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1. Introduction

In recent times, an increased interest in
bone implant research has been seen in
the scientific community. A demand for
research in this field has been fueled by
an industry which already reached a global
market value for bone implants of
105 billion US $.[1] Materials used for bone
implant manufacturing have to be biocom-
patible and have to comply with very strict
requirements to be approved for use in the
human body.[2] Besides biocompatibility
and mechanical properties, one of the most
important properties of the bone implant is
its corrosion resistance to prevent inflam-
mations, and poisoning, and to assure
the overall functionality of the implant.[3,4]

Titanium grade 5 alloy (Ti6Al4V) is a bio-
compatible material commonly used for
bone implants such as bone screws and
plates. It has become an industry standard
in recent years. Unlike dental implants that
require improved osseointegration and
permanent contact with the bone, bone

screws, and plates normally have to be explanted soon after
the surgery to allow full bone healing. This requires the surface
of the plate or screw to be osseorepellent for easier and less trau-
matic removal. Osseorepellent surfaces can be produced by alter-
ing the surface of an implant at macro- and nanoscale, changing
its roughness, chemistry, and morphology. There are various
techniques that can be used for this purpose, such as glancing
angle deposition,[5–7] anodization,[8–14] sand-blasting,[15] etch-
ing,[16,17] and ultrashort laser processing.[12,13,18–20]

Ultrashort pulsed laser treatment can produce specific surface
structures, their scale, and their morphology depending on the
processing parameters. Some of these structures are called laser-
induced periodic surface structures (LIPSS). They form in a self-
ordered way and manifest as grating-like periodic line structures
with periods far smaller than the irradiated laser spot diameters.
LIPSS are distinguished by the ratio of their spatial period and
the laser irradiation wavelength. They are classified as high spa-
tial frequency LIPSS (HSFL), which have periods significantly
smaller than the irradiation wavelength, and low spatial fre-
quency LIPSS (LSFL), which have near-wavelength periods.[21,22]

For most metals (and also for titanium alloys), the LSFL are
dominant and oriented perpendicular to the linear polarization
of the laser beam, caused by electromagnetic scattering and
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A corrosion study is performed on six variations of titanium grade 5 (Ti6Al4V)
samples. Samples are prepared in different conditions by variation of prea-
nodization, postanodization, and picosecond-laser (ps-laser) surface treatment,
while polished and anodized samples serve as reference. Microcones and
nanosized periodic surface features are successfully produced on Ti6Al4V
samples. The morphology and topography of the structures are visualized by
scanning electron microscopy and white light interference microscopy.
Furthermore, the relative electrochemically active surface area (ECSA) is deter-
mined for the ps-laser-treated samples. It is determined that the preanodized and
laser-treated sample has 3.5 times larger ECSA than a polished sample, and that
the laser-treated sample has 4.1 times larger area. Moreover, Tafel analysis is
performed to determine the corrosion properties of the samples. It is shown that
the corrosion resistance improves for both laser-structured samples after the
anodization. To further study the surface of the samples, electrochemical
impedance spectroscopy measurements are conducted. The study indicates that
the ps-laser-treated and anodized Ti6Al4V is suitable to be used for the fabrication
of bone screws and plates due to its improved corrosion resistance as compared
to nonanodized samples.
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interference effects at the microscopically rough sample sur-
face.[23] When using a spatially Gaussian intensity distribution
in a laser beam scanning approach for the laser treatment, hier-
archical micro-nanostructures can be straightforwardly proc-
essed at the sample surface. Furthermore, the high-intensity part
of the laser beam generates micrometric cones (so-called spikes),
which are subsequently “overwritten” by LSFL through the follow-
ing low-intensity wing of the Gaussian intensity distribution.[24]

During the picosecond-laser (ps-laser) treatment, the surface
melts locally and is immediately oxidized if exposed to an oxygen-
rich atmosphere. In such environment, an imperfect oxide layer
with a high number of defects is grown, therefore enabling an
additionally anodic oxidation which further alters the surface.[12]

