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The  surfaces  of  implantable  medical  devices  should  present  proper  corrosion  and  mechanical  resistance
properties  to  fulfil  their  functions.  Marking  techniques  are  used  for identification  and  traceability  pur-
poses but  often  generate  surface  modifications.  Because  surface  defects  affect  corrosion  resistance,  the
effects  of  marking  processes  must  be  investigated.  This  paper  presents  the  effects  of  pulsed  Nd:YAG  laser
marking  techniques  on  the  corrosion  resistance  of  ASTM  F139  austenitic  stainless  steel  compared  to  that
of  mechanical  marking  techniques.  The  corrosion  resistance  was  evaluated  by  electrochemical  methods,
iomaterials
orrosion
urface characterisation
tainless steel
aser marks

and the  surface  was  analysed  by  scanning  electron  microscopy  with  a field  emission  gun  (SEM-FEG)  cou-
pled  to  an  energy  dispersive  X-ray  spectrometer.  The  surface  characterisation  showed  the  occurrence  of
microstructure  variation  due  to the high  temperatures  involved  in the  laser  melting  process.  Compared
to the  mechanical  method,  the  laser  marking  technique  had  a  deleterious  effect  on  the  resistance  of ASTM
F139  stainless  steel  to localised  corrosion,  increasing  its  susceptibility  to pitting  corrosion.  These  results
were  related  to  changes  in  the  passive  film  properties,  surface  morphology  and  chemical  composition.
. Introduction

The use of materials in the human body is not a new idea [1].
ue to the observed increase in life expectancy, the number of

elated diseases in the elderly and the number of car accidents
ith irreversible injuries, advanced biomaterials continue to be

esearched and developed all around the world. Metallic bioma-
erials have found wide application in restorative surgery as basic

aterials for implantable medical devices for skeletal replacements
nd fixtures. For this purpose, metallic biomaterials that display
reat compatibility with biological environments, proper mechan-
cal properties and high corrosion resistance are preferred [1–4].

Among metallic materials, ASTM F139 austenitic stainless steel
as been employed for biomedical applications due to its mechan-

cal properties, high corrosion resistance and moderately low
ost. In general, stainless steels are largely applicable in medical
mplants such as orthopaedic replacements and stents due to their
ase of fabrication and chemical stability [5]. All metallic bioma-

erials experience some electrochemical dissolution/corrosion in
he area of the implant surrounded by the environment. The corro-
ion resistance of any implantable medical device is influenced by

∗ Corresponding author. Tel.: +55 11 3133 9226.
E-mail addresses: efpieretti@usp.br, e pieretti@terra.com.br (E.F. Pieretti).

1 Tel.: +55 11 3133 9226.
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ttp://dx.doi.org/10.1016/j.electacta.2013.05.101
© 2013 Elsevier Ltd. All rights reserved.

many factors, including the chemical composition, microstructure,
pH, temperature, surface finishing and design [5,6].

Towards the end of the manufacturing process, marking tech-
niques are often employed on metallic implantable medical devices
for identification and traceability purposes and are performed
according to the strictest standards of quality control.

Industrial marking techniques commonly used in Brazil include
mechanical and laser methods. Compared to other methods, many
advantages are associated with laser marking techniques, such
as high degree of automation, great reproducibility of charac-
ters, quickness and cleanliness [7,8]. Moreover, the laser process
produces less surface distortion and produces high quality, durable
and well-defined inscriptions [9]. Laser marking techniques can
be used for various applications such as cutting, welding, ablation,
hardening and engraving and to create decorative textures [10–12].
However, the effect of laser marking techniques on the surface
corrosion resistance has not yet been intensely investigated.

The aim of the present work was to evaluate the effect of laser
and mechanical marking techniques on the susceptibility of ASTM
F139 stainless steel to localised corrosion.

2. Experimental
The material used in the current study was ASTM F139 austenitic
stainless steel. The composition of the steel was  determined by
optical emission spectroscopy and is shown in Table 1. ASTM

dx.doi.org/10.1016/j.electacta.2013.05.101
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
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Table 1
Chemical composition of the ASTM F139 stainless steel.

