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Abstract Titanium and cobalt alloys, as well as some

stainless steels, are among the most frequently used

materials in orthopaedic surgery. In industrialized coun-

tries, stainless steel devices are used only for temporary

implants due to their lower corrosion resistance in physi-

ologic media when compared to other alloys. However, due

to economical reasons, the use of stainless steel alloys for

permanent implants is very common in developing coun-

tries. The implantation of foreign bodies is sometimes

necessary in the modern medical practice. However, the

complex interactions between the host and the can implant

weaken the local immune system, increasing the risk of

infections. Therefore, it is necessary to further study these

materials as well as the characteristics of the superficial

film formed in physiologic media in infection conditions in

order to control their potential toxicity due to the release of

metallic ions in the human body. This work presents a

study of the superficial composition and the corrosion

resistance of AISI 316L stainless steel and the influence of

its main alloying elements when they are exposed to an

acidic solution that simulates the change of pH that occurs

when an infection develops. Aerated simulated body fluid

(SBF) was employed as working solution at 37 �C. The pH

was adjusted to 7.25 and 4 in order to reproduce normal

body and disease state respectively. Corrosion resistance

was measured by means of electrochemical impedance

spectroscopy (EIS) and anodic polarization curves.

Introduction

The use of metals in biomedical orthopaedic and dental

implants is mainly based in the extreme mechanical

requirements that they have when they are placed in service

[1]. If possible, a metallic implant should be completely

inert in the human body, but unfortunately this rarely

occurs. Organic fluids are extremely hostile to metallic

materials and their effect on the implants and the sur-

rounding tissue is a matter of great importance. Although

these materials have a thermodynamic tendency to corrode,

they also have in common the formation of a protective

film which is capable of maintaining the corrosion levels

within acceptable values for practical applications, partic-

ularly when considering that the corrosion products might

be toxic for the surrounding tissues. Superficial films usu-

ally have different compositions and chemical states when

compared to the base material [2]. Surface characterization

of the alloys employed in orthopaedic surgery should not

be underestimated because of its great influence in the

performance of the implant through the interaction film-

tissue, and the possible migration of metallic ions from the

base metal to the surrounding tissues. The efficiency of the

superficial film depends on the resistance of the passivation

layers to rupture and the re-passivation capability of the

materials under study in the immersion media. The use of

metals in orthopaedic surgery is also conditioned by the

aggressivity of the physiologic medium and can lead to the
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liberation of corrosion and/or wear products into the body

[3–5].

Despite the numerous advances in orthopaedic surgery,

the materials employed are far from being a perfect answer

to the problems mentioned above. In general stainless

steels alloys are employed worldwide for temporary

implants whereas Co–Cr and Ti alloys are used for per-

manent implants.

Stainless steel is used substantially in developing

countries as it is the most economic option among the

metallic alloys employed in orthopaedic surgery. However,

adverse responses have been found in the surrounding

tissues of the implant presenting encapsulation and fibrous

membranes around the prosthesis, besides the numerous

failures in the head neck area of the conic coupling devices

[6]. It is important to note that the composition of the

protective oxides is also related to the corrosion behaviour

of these biomedical implants. Thus, it is necessary to

characterize in detail these surfaces in order to improve the

biocompatibility of the alloys employed in surgical

implants. In spite of the good properties of the passivating

alloys, they can still generate metal ions which can diffuse

through the passive oxide films. When in an aqueous

media, they can form hydroxides or oxides, producing a

local change in the pH. Furthermore, immediately after

implantation, the alloy are surrounded by fibrin and chlo-

rine ions, decreasing the local pH, possibly leading to the

acceleration of the corrosion process. In turn, the decrease

in pH can also be associated with infections [7]. Although

the corrosion behaviour of AISI 316L has been widely

studied in many conditions, there are still many aspects

related to the metal response in acidic media that simulates

infection condition that need to be addressed.