The surface structure manipulation also has an influence on the
corrosion resistance, which is crucial for medical implants, as the
conditions in a human body could facilitate increased corrosion
probability due to increased temperature, non-neutral pH, expo-
sure to corrosive ions, and the possibility of organic matter
adsorption.[3,4,25]

The aim of this work was to determine the corrosion proper-
ties of ps-laser-treated and anodized (preanodized and postano-
dized) Ti grade 5 (Ti6Al4V) and to compare them to only polished
and anodized Ti6Al4V samples, which are currently used as an
industry standard. The samples were first analyzed by scanning
electron microscopy (SEM) and white light interference micros-
copy (WLIM) to determine their superficial morphology and sur-
face roughness. Next, the relative electrochemically active surface
area (ECSA) was coulometrically determined for the ps-laser-
treated samples by comparing the total exchanged charge used
in a series of voltammetry cycles with a polished Ti6Al4V sample
as a reference. Moreover, to determine the corrosion resistance,
potentiodynamic polarization curves were studied, and Tafel
analysis was performed. To further study the oxide properties,
electrochemical impedance spectroscopy (EIS) measurements
were done and the experimental data were fitted to proposed elec-
trical circuit models.

2. Experimental Section

2.1. Sample Preparation

Titanium grade 5 (Ti6Al4V) (Hempel metals, Dübendorf,
Switzerland) round plates (diameter d= 22mm) were first
ground with 220, 400, 600, 1000, 2500, and 4000 grit number
sandpapers. After the grinding, the samples were polished with
silica solution (50 nm) producing a mirror-like surface. Before
further processing, the samples were cleaned in an ultrasonic
bath with isopropanol and distilled water, consequently. Afterward,
3 variants of samples were prepared, and one set was additionally
anodized, thus obtaining 6 different samples, as presented in
Table 1. The preanodization was done potentiostatically. A
two-electrode setup was used for the potentiostatic anodization.
The setup consisted of a TDK lambda Zþ power supply con-
nected in series with a Keysight 34460A digital multimeter. The
system was controlled via custom-made software which was
developed in LabVIEW. Titanium grade 5 samples were preano-
dized in 3 M H3PO4, at 95 V for 100 s. A preanodization potential
of 95 V which produces the oxide layer of approximately 162 nm

(k= 1.7 nmV�1) was chosen according to the commercial bone
plates which have similar thicknesses. Moreover, the postanod-
ization was done potentiodynamically. The samples were anod-
ized in 0.1 M H2SO4, up to 10 V with a rate of potential increase
of 100mV s�1 in a classical 3 electrode setup. Here, the thickness
of the produced oxide according to the k= 1.7 nmV�1 is approx-
imately 17 nm. This potential and its corresponding thickness
were chosen not to reduce the impact on the nanostructure mor-
phology produced by the laser treatment whose dimensions are
approximately 500 nm in period. The ps-laser treatment was per-
formed with a TRUMPF Trumicro 5050 femtoedition laser sys-
tem with a pulse duration of 925 fs at 1030 nm wavelength. The
laser was focused to a 114 μm spot diameter and deflected with
an X–Y Galvo-scanner system equipped with an F-Theta-lens.
Four areas of 3� 3 mm2 per sample plate were treated in a
meandering way with 73.2 μJ pulse energy, a scanning speed
of 49.5 mm s�1, and a line offset of 40 μm at 80 kHz pulse repe-
tition rate. All further measurements done on the laser-processed
samples were performed after 1month of the treatment.

2.2. Surface Characterization

The surface morphology of the structures obtained by the
ps-laser treatment was characterized with a ZEISS Supra 40 SEM,
operated at 10 kV electron acceleration voltage in In-Lens mode.

The surface topography was analyzed by white light interfer-
ence microscopy (WLIM) using a NexView from Zygo
(Middlefield, USA) with a 20� Mirau interferometer objective
with a lateral optical resolution of 0.7 μm. For a statistical assess-
ment of the surface roughness, areas of 420� 420 μm2 were
characterized and 14 cross-sections were acquired in the direc-
tion perpendicular to the laser scanning lines. The cross-sections
were used to calculate values of the average surface roughness Ra

and the maximum height (Rz) of the laser-processed spikes along
with the corresponding mean values.