F
o
i
w
a
a
c
o
s
t
c
r

t
s
e
s
2
w
a
e
b
c
w
p
a
p
w

t
(

3

3

i
1
o
t
f
T
b
a
m
a
o
m
t
l

T
C

electric circuits (EECs), depending on the type of surface tested,
as illustrated in Fig. 3. The models were proposed to simu-
late the electrochemical behaviour of the substrate–oxide and
oxide–electrolyte interfaces. These models have been widely used
Element C Si Mn  P 

(wt.%) 0.023 0.378 2.09 0.026 

139 austenitic stainless steel is largely used for the fabrication of
rthopaedic implants. Two types of marking techniques were used,
ncluding a mechanical and laser method. Samples without marks

ere also tested for comparative purposes. For these experiments,
 pulsed Nd:YAG laser was operated at a wavelength of 1064 nm,
 frequency of 20 Hz and a scanning speed of 4 mm  s−1. The pro-
edure consisted of marking the number 8 (eight) on the surface
f the samples many times in order to modify a large area of the
ample, which caused the overlapping of passes at the centre of
he marked number with the laser beam. The mechanical method
onsisted of engraving the surface via plastic deformation, which
emoved the material.

The corrosion resistance tests were carried out using elec-
rochemical techniques, including electrochemical impedance
pectroscopy (EIS) and potentiodynamic polarisation. All of the
lectrochemical tests were carried out using a three-electrode cell
et-up with a Pt counter electrode (wire with a geometric area of
.0 cm2) and an Ag/AgCl reference electrode (3 M).  The area of the
orking electrode exposed to the electrolyte was  1 cm2. To evalu-

te the reproducibility of the results, four samples were tested for
ach surface condition. The electrolyte consisted of a phosphate-
uffered saline (PBS) solution with a pH of 7.4. The chemical
omposition of the electrolyte is shown in Table 2. The solution
as prepared from high purity reagents and deionised water. The
olarisation tests were performed at a scan rate of 0.167 mV  s−1

nd a temperature of (37 ± 1)◦C, after monitoring the open circuit
otential (OCP) for 17 h. All of the electrochemical experiments
ere carried out using Gamry PCI4/300 equipment

Surface characterisation was conducted using a scanning elec-
ron microscope coupled to a high-resolution field emission gun
SEM-FEG, FEI – INSPECT F50).

. Results and discussion

.1. Open circuit potential measurements

Fig. 1 shows the open circuit potential (OCP) as a function of the
mmersion time for the various types of surfaces during a period of
7 h of immersion in PBS solution. The observed variation in the OCP
ver time indicated the laser-marked sample’s susceptibility to pit-
ing, as evidenced in the first period of immersion, which showed
requent drops followed by an exponential increase in the potential.
his period was followed by a continuous and slow drop in potential
etween 2 × 104 and 4 × 104 s of immersion, likely due to the gener-
lised attack of the passive film. The observed decrease in potential
ay be associated with the etching and removal of the weakest

reas of the oxide layer. After this period, a slow potential increase

ccurred, which was indicative of the thickening or formation of a
ore homogeneous oxide surface film after the removal of defec-

ive areas. For the laser-marked samples, the samples marked by
aser technique potential stabilisation in the was only reached after

able 2
hemical composition of phosphate buffered saline (PBS) solution (pH 7.4).

Compound Concentration (g/L)

NaCl 8.0
KCl 0.2
Na2HPO4 1.15
KH2PO4 0.2
S Cr Mo  Ni Fe

0.0003 18.32 2.59 14.33 Balance

approximately 15 h of immersion, which indicated that the passive
film presented a high degree of unevenness on the surface of laser-
marked samples. From the first period until 16 h of immersion, the
potential variation of samples with laser marks was approximately
0.3 V.