This work presents the electrochemical study of stain-

less steel AISI 316L and its main compositional elements

(Fe, Cr and Ni) in contact with simulated body fluid (SBF)

at 37 �C. Environmental conditions were established in

order to reproduce normal exposure to human body con-

ditions (pH 7.25) and, with the aim of characterizing the

changes that possibly occurs in the event of an infection,

alloys were also tested in SBF acidic solution (pH 4) in

order to simulate the acidic media and the high chloride

concentrations that develop when disease conditions are

present [7]. The electrochemical behaviour for each

material was evaluated by potentiodynamic polarization

and electrochemical impedance spectroscopy (EIS) after an

immersion time of 24 h.

Experimental

The tests were conducted employing stainless steel AISI

316L (wt.%: 17–20 Cr, 12–14 Ni, 2–4 Mo, 2 max. Mn,

0.75 max. Si, 0.03 max. S, 0.03 max. P, 0.03 max. C, Fe

balance [8]) and its main alloy components: Fe, Cr and Ni

(99.9 wt.% purity). The electrodes were built from discs

obtained from rods of the respective materials, which were

included in PVC holders and filled with an epoxy resin.

The electrical contacts were made by means of a wire

welded in the rear part of the working material before

sealing it with the aforementioned epoxy resin. The sam-

ples were then polished with emery paper up to grit 600.

In the case of AISI 316L samples, a previous treatment

was performed in order to avoid crevice corrosion. The side

of the discs were polished with emery paper grit 240 and

then they were passivated in a 50% vol. nitric acid solution

at 50 �C for 30 min. Afterwards, the sides were painted

with a thermo-cured phenolic epoxy lacquer (B5061/F

SyncoTM) and treated in an oven at 120 �C for 10 min.

For the tests conducted at pH 7.25 ± 0.05 the SBF was

prepared with the following chemical composition [9]: NaCl

(8.053 g L-1), KCl (0.224 g L-1), CaCl2 (0.278 g L-1),

MgCl2.6H2O (0.305 g L-1), K2HPO4 (0.174 g L-1),

NaHCO3 (0.353 g L-1), (CH2OH)3CNH2 (6.057 g L-1). On

the other hand, the acidic SBF (pH 4 ± 0.05) was prepared as

follows [9]: NaCl (8.053 g L-1), KCl (0.224 g L-1), CaCl2
(0.278 g L-1), MgCl2.6H2O (0.305 g L-1), K2HPO4

(0.174 g L-1), NaHCO3 (0.353 g L-1), C6H4(COOK)(-

COOH) (10.200 g L-1). In both cases the final pH value was

reached with the addition of concentrated HCl.

The electrochemical measurements were done with a

Solartron 1280B unit using a three electrodes cell, with a Pt

counterelectrode and a saturated calomel electrode (SCE)

as reference. A thermostatic bath (Vicking 4100) was

employed to keep the temperature at 37 �C. The samples

were preconditioned in aerated SBF during 24 h previous

to the electrochemical essays, without bubbling during the

realization of the tests.

Anodic polarization curves were obtained by means of a

potentiodynamic sweep from the corrosion potential (Ecorr)

up to a value of 0.5 V vs. SCE or a current density of

0.001 A cm-2. The sweep rate was 0.001 v s-1. EIS

spectra were collected modulating 0.005 V rms in a fre-

quency range of 20000 Hz to 0.01 Hz. Impedance fitting

was performed using Zplot software [10]. On the other

hand, Ecorr was monitored before and after the electro-

chemical tests mentioned above.

Results and discussion

Corrosion potential (Ecorr)

Table 1 shows the average values of Ecorr observed for

each material immersed for 24 h in aerated SBF at 37 �C,

at pH 7.25 and 4 respectively.
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In both pH conditions it can be seen that the stainless steel

has corrosion potentials significantly more noble than Cr and

Fe, which present more negative values. However, Ni has a

corrosion potential close to the values of the alloy. The

values of the measured Ecorr are consistent with other studies

of the passivity of various stainless steels [11]. When the

materials are tested in infection conditions, there is a slight

change in the Ecorr to more positive values for the alloy and

for Cr. On the other hand, the values registered for Ni and Fe

are almost the same than those observed at pH 7.25.