2.3. Electrochemical Measurements

All electrochemical measurements including the potentiody-
namic anodization were performed in a classical 3 electrode

Table 1. Variations of the produced samples. The polished 0 V sample is
only polished metal without any additional treatment, while polished 95 V
was also preanodized. Sample 0V0V is only ps-laser-treated, while 0V10V
was additionally postanodized. Sample 95V0V was preanodized and
ps-laser-treated, while the sample 95V10V was preanodized, ps-laser-
treated, and postanodized.

Sample Potentiostatic/
preanodization

ps-laser
treatment

Potentiodynamic/
postanodization

Polished 0 V – – –

Polished 95 V þ – –

0V0V – þ –

0V10V – þ þ
95V0V þ þ –

95V10V þ þ þ
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setup consisting of a CompactStat potentiostat (Ivium
Technologies, Eindhoven, The Netherlands), a platinum mesh
served as a counter electrode, an Ag |AgCl| 3 M KCl as reference
electrode, and the titanium grade 5 sample as working electrode.
To determine the ECSA of the laser-structured samples, a series
of cyclic voltammograms (CV) from Evs SHE= 1.00 V to
Evs SHE= 5.00 V in steps of 0.25 V was performed in a 0.1 M

H2SO4 solution. Next, the total exchanged charge during the
CVs was compared with the one obtained from a polished sample
which was used as a reference. Furthermore, the EIS was per-
formed in Ringer’s solution after 1 h immersion to enable good
contact with the electrolyte and to achieve a stabile measurement
system. The Ringer’s solution[26] consisted of 8.6 g dm�3 NaCl,
0.3 g dm�3 KCl, and 0.25 g dm�3 CaCl2 in ultra-pure distilled
water and was chosen because it is one of the standard human
body liquid simulations. The frequency range was defined from
105 to 10�2 Hz. The acquired data were analyzed and modeled in
ZView. Finally, the Tafel plots were measured in Ringer’s solu-
tion after 1 h immersion. First, the corrosion potential (Ecorr) was
determined. Second, the potentiodynamic polarization curves
were swept between �10mV from the obtained Ecorr. The Tafel
plots were further analyzed using the Ivium Software.

3. Results and Discussion

3.1. Surface Characterization

The SEM micrographs of the ps-laser-treated areas depicted in
Figure 1 show well-separated hierarchical micrometric spikes,
covered with pronounced nanometric LSFL on top of the spikes
along with a uniform height distribution, visualized for all six
different samples listed in Table 1 (arranged in columns) and

at four different magnifications (corresponding to the individual
rows). The laser-induced spikes generated on the polished sur-
face (polished and laser, 0V0V) have an average height of ≈19 μm
as measured by WLIM (see Figure 2). Importantly, the anodiza-
tion state of the sample surface (0V0V, 95V0V, 0V10V, or
95V10V) does not significantly influence the surface morphology
that is ruled here by the laser processing conditions. The same
applies to the polished reference surfaces. In other words, the
presence of pre- or postanodized oxide layers on the Ti6Al4V
does not significantly affect the final (laser-processed) surface
morphologies here.

3.2. ECSA

Figure 3a,b shows CV series which were used to determine the
relative ECSA. In Figure 3a, the shift of the anodic onset can be
seen after each cycle. According to the high field model,[27] this
happens because after each cycle an additional anodic oxide is
grown, making it thicker and thus requiring higher potential
to onset the anodic growth. This is seen by the current increases
exactly at the potential peak of the previous cycle. The ECSA
ratios of the preanodized (95V0V) and laser-treated sample
(0V0V) were determined coulometrically by comparing the
exchanged charge in each cycle with the one obtained from the
polished sample (polished 0 V) taken as reference. This is possi-
ble because the exchanged charge used for the anodic growth is
directly proportional to the surface of the samples, similar
approach was already reported in ref. [13]. The exchanged charge
Q is calculated by integrating the time dependence of the current
evolution measured in the CV curve. Figure 3b shows the CV
cycles that were used to determine the relative ECSA, taking into
account only the anodic oxide growth reaction. An average of the