For unmarked or mechanically marked samples, the potential
was  more stable from the beginning of the immersion period. All of
the samples reached reasonable stabilisation after 10 h of immer-
sion. For samples with marks made mechanically, the potential
showed a slow decrease until stabilisation occurred, which was
indicative of the slight attack of the passive film. Defective areas
around the marks were likely regions where the oxide was prefer-
entially attacked. For the unmarked surface, the potential shifted to
a slightly more noble direction over time due to oxide film growth.

3.2. EIS measurements

The Bode plots (phase angle) in Fig. 2(a) show phase angles
between −70◦ and −80◦ at a large range of frequencies. High angles
at low frequencies are typical of passive materials. For unmarked
or mechanically marked samples, the plateau ranged from 10 Hz to
10−2 Hz, whereas high angles began at frequencies of 1 Hz for laser-
marked samples. In the literature, this behaviour is associated with
stainless steels containing a passive oxide film [14,16]. The electro-
chemical phenomena at the oxide film–electrolyte interface were
related to the medium frequency response, whereas those at the
substrate–oxide interface were associated with the low frequency
results [13–17]. The interaction of these two types of electrochemi-
cal phenomena is responsible for the observed plateau. The Bode (Z
modulus) diagrams presented in Fig. 2(b) showed that the lowest
impedances were associated with laser-marked samples and the
highest impedances corresponded to unmarked samples, indicat-
ing that the laser-marked samples displayed the lowest corrosion
resistance.

The experimental EIS data were adjusted to two equivalent
Fig. 1. Open circuit potential variation with time of immersion for unmarked, laser
marked and mechanically marked surfaces during 17 h of immersion in phosphate
buffer saline solution at 37 ◦C.
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Fig. 4. Cyclic polarisation curves typical of the electrochemical behaviour of the
ig. 2. (a) Bode phase angle, (b) Bode Z modulus diagrams for ASTM F139 stainless
teel samples with unmarked, mechanically or laser marked surfaces.

n the literature to simulate the electrochemical behaviour of
assive stainless steel. Passive films formed on stainless steels
how dichotomous character, having an inner chromium-rich oxide
egion and an outer iron-rich oxide and hydroxide region [18–21].
n the EECs proposed in the present study, CPE are constant phase
lements, C is an ideal capacitor and R represents the resistance

t the interfaces. In the published literature [22–24], the response
t high frequencies has been proposed. In the present work,
he R2/CPE2 pair was associated with the oxide film–electrolyte
nterface, whereas the R3/CPE3 pair or R3/C3 pair, which

ig. 3. Equivalent electrical circuits proposed to adjust the experimental data of
lectrochemical impedance spectroscopy test to characterise the passive film on (a)
amples marked by laser and without marks, (b) mechanically marked samples.
three types of surface tested. Results obtained in phosphate buffer saline solution
at 37 ◦C after 17 h of immersion (scan rate: 0.167 mV  s−1).

corresponded to the response at lower frequencies, was  related to
the substrate–oxide film interface.

The values obtained for the EEC components are shown in
Table 3. As shown in the table, significantly lower R2 values were
associated with laser-marked samples. This resistance was  related
to charge transfer at the oxide film–electrolyte interface and was
much lower than those of the other types of tested surfaces.

The low R2 values, which were on the order of those related
to the electrolyte (R1), may  be indicative of the formation of a
porous oxide/hydroxide layer containing pores filled with the elec-
trolyte. In addition, the n2 values, which indicated that the outer
part of the oxide layer (oxide–electrolyte interface) was hetero-
geneous, suggested that laser-marked samples possessed a more
uneven surface. The highest CPE2 values were associated with the
surface of laser-marked samples, which was indicative of a more
reactive interface. Moreover, the R3 values, which were 10 times
greater for unmarked or mechanically marked samples than those
of laser-marked samples, showed that the inner substrate–oxide
film interface of the unmarked surface was also less resistant to
corrosion.

The inner region of the oxide film was  related to a chromium-
rich layer. Compared to the other samples, the relatively large
differences in laser-marked samples suggested that the chemical
composition was affected by the laser marking process.