Polarization curves

Figures 1 and 2 display the anodic polarization curves for

each material in the experimental conditions studied at pH

7.25 and 4, respectively.

The current density of Cr appears to be proportional to

that of the stainless steel at both pH conditions. This is in

agreement with previous reports chomium oxides are the

main components in the passive film formed on these

alloys [1, 11, 12], and thus, responsible for the passive

behaviour of the alloy [13].

However, in the range of potentials studied, Cr does not

show any evidence of pitting corrosion whereas the stain-

less steel does. As a consequence, oxides from the other

components might influence the behaviour of the alloy,

which could lead to the presence of the pitting potential

observed in the stainless steel in the experimental condi-

tions tested.

In neutral to alkaline solutions the films are usually

composed of a chromium-rich inner layer and an iron-rich

outer layer. In these conditions the passive film thickens

basically because iron oxides are more stable in alkaline

solutions. On the other hand, in acidic solutions a chro-

mium-rich oxide film is formed due to the slower

dissolution of Cr oxides compared to Fe oxides [14].

At pH 4, Ni and Fe present active dissolution and den-

sity currents of one order of magnitude higher than the

alloy and Cr. As a consequence, it would be expected that

under infection conditions these first components would

react preferentially, releasing their corrosion products to

the surrounding tissue [15, 16].

Considering their equilibrium potentials, Fe and Cr have

more negative values indicating a higher activity of these

elements compared to the stainless steel and Ni. However,

there is little Cr found in the surrounding tissues due to ions

release from the implant alloys [16]. Iron easily oxidizes in

aerated solutions to Fe3+ and afterwards hydrolyzes into

hydroxides in a broad pH range from acidic to alkaline

conditions. Despite the fact that the ionic radius of Fe3+ is

similar to that of Cr3+, they differ significantly in their

solution behaviour due to their electronic properties. Both

exist in solution as hexa-aquocomplexes, although Cr3+

ions are very stable compared to Fe3+. Thus, chromium

(III) compounds are almost inert whereas iron (III) ones are

very reactive.

The potentiodynamic tests show that chromium forms

superficial oxides that are passivating while iron generates

corrosion products that are not protective, leading to an

active corrosion process.

On the other hand, nickel has a lower thermodynamic

tendency to corrosion. In neutral to alkaline media it forms

hydroxides whilst in acidic media the cation Ni2+ is stable

in solution. That is probably why the ion release analyses

Table 1 Ecorr (mV vs. SCE) of the studied materials immersed in

aerated SBF at 37 �C

AISI 316LL Cr Ni Fe

pH 7.25 -190 ± 40 -640 ± 40 -195 ± 65 -620 ± 5

pH 4 -120 ± 25 -505 ± 35 -200 ± 25 -620 ± 15
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Fig. 1 Polarization curves for AISI 316L stainless steel, Cr, Ni and

Fe immersed for 24 h in aerated SBF at 37 �C at pH 7.25
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Fig. 2 Polarization curves for AISI 316L stainless steel, Cr, Ni and

Fe immersed for 24 h in aerated SBF at 37 �C at pH 4
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show that the relative amounts of Ni are higher than that of

Cr in a pH range from 4 to 7 [16].

Electrochemical impedance spectroscopy (EIS)

AISI 316L stainless steel

Figure 3 shows the EIS Bode diagrams for the AISI 316L

stainless steel after 24 h of immersion in SBF at 37 �C at

pH 7.25 and 4.

