The cytotoxicity assay was carried out using the same proce-
dure described elsewhere [4].

3. Results and discussion

The polarization curves are shown in Fig. 1.a. The electrochemical
behaviour of 254 is similar to ISO 5832-9: both exhibit a wide
potential range with passive filmwithout evidence of pitting corrosion
when compared to F 138SS. The passive region is characterized by
current densities equal to (1.5070.01)μA cm�2; (2.170.1)μA cm�2

and (4.7070.01)μA cm�2, at E¼0mV/SCE, 400mV/SCE and 600 mV/
SCE respectively. Its high resistance to pitting corrosion is attributed to
the presence of Mo and N[13–14].

The voltammetric curve of 254SS is amplified in the passive
region (Fig. 1.b). The anodic wave seen at about 750 mV can be
attributed to oxidation of Cr(III) to Cr(VI) [15]:

Cr2O3þ5H2O22CrO4
2�þ10Hþþ6e�

However, the current density value corresponds to a passive film.
At E¼1 V a sharp increasing of the current can be seen due to the
oxidation of Cr(III) and of the water without the presence of the
passive film.

The results shown in Fig. 1.c corroborate the low currents sug-
gested by polarization curve. Until E¼900 mV/SCE current density
values are lower than 10 μA cm�2 and the transition between the
passive to active behaviour takes place from E¼900 mV/SCE
(jE10 μA cm�2) to E¼950mV/SCE (jE45 μA cm�2).

The electrochemical impedance spectroscopy (EIS) was used to
investigate the processes that occur on its surface at the corrosion
potential and at more positive potentials (200, 400, 600, 800, 900,
950, 1000 and 1050)mV/SCE. The EIS measurements were per-
formed after the electrode was held at open circuit potential for
15 min. The impedance spectra of 254 SS obtained are shown in
Fig. 2.a and b. According to Nyquist plots at lower potentials, there
is no significant change of the impedance diagrams, when the
potential is increased from Ecorr¼�20 mV to E¼200 mV. Bode
plots at these potentials are similar: in the high frequency region
the phase angle approaches 0, typical of a resistive behaviour. As
the frequency diminishes a linear relationship can be observed
between log (|Z|) and log (f) with a slope of �0.89 and approxi-
mately 801 phase angle, indicating a predominant capacitive
behaviour typical of passive systems.

From E¼400 mV/SCE to E¼900 mV/SCE an arc is progressively
formed and clearly seen at E¼900 mV/SCE, the imaginary and real
components of the impedance decrease with the increasing
potential and the phase angle starts to diminish indicating that
the film is loosening its protective behaviour. Impedance diagrams

Fig. 1. (a) Polarisation curves of the stainless steels and (b) polarisation curve amplified in the passive region of 254 SS and (c) chronoamperograms of 254 SS in 0.15 mol L�1

NaCl medium at (3770.5) 1C.
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of active systems with small values of ZR and Zi are observed at
more positive potentials; the film is no longer protecting the
surface.

The experimental results and simulation curves are shown in
Fig. 2b. Fig. 2b presents the electrical circuits used to model the
results. At Ecorr the circuit is similar to that proposed by other
authors for pure commercial titanium, titanium alloys and other
stainless steels [4]. A frequency dependent constant phase ele-
ment (CPE) was needed to reach a better agreement between
experimental and simulated values [15,16–19]. The quality of
fitting was judged by the chi-square value equal to 0.001. At
EcorroEo900 mV/CSE a Warburg impedance models the experi-
mental results pointing to diffusive processes. At E¼900 mV/SCE a
cascade equivalent circuit with two time constants model the
experimental data suggesting the existence of a bilayered film, an
internal more compact layer and a less resistant outer layer or
porous layer. In fact it was seen that at this potential the oxidation
of Cr(III) to Cr(VI) has already begun (Fig. 1b). The two time

constants can be attributed to different processes occurring
simultaneously on the electrode surface. Current density values
are still typical of passivated materials. At higher potentials it was
not possible to find an acceptable fit due to oxygen evolution. At
E¼900 mV/SCE the exponent of both the constant phase elements
suggest absence of diffusive processes. The results obtained by EIS
agree with those obtained by other techniques. EIS suggests the
existence of diffusion processes through the passive film in the
passive potential region. X-ray photoelectron spectroscopy (XPS)
was performed to identify the species present in the passive film.
XPS results are presented in Table 1. Both the grinded and the
polarised (E¼400 mV/SCE) surfaces contain Fe, Cr, Ni and Mo as
metal and as different oxides. In the polarized steel the content of
Cr2O3 (576.3 eV binding energy) diminishes and the content of
MoO3 (232.9 eV binding energy) increases when compared to the
grinded steel. This is in accordance with other authors [16–19],
which have suggested the partial substitution of Cr by Mo in the
passive film. Furthermore, this oxide suggests the existence of