3.3. Cyclic polarisation curves

The cyclic potentiodynamic polarisation curves shown in Fig. 4
also supported the previously presented electrochemical results.
The pitting potential of samples with laser marks were well below
those observed for unmarked or mechanically marked samples,
showing the greater susceptibility of laser-affected areas to pitting.
The pitting susceptibility of the samples was also evidenced by the
current oscillations observed prior to the breakdown of the passive
film.

The large hysteresis observed in the curves for the three condi-
tions indicated that pits formed in all three types of surfaces, and
the tendency for repassivation in the test medium was  low.
The results indicated that the oxide that formed on laser-marked
surfaces had a greater number of defects than those produced under
the other tested conditions.
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Table 3
Values obtained from fitting for the components of the equivalent electrical circuits shown in Fig. 3.

R1 (� cm2) CPE2 (cm−2 s−n �)  n2 R2 (� cm2) CPE3 (cm−2 s−n �) n3 C3 (cm−2 s−n �) R3 (� cm2)

Without marks 44.23 2.8 × 10−5 0.921 1.7 × 105 −6 6

Laser 42.84 1.5 × 10−4 0.861 81.36 

Mechanical 41.62 4.2 × 10−5 0.917 2.1 × 10

Fig. 5. ASTM F139 SS mechanically marked surface, after anodic polarisation test in
phosphate buffer saline solution at 37 ◦C.
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these effects on the samples, SEM images were obtained after mark-
ing and prior to electrochemical testing, as shown in Fig. 7(a) and
(b).
The SEM-FEG micrographs of the surface reinforced the afore-
entioned results, as shown in Figs. 5 and 6.
The observed defects were due to thermal effects caused by the

aser, which melted the material [7–12], leading to changes in the
urface topography and defects such as dislocations associated with
train. In fact, a large number of dislocations were observed, as
videnced by etch pits in areas between the molten zone (marked
rea) and the stainless steel matrix, as shown in Fig. 7. These defects
ay  form peaks and valleys, creating occluded areas that act as

revices and favour localised attack.
ig. 6. ASTM F139 SS marked by laser, after anodic polarisation test in phosphate
uffer saline solution at 37 ◦C.
– – 2.2 × 10 6.8 × 10
– – 3.4 × 10−5 4.2 × 105

5 8.8 × 10−6 0.796 – 1.8 × 106

3.4. Surface finishing analyses

Figs. 5 and 6 show the surface of stainless steel marked mechan-
ically or with a laser after the cyclic polarisation tests, respectively.
The laser marking process changed the characteristics of the pas-
sive film and contributed to the observed decrease in the resistance
of the biomaterial to localised corrosion.

The effects of the laser marking techniques included increased
roughness due to the melting of the surface and the interface
between the molten zone and the matrix, which possessed a high
dislocation density, as evidenced by etch pits [25,26]. To evaluate
Fig. 7. Micrographs of the ASTM F139 SS surface, marked by laser, prior to pola-
risation tests. (a) The matrix (left side), etch pits area between the matrix and the
melted zone, and (b) etch pits and melted zone. The etch pits indicate a high density
of  dislocations at the heat affected zone.
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Table 4
EDX semiquantitative chemical composition (wt. %) of the areas presented in Fig. 8.

Element (a) (b) (c)

Si 0.4 1.3 0.6
Cr  18.3 25.2 30.0
Mn  1.9 4.3 6.1
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Fig. 8. Micrographs of the ASTM F139 SS, prior to electrochemical tests. (a) Region
without laser marks, (b) rough areas due to laser marking process (one pass) and (c)
defects at the laser marked areas (overlapping of passes).
Fe  61.5 54.8 53.8
Ni  14.5 11.2 6.8
Mo  3.4 3.1 2.6

An important effect of the laser marking technique was the sig-
ificant change in the surface chemical composition, as shown in
able 4, which displays data obtained by semi-quantitative anal-
sis of the EDX spectra of different regions of the samples prior
o cyclic polarisation (Fig. 8). Three areas were investigated: (a)
he matrix, i.e., the base material without any marks, (b) marked
reas where the laser beam was focused once and (c) marked areas
here the laser was focused twice at the centre of the number eight.

he laser marking technique did not remove any of the material
ut melted the surface. EDX data were indicative of Cr enrichment
nd Mo  impoverishment in the laser-marked area. Laser pulses
re rapid and extremely localised, and Cr does not evaporate. This
lement concentrates in an area and impoverishes surrounding
egions. Thus, corrosion occurred at areas adjacent to the site of
aser marking.