The change in the impedance response suggests a non-

ideal dielectric capacitive behaviour, which can be mod-

elled by a Randles circuit with a constant phase element

(CPE) (see insert in Fig. 3). A CPE can be described by the

expression [10]:

ZCPE ¼
1

Y0 jxð Þn ð1Þ

with -1 \ N \ 1. In this equation, n is a coefficient

associated to system homogeneity (where n = 1 for an

ideal capacitor), x is the frequency, and Y0 is the pseudo

capacitance of the system. The corresponding fitted

parameters are shown in Table 2.

Two time constants in the impedance diagrams for the

alloy would be expected, one corresponding to the passive

film and the other to the charge transfer process in the

metal surface. However, only one is clearly recognized. In

order to understand this behaviour, it is necessary to ana-

lyze the parameters obtained from the fitting model. The

pseudo capacitances have values that could be assigned

both to the charge transfer process and to the presence of a

thin or porous film. On the other hand, as the superficial

film presents passivating properties, it would be expected

that its resistance has similar values than the one associated

to a charge transfer resistance process. As a consequence,

the time constants for each of these processes are very

close and their determination from the impedance spectra is

quite difficult [17].

There is not much variation in the results observed for

the different pH conditions for the AISI 316L stainless steel.

However, a slight drop in the phase angle is evident at low

frequencies at pH 4.This is consistent with the lower values

of R and the increase in Y0 in acidic conditions, denoting a

lower performance in the corrosion resistance of the alloy.

Chromium

Figure 5 shows the EIS Bode diagrams for chromium after

24 h of immersion in SBF at 37 �C, at pH 7.25 and 4. The

equivalent circuit employed to model the system parame-

ters is presented in as an insert in Figure 4 and the

corresponding fitting results are given in Table 3.

Two time constants are clearly derived from the Bode

plots. The one at higher frequencies could be related to a
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Fig. 3 EIS Bode diagrams for AISI 316L stainless steel immersed 24 h in aerated SBF at 37 �C at pH 7.25 and 4. (a) |Z| vs. Frequency, (b) h vs.

Frequency. In the insert: Equivalent electric circuit employed to model the impedance data of AISI 316L stainless steel

Table 2 Circuit parameters for

AISI 316L stainless steel

immersed in aerated SBF for

24 h at pH 7.25 and 4

pH 7.25 pH 4

Rs (X cm2) 15 ± 0.3 15 ± 0.3

Y0 (X-1 cm-2 sn) 6.95 9 10-5 ± 7.64 9 10-7 8.25 9 10-5 ± 9.31 9 10-7

n 0.86 ± 2.6 9 10-3 0.87 ± 2.8 9 10-3

R (X cm2) 1.44 9 106 ± 5.51 9 105 5.44 9 105 ± 7.53 9 104
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chromium-oxide layer while the other at lower frequencies

could be associated with the faradic processes taking place

on the metal surface. There are no major differences in the

impedance spectra for the two pH conditions. However, a

decrease in the values of Rfilm and Rct is observed in acidic

conditions. Thus far, the pseudo capacitance values are

similar for both pH conditions. The later could be related to

a double effect of thinning and coverage of the oxide film,

all produced by the degradation of the oxide layer in

infection conditions.

It is worth noting that higher values of resistance would be

expected considering the passive behaviour of chromium, as

seen in the anodic polarization curves. Instead, the results

observed from the EIS tests show values three orders of

magnitude smaller than the ones obtained with the stainless

steel samples. This could be explained considering that

during the potentiodynamic tests the increase in the potential

shifts the material towards a passive condition, thus forcing

the growth of chromium-oxides. On the other hand, in the

EIS tests the measurements are conducted near Ecorr, where

these oxides do not cover completely the inhomogeneous

and porous original surface of the pure metal (Fig. 5).