Fig. 2. Impedance diagrams for 254 SS in 0.15 mol L�1 NaCl medium at (37.070.5) 1C: (a) Nyquist plots at different potentials (●) Ecorr, (★) 200 mV, (▲) 400 mV, (◯) 600 mV,
(✧) 800 mV, (△) 900 mV, (☓) 950 mV, (*) 1000 mV and (▶) 1050 mV /SCE) at (3770.5)1C. (b) Bode plots registered at different potentials (Ecorr, 200 mV, 400 mV, 600 mV,
800 mV, 900 mV. (●) experimental values, (___) simulation with electrical equivalent circuits used to fit the experimental data at different potentials.
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molybdate ion in the passive film when the surface is in contact
with the solution, since XPS was performed ex-situ. After
1400 mV/SCE the chromium oxide is converted to Cr(VI). Dif-
ferent authors have also suggested the existence of molybdate
ion in the passive film [18–19]. One can suggest that the passive
mechanism is dynamic with the diffusion of molybdenium (VI)
from the metal-oxide interphase to form an outer layer of
adsorbed ions.

A cytotoxicity test was conducted to study the biocompatibility
of 254SS as biomaterial. The positive and negative controls were
used to confirm the adequate performance of the test and/or to
evaluate the results from a new material, as well as to control the
cell sensitivity, extraction efficiency, and other parameters. The
cell viability percentage was calculated with the average of optical
density triplicate of each extract dilution in relation to cell control
considered 100%. In Fig. 3 IC50(%), cytotoxicity index, means the
concentration of the extract which kills 50% of cell population. The
sample that presents cell viability curve above IC50(%) is considered
no toxic and under IC50(%) is extremely toxic. The 254SS did not
present toxic effects even at 100% extract concentration. It demon-
strated similar behaviour to negative control, both presenting the
viability curves above the cytotoxicity index which means that the
sample showed no cytotoxicity [3,20–21]. Comparable results
were previously reported for ISO 5832-9 SS and F138 SS [3] and
they were included in the Fig. 3. Only the positive control viability

curve crossed cytotoxicity line presenting toxic effect with IC50(%)

of about 38, which means that the phenol solution, in a dilution
of 38%, killed 50% of cells.

Table 1
X-ray photoelectron spectroscopy (XPS) results for 254 SS.

(a) Binding energy / eV

C 1s O 1s Fe 2p3/2 Cr 2p3/2 Ni 2p3/2 Mo 3d5/2

Grinded steel 284.8 (63%) 529.7 (45%)
706.5 (12%)

573.6 (8%)
852.3 (56%)

227.5 (32%)

286.5 (17%) 531.3 (45%)
708.3 (20%)

576.3 (92%)
853.8 (15%)

229.2 (18%)

288.4 (15%) 533.0 (10%)
710.6 (68%) 855.4 (29%)

232.9 (22%)

289.9 (5%)

Polarised steel (300 mV/SCE) 283.0 (3%) 529.8 (33%)
706.5 (25%)

573.6 (11%)
852.4 (63%)

227.4 (18%)

284.8 (56%) 531.4 (51%)
708.8 (25%)

576.3 (89%) 855.1 (37%) 229.0 (9%)

286.4 (22%) 533.0 (16%)
710.5 (50%)

231.0 (8%)

288.4 (13%) 232.3 (65%)

Polarised steel (140 mV/SCE) 282.0 (9%) 528.3 (4%) 710.8 576.7
852.7 (11%)

232.6

284.8 (56%) 530.0 (49%)
855.2 (89%)

287.0 (9%) 531.5 (40%)
289.1 (15%) 532.2 (6%)
290.0 (11%)

(b) Attribution of binding energies to the different chemical substances.

Element Binding energy / eV Substance Oxidation state

Fe 706.5 Fe 0
708.3–708.8 Fe2O4 þ2,þ3
710.5–710.8 Fe2O3 þ3

Cr 573.6 Cr 0
576.5–576.7 Cr2O3 þ3

Ni 852.3–852.7 Ni 0
853.8 NiO þ2
855.1–855.4 Ni2O3 þ3

Mo 227.4–227.5 Mo 0
229.0–229.2 MoO2 þ1
231.0 MoO4

�2 þ6
232.3–232.9 MoO3 þ6

Fig. 3. F138 SS, ISO 5832-9 SS and 254 SS viability curves in the cytotoxicity assay
by the neutral red uptake methodology.
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It is important to note that in the previous work [3] the
electrochemical behaviour of ISO 5832-9 SS and F138 SS was
studied in MEM medium, and these materials presented the same
behaviour observed in 0.15 mol L�1 NaCl, where these steels were
compared to 254 SS.

4. Conclusions

The electrochemical behaviour of 254SS is similar to that
observed for ISO 5832-9 SS and differently from F138 SS does
not present localized corrosion: the passive region is characterized
by low current density in a potential range of 1 V without pitting
corrosion. Equivalent circuit model suggests that Mo(VI) forms an
outer layer blocking the Cr(VI) dissolution. The 254SS cytotoxicity
results pointed to the absence of toxic effect. The results permit to
suggest the use of 254SS as biomaterial.
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