Figure 1. Collage of SEMmicrographs of ps-laser processed areas on all six samples (columns) at four different rising magnifications (rows). The first two
columns depict the polished surfaces as a reference. The third column shows hierarchical spikes processed on the 0V0V sample, followed by the 95V0V,
0V10V, and 95V10V samples, respectively. Some micrographs were imaged by tilting the sample 60° relative to the surface normal, the other micrographs
were taken under normal incidence (as indicated in the upper right corners). For each nominal magnification (row), a joint white scale bar is included in
the left micrograph.
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exchanged charge used in each cycle in a potential range between
1.75 and 2.75 V versus standard hydrogen electrode (SHE) was
taken into account because in this range almost 100% of the
exchanged charge is used for the anodic oxide growth. It was
found that the laser-treated sample (0V0V) has an ECSA 4.1
times larger than the polished sample (polished 0 V). However,
the ECSA of the preanodized sample is only 3.5 times larger, as
presented in Figure 3d. This 17% difference between the ECSA
values indicates that the oxide produced by the ps-laser on the
preanodized sample (95V0V) has less defects than the laser-
treated one (0V0V), which could be “healed” by additional anodi-
zation. In this context, the oxide “healing” refers to the reduction
of the defects from the laser-induced thermal oxidation by the
subsequent anodization. In contrast to the laser-treated sample
(0V0V), the ps-laser treatment on the preanodized sample
(95V0V) was done on an already anodized surface. Taking into
account an oxide forming factor k of 1.7 nmV�1,[27–30] and the

potential of 95 V the thickness of the oxide is calculated as
162 nm by their multiplication. This explains the different
amounts of the exchanged charge used for “healing” of the
laser-formed oxide. Furthermore, the oxygen evolution potential
for ps-laser-treated and polished samples was determined by ana-
lyzing the CVs. As observable in Figure 3a,c, the increase in the
current and exchanged charge Q starts in the range of 2.75–
3.00 V, which indicates the start of the oxygen evolution reaction,
as already reported in ref. [31]. The current below the threshold of
2.75–3.00 V is predominantly ionic as a result of anodic oxide
growth, whereas after the threshold value, additional electronic
current is introduced due to oxygen evolution. As it can be seen
in Figure 3c, there is a significant difference in exchanged charge
ratio between ps-laser-treated and polished sample after the iden-
tified potential range for oxygen evolution. The ratio of the
exchanged charge reaches the maximum value of 20 at a potential
of Evs SHE= 3.75 V. This increased oxygen evolution for the

Figure 2. Surface topography of the spikes processed by ps-laser irradiation on the polished sample surface (0V0V) as measured by WLIM (top). The 14
different vertical white lines mark the positions, where cross-sections (slices) were acquired (bottom). The sclices’ individual roughness parameter values
range between Ra= 3.88 and 4.52 μm (Rz between 17.84 and 20.40 μm), resulting in corresponding mean value of Ra,mean= 4.22� 0.19 and
Rz,mean= 19.32� 0.70 μm.
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ps-laser-treated samples is associated with a catalytic effect
related to the nano- and microsurface structure and the specific
surface morphology. The increased ECSA due to the nano- and
microsurface structuring provides more catalytic sites, while spe-
cific surface morphology provides better access to them.[32]

3.3. Tafel Analysis

Figure 4 shows the Tafel plots for all of the studied variations of
the Ti6Al4V measured in Ringer’s solution and Ecorrosion,
Icorrosion, and corrosion rate values for the analyzed samples.
Tafel analysis is a standard procedure for corrosion resistance
studies, it provides the Ecorrosion value which shows at which
potential the corrosion occurs, and the Icorrosion value which
shows the rate of the corrosion. In general, for implants, a high
value is desired for the Ecorrosion and for Icorrosion a lower value. It
can be seen that Ecorrosion is increased for each sample after the
anodization and it is in the range of Ecorrosion vs SHE= 0.52–
0.53 V. Additionally, comparing the 0V0V and 95V0V, a higher
value of Ecorrosion vs SHE was found for the preanodized sample
which can be explained by lower number of defects in the oxide
layer of the preanodized sample. This also correlates to the results
in the ECSA section. The lowest value of Ecorrosion vs SHE=�0.43 V
was measured for the polished 0 V sample. Moreover, Icorrosion
values were also improved with additional anodization for each
sample. The highest value was measured for polished 0 V and the
lowest for polished 95 V sample. The corrosion rate is directly