Nickel

The EIS Bode diagrams for nickel after 24 h of immersion

in SBF at 37 �C at pH 7.25 and 4 are shown in Fig. 6. It is

evident that the behaviour of the metal changes radically in

each pH condition, with a diffusion process taking place at

acidic conditions. The Warburg impedance is used to

model the increasing ionic conductivity due to corrosion

process occurring in the pores and increasing diffusivity

into the pores. It can be described by the equation [10]:

Zw ¼
RDO

jTxð Þnd
tanh jTxð Þnd ð2Þ

where RDO is associated with the solid phase diffusion and

T is related to the diffusion coefficient and the pores length.
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Fig. 4 EIS Bode diagrams for chromium immersed 24 h in aerated SBF at 37 �C at pH 7.25 and 4. (a) |Z| vs. Frequency, (b) h vs. Frequency. In

the insert: equivalent electric circuit employed to model the impedance data of chromium

Table 3 Circuit parameters for

chromium immersed in aerated

SBF for 24 h at pH 7.25 and 4

pH 7.25 pH 4

Rs (X cm2) 35 ± 1.85 35 ± 0.87

Y0film (X-1 cm-2 sn) 1.44 9 10-4 ± 1.77 9 10-5 1.46 9 10-4 ± 3.36 9 10-5

nfilm 0.73 ± 2.29 9 10-2 0.88 ± 4.06 9 10-2

Rfilm (X cm2) 1973 ± 332.28 525.3 ± 134.43

Y0dl (X-1 cm-2 sn) 3.06 9 10-4 ± 3.35 9 10-5 4.51 10-4 ± 4.07 9 10-5

n 0.94 ± 8.77 9 10-2 0.84 ± 6.59 9 10-2

Rct (X cm2) 5265 ± 457.18 4078 ± 401.89

Fig. 5 Microstructure of pure chromium previous to immersion in

SBF
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The equivalent circuits employed to model the system

parameters at pH 7.25 and 4 are presented in as an insert in

Fig. 6(A1, B1) respectively. The corresponding fitting

results are given in Table 4.

In neutral SBF two close time constants are derived, as it

can be observed in the change of slope in the Bode plot |Z|

vs. frequency. The film resistance is high, although it does

not have a marked passivating character. This is concluded

from the almost constant drop of the phase angle at lower

frequencies without reaching zero, which could be asso-

ciated with a diffusion process through pores in the film

[18].

At pH 4 there is active dissolution of the metal, though a

diffusion process is still observed at lower frequencies. The

superficial film is attacked by the aggressive environmental

leading to a very porous surface where the controlling

process is the diffusion of the electrolyte through these

pores.

Iron

The EIS Bode diagrams for iron after 24 h of immersion in

SBF at 37 �C at pH 7.25 and 4 are shown in Fig. 7. As in

the case of nickel, the behaviour of the metal is remarkably

different in each pH condition. The equivalent circuits

employed to fit the system parameters at pH 7.25 and 4 are

presented in Fig. 7(A1 and B1) respectively. The resulting

fitting values are given in Table 5.

At pH 7.25, two time constants are observed from the

change of slope in the Bode diagram |Z| vs. frequency,

evidencing a non-protective porous layer of corrosion

products [18]. Still, a diffusion process is observed at lower

frequencies due to the circulation of the electrolyte to reach

the metal surface. This diffusion does not constitute the

main contribution to the total impedance of the system but

only modifies the shape of the spectrum obtained. The

resistance values indicate that the layer present in the iron
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Fig. 6 EIS Bode diagrams for nickel immersed 24 h in aerated SBF at 37 �C at pH 7.25 and 4. (a) |Z| vs. Frequency, (b) h vs. Frequency. In the

insert: Equivalent electric circuit employed to model the impedance data of nickel. (A1) pH 7.25, (B1) pH 4

Table 4 Circuit parameters for

nickel immersed in aerated SBF

for 24 h at pH 7.25 and 4

pH 7.25 pH 4

Rs (X cm2) 10 ± 0.16 10 ± 0.08

Y0film (X-1 cm-2 sn) 3.42 9 10-5 ± 1.03 9 10-6 5.85 9 10-5 ± 8.26 9 10-7

nfilm 0.89 ± 4.49 9 10-3 0.87 ± 2.19 9 10-3

Rfilm (X cm2) 1.03 104 ± 2.96 9 103 843.5 ± 10.71

Y0dl (X-1 cm-2 sn) 5.40 10-5 ± 1.59 9 10-5 –

n 0.52 ± 8.44 9 10-2 –

Rct (X cm2) 2.74 9 104 ± 5.13 9 103 –

RDO (X cm2) – 290.2 ± 84.39

nD – 0.31 ± 3.94 9 10-2

T – 15.02 ± 2.55
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surface is much more porous and non-protective compared

to the nickel one.