Mahmoudi et al. investigated the influence of a pulsed Nd:YAG
aser on the surface hardness of a martensitic stainless steel
nd observed an increase in Cr on samples treated with a laser
ompared to unmarked samples. In addition, pulse overlapping
ignificantly decreased the pitting potential of the material [27].

The effects of Mo  on stainless steels are well known [28,29]. The
ddition of Mo  to austenitic stainless steels increases the localised
orrosion resistance, mainly in chloride containing environments
educing anodic dissolution rate. Mo  adsorbs to weaker areas of
he surface, and its effect is related to the formation of molybdates,
hich increase the resistance of the oxide film. Mn is added to steel

o limit the deleterious effects of sulphur. Specifically, Mn  addition
eads to the formation of MnS, which decreases the amount of S
vailable to combine with Fe. FeS is more electrically conductive
han MnS, favouring the formation of microcells [28,30]. Mn  might
lso be added to increase the solubility of nitrogen [31].

Jang and Kwon studied the effects of Ni and Mo  on the pas-
ive film formed on Fe–20Cr alloys. They observed that by alloying
ith Ni, the corrosion potential of the Fe–20Cr alloy was  raised in

he noble direction, and by alloying with Mo,  the passive current
ensity was decreased comparatively to the Fe–20Cr alloy. Photo-
lectrochemical and Mott–Shottky techniques confirmed that the
assive films formed on Fe–20Cr alloys have a structure of Cr-
ubstituted �-Fe2O3 with variation of donors densities depending
n the Ni and Mo  contents in the alloy [32].

Molybdenum has been found to be beneficial to stainless steels,
specially under active corrosion conditions, such as the chemical
nvironment of blood plasma [6]. Mo  also increases the stability of
e3+ in the passive film, at polymerised insoluble molybdates films,
n the form of Fe2(MoO4)3 [33].

Some authors proposed that Mo  acted by forming a protective
lm of MoO2 or a comparable hydrated oxide, since Mo  remained
assive at lower pH values than other alloying elements of stainless
teels [34]. Other authors associated the enrichment of Cr in the
xide layer to the selective dissolution of Mo  [35,36].

Pardo et al. [37] investigated the effect of Mo  and Mn  additions
n the corrosion resistance of two austenitic stainless steels, AISI

04 and 316, in 30 wt.% H2SO4. They observed that additions of
.7 wt.% of Mo  practically inhibited the corrosion process at 25 ◦C,
nd the Mn  addition did not appreciably affect the corrosion resis-
ance. Furthermore, Mo  addition shifted the corrosion potential to
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ore noble values and reduced the current density in the active
egion. The authors concluded that the decreased corrosion sus-
eptibility of the steels by molybdenum addition in sulphuric acid
edia may  be attributed to the formation of an insoluble and pro-

ective MoO3 layer [37].

. Conclusions

The studied laser marking technique had a deleterious effect on
he resistance of ASTM F139 stainless steel to localised corrosion,
ncreasing its susceptibility to pitting corrosion compared to that of
he mechanical method, as evidenced by all of the results obtained
n the present study.

The EIS results indicated that the laser marking process largely
ecreased the resistance of the metallic substrate–oxide film and
xide–electrolyte interfaces, favouring localised attack. The laser
rocess created a region with a high density of dislocations between
he molten zone and steel matrix, as indicated by the formation of
tch pits. Moreover, chromium enrichment and nickel and molyb-
enum impoverishing occurred at areas affected by the laser beam,
s shown in the EDX analysis.
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