corelated to the Icorrosion. The values of both the corrosion rate
and the Icorrosion for the ps-laser-treated samples are 2 orders
of magnitude larger than for the polished 95 V, and the polished
0 V sample is 3 orders of magnitude larger. Due to the relatively
short time of maximum of several months that a bone screw or a
bone plate is inside of the human body this is an acceptable cor-
rosion rate. To conclude, the anodization of the ps-laser-struc-
tured samples increases their corrosion resistance and the
bone screws and plates made using this procedure are suitable

Figure 3. a) Series of CV for polished 0 V, preanodized (95V0V), and ps-laser-treated sample (0V0V). b) Series of CV in the potential range from
Evs SHE= 1.25–2.75 V. c) Qlasers treated/Qpolished ratio for the preanodized (95V0V) and ps-laser-treated sample (0V0V). d) Total exchanged charge Q
for the CV cycles in the potential range of Evs SHE= 1.25–2.75 V. The CV cycles were performed at a scan rate of 100mV s�1 in 0.1 M H2SO4.

Figure 4. Tafel plots of polished and ps-laser-treated Ti6Al4V samples
measured in Ringer’s solution and the corrosion parameters of the sam-
ples obtained from the Tafel analysis in Ivium software.

www.advancedsciencenews.com www.pss-a.com

Phys. Status Solidi A 2024, 2300609 2300609 (5 of 8) © 2024 The Authors. physica status solidi (a) applications and materials science
published by Wiley-VCH GmbH

 18626319, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pssa.202300609 by Fak - B

am
 B

erlin, W
iley O

nline L
ibrary on [01/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.pss-a.com


for a short-term implantation in the range of up to several
months.

3.4. EIS

Figure 5 shows experimental and fitted EIS data for all sample
variations and the models that were used for data fitting. The
classical Randles circuit was used for fitting of the results
obtained from the polished 0 V sample, as presented in
Figure 5a. The Randles circuit with the additional Warburg
element was used for fitting the data obtained from all laser-
structured samples and the polished 95 V, as shown in
Figure 5b. Generally, the Warburg element describes systems
that are diffusion-controlled due to their high porosity and rough-
ness.[33] In the present study, the Randles circuit with a Warburg
element describes these systems very well due to the high rough-
ness and porosity of the laser-treated samples, as observable in
the impedance (Z ) and phase shift (ϕ) vs frequency plots dis-
played in Figure 5c,d. High surface roughness and porosity
for the laser-treated samples are shown in Figure 1, and were
reported in other studies.[12–14,18] Moreover, the reasoning
behind the use of a model with the diffusion dominated conduc-
tion (Warburg element) for the polished 95 V sample is sup-
ported by the assumption of the inner nanoporosity which is
likely formed by potentiostatic anodization. Due to the very short
time of the anodic oxide growth for the potentiostatic anodiza-
tion, inner porosity can form because of initial surface rough-
ness.[30,34] Models using the Warburg element were already
reported for anodized Ti6Al4V.[35]