The behaviour observed at neutral pH conditions chan-

ges to a resistive behaviour under charge transfer control at

pH 4. This is associated with a corrosion process that

occurs in the metallic substrate, leading to active dissolu-

tion of the material.

With the aim to develop a more representative infected

biological medium, other studies, including inoculation

with Staphylococcus epidermidis in vitro and in vivo, as

well as longer immersion time tests, are already in progress

in order to consider the effect of the presence of bacteria in

the corrosion behaviour of the material [19].

Conclusions

The corrosion potentials observed for each studied material

were similar at pH 7.25 and pH 4 in the tested conditions.

The nickel potential was the most similar to the AISI 316L

stainless steel’s one, while chromium and iron showed

more negative values. This order of the Ecorr was coinci-

dent with previous investigations of various stainless steels

in different environments [11].

From the anodic potential curves at both pH condi-

tions it is evident that chromium oxides have a major

influence in the passive behaviour of the AISI 316L

stainless steels in aerated SBF at 37 �C. However, the

hysteretic loop observed in the stainless steel diagram is

indicative that the performance of the material could be

influenced by the presence of oxides from the other

components of the alloy.

In infection conditions iron and nickel presented active

dissolution behaviour and current densities one order of

magnitude higher than chromium and the alloy. Therefore,

it would be expected that under infection conditions these

first components would react preferentially, releasing their

corrosion products to the surrounding tissue.

The impedance results are consistent with the observed

trends in the potentiodynamic tests. The only exception is

observed with chromium, which presents a smaller resis-

tance than the one expected considering its passive

behaviour. This could be explained considering that during

the acquisition of the anodic polarization curves the

potential increases, shifting the material towards a passive

condition with the growth of superficial chromium-oxides.

In contrast, EIS tests are conducted near Ecorr, where the

morphology of the pure chromium could influence its
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Fig. 7 EIS Bode diagrams for iron immersed 24 h in aerated SBF at 37 �C at pH 7.25 and 4. (a) |Z| vs. Frequency, (b) h vs. Frequency. In the

insert: Equivalent electric circuit employed to model the impedance data of iron. (A1) pH 7.25, (B1) pH 4

Table 5 Circuit parameters for

iron immersed in aerated SBF

for 24 h at pH 7.25 and 4

pH 7.25 pH 4

Rs (X cm2) 22 ± 0.79 22 ± 0.11

Y0film (X-1 cm-2 sn) 1.34 9 10-4 ± 5.03 9 10-5 –

nfilm 0.70 ± 4.50 9 10-2 –

Rfilm (X cm2) 50.44 ± 7.51 –

Y0dl (X-1 cm-2 sn) 2.67 9 10-4 ± 4.61 9 10-5 9.05 9 10-5 ± 2.77 9 10-6

n 0.78 ± 2.32 9 10-2 0.88 ± 4.85 9 10-3

Rct (X cm2) 1.04 9 104 ± 0.73 9 103 310.5 ± 2.24

RDO (X cm2) 1.36 9 104 ± 1.51 9 103 –

nD 0.76 ± 3.89 9 10-2 –

T 67.28 ± 8.55 –
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performance if these oxides do not cover completely the

inhomogeneous and porous original surface of the metal.

As a general conclusion, AISI 316L does no present

remarkable changes in its corrosion behaviour in infection

conditions when compared with normal human body con-

ditions after short periods of immersion.
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