In Table 2, the model parameters are presented for all of the
laser-treated and polished samples. Comparing the electrolyte
resistance Rs values for laser-structured and the polished sam-
ples, a significant difference is spotted. This difference in mea-
sured electrolyte resistance could be due to the diminished
contact between the electrolyte and the surface of the samples.
Because of their hydrophobicity which was observed during
experiments, air pockets are developed at the electrolyte/sample
interface increasing the measured resistance. The hydrophobic-
ity of the fs-laser-treated samples was also reported in other stud-
ies.[18] Moreover, it was reported that the laser-treated samples
changed from hydrophilic to hydrophobic with time after expo-
sure to air.[36] The total resistance Rtotal of the samples shows the
highest value for the polished 95 V sample and the lowest value
for the 0V0V sample. The lowest resistance measured for 0V0V
sample indicates an oxide layer with a higher number of defects
which is in agreement with the highest value of constant phase
element (CPE). A higher CPE value correlates to higher capaci-
tance. This indicates defects and heterogeneity in the oxide
where the charge can be stored, thus increasing the capacitance
and consequently the CPE value. The highest resistance value for
a polished 95 V sample indicates a thick compact oxide layer with
low number of defects which is supported by the lowest CPE
value of 0.17. For the ps-laser-structured samples, in each case
after the anodization the total resistance increased which indi-
cates less defects in the oxide layer due to the anodic oxide “heal-
ing.” While comparing these results to the corrosion resistance,
the same behavior can be spotted in increased corrosion resis-
tance after the anodization. This shows the correlation between
the “healed” oxide with less defects and its improved corrosion

Figure 5. Equivalent circuits used for experimental data fitting. a) Classical Randles circuit used for fitting of polished 0 V sample. b) Modified Randles
circuit with additional Warburg element used for fitting of all ps-laser-treated samples and a polished 95 V sample. EIS spectra of the polished and
ps-laser-treated Ti6Al4V samples. c) log (|Z|) versus log( f ). d) Phase shift ϕ versus log( f ).
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resistance. When the total resistance values of the ps-laser-treated
samples are compared with each other it is seen that the prea-
nodized samples have higher values due to less defects, as pre-
viously discussed for the total exchanged charge. This is also
supported by the lower CPE value of the preanodized sample,
indicating less defects in the oxide. The polished 0 V sample
showed a higher CPE value than all of the laser-structured sam-
ples except the 0V0V. This is explained by the fact that a polished
0 V sample has a compact native oxide layer. The CPE value of the
polished 0 V sample is comparable with the not postanodized
ps-laser-treated samples (0V0V, 95V0V). In this case, the relatively
high CPE value does not indicate defects in the oxide. The rela-
tively high value is present here due to the low thickness of the
native oxide layer, which is typically between 4 nm and 10 nm.[27,37]

4. Conclusion

Hierarchical surface structures of desired morphology, i.e.,
microcones covered with nanosized LIPSS features were pro-
duced on polished Ti6Al4V samples. The morphology of the
structures was studied by SEM, while its topography and rough-
ness was characterized by WLIM. Furthermore, the relative
ECSA was determined for the ps-laser-treated samples. It was
found that the laser-treated sample (0V0V) has the ECSA 4.1
times larger than the polished reference sample (polished 0 V),
while a preanodized sample has only 3.5 times larger area. It was
concluded that the difference in the area is due to the lower num-
ber of defects in the oxide produced by the laser for the preano-
dized sample (95V0V). Moreover, the Tafel analysis was done to
determine the corrosion properties of the samples. It was shown
that the corrosion resistance improved for both laser-structured
samples after the anodization. Comparing the 0V0V and 95V0V
samples, a higher value of Ecorrosion vs SHE was measured for the
preanodized sample, which can be explained by the lower num-
ber of defects in the oxide layer of the preanodized sample. To
further study the surface of the samples, EISmeasurements were
conducted. The data were fitted to the proposed equivalent cir-
cuits. The classical Randles circuit was used for the polished
0 V sample, whereas for all other samples, the modified Randles
circuit with the additional Warburg element was used. The high-
est total resistance Rtotal was measured for the polished 95 V sam-
ple. For both of the ps-laser-treated samples, the total resistance
increased after the anodization. Additionally, the CPE values
were in both cases lower for the anodized laser samples (0V10V,
95V10V) which is explained by the “healing” of the laser-induced

oxide, thus reducing the number of defects in it. Moreover, this is
also supported by the lower CPE value of the preanodized sam-
ple, indicating less defects in the oxide. Finally, it is concluded
that the ps-laser-treated and additionally anodized Ti6Al4V
showed improved corrosion resistance, thus making them suit-
able for use as bone screws and plates.
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