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ARTICLE INFO ABSTRACT

In this study we report the influence of laser ablation on the controlled biodegradability of a Fe-Mn alloy
developed for medical implants. After texturing by a nanosecond Nd:YAG laser, the surface expressed extreme
super-hydrophilic wetting properties, since laser ablation led to micro-channels and chemical modification re-
sulting in nanostructured metal oxides. The influence of functionalized surface properties on corrosion behavior
was examined on molecular level by using X-ray photoelectron spectroscopy. Results reveal that the oxide layer
after the laser texturing of Fe-Mn alloy consists mainly of Fe;O3 and FeO, with the content of Mn in the oxide
layer being significantly higher than in the bulk. The results of the electrochemical measurements clearly de-
monstrate the superior biodegradability of the Fe-Mn alloy samples functionalized by laser ablation. Here, the
laser-triggered corrosion is self-driven by further production of corrosion products that leads to biodegradability
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of the whole sample.

1. Introduction

Versatile biodegradable metals for short-term medical implants
have been intensively studied in recent years [1-4]. Some of the pos-
sible alloys for such applications, especially in orthopaedics (bone-
fixation screws, pins, plates, disks), are those based on Fe [5-13]. At the
beginning of the healing process, injuries need stable mechanical
properties to provide sufficient support. However, as the healing pro-
cess progresses, the mechanical properties of the implants can be re-
duced, until finally they are no longer required. Mg- and Zn-based al-
loys are not suitable for these applications because of their relatively
poor mechanical properties, hydrogen evolution and high degrad-
ability. On the other hand, stainless steels and Ti-based alloys possess
good mechanical properties, but are not intrinsically degradable, which
means an additional surgical procedure must be performed for their
removal [13-17]. This additional surgical procedure can be avoided by
using implants made of tailored, degradable material. One of the pos-
sible routes is to add Mn to pure Fe or Fe-based alloys to moderately
accelerate the corrosion and consequently make the material suitably
degradable. Fe-based biodegradable metals offer a great potential for
low, long-term exposure complications, chronic inflammation, side-ef-
fect risks or an inability to adapt to the implant [12,15,18-20]. Bio-
degradable metals are also expected to have a positive interaction
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during the healing process, and with metals, the degradation process
and its products are not supposed to adversely affect the healing pro-
cess. Fe-Mn-based alloys have suitable characteristics for interactions
with human tissue [21,22].

To prepare a metal with a sufficiently high corrosion rate, some
authors have added additional elements, such as Si, Pd, C, and S. In this
context, many chemical modifications to Fe-based alloys were made
during the past few years [5,7,11,15,23-29]. Despite this, just small
improvements have been made so far in the enhancement of the bio-
degradability through chemistry modifications of the alloys. However,
a bespoke corrosion rate can also be achieved by modifying the surface
topography, which makes it possible to design material properties so as
to ensure the correct life span for any particular application. Just re-
cently, surface-roughness modifications, like sandblasting and laser
texturing, have been shown to greatly modify the corrosion properties
[30-35]. For example, the corrosion is significantly accelerated if the
surface wettability after laser texturing is increased [35]. In this case,
the interaction between a laser pulse and metal surface modify both,
surface topography and its chemistry, since usually metal oxides are
formed [36]. Therefore, the main aim of this study is to examine how
laser ablation influences the biodegradability properties of an Fe-Mn
alloy and to compare these results with different conventional surface
treatments like polishing or sandblasting, which also increase the
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instability of the alloy and the corrosion rate without changing its
chemical composition.

The corrosion properties in the current study were investigated
using Hank’s solution, like the majority of the previous studies that used
simulated physiological fluids [10,11,15,37] to simulate in-vivo con-
ditions. Based on previous studies, we used electrochemical impedance
spectroscopy (EIS) and potentiodynamic measurements to assess the
degradation behavior of the laser-modified Fe-Mn alloy that we in-
vestigated. We then analysed the surface modification before and after
immersion with a non-contact, optical, three-dimensional system and
scanning electron microscopy (SEM). The surface degradation products
were analysed and we measured the elemental distribution through the
oxide film with an X-ray photoelectron spectroscopy (XPS).

2. Material and methods
2.1. Material preparation

Material Preparation — the investigated Fe-based alloy with 18 wt%
Mn (Fe-Mn) was custom produced from pure Fe with the addition of
Mn to the alloy. Both materials were melted in an induction furnace
under an air atmosphere at approximately 1700 °C and cast into an iron
mould. The cast Fe-Mn was hot rolled at approximately 1000 °C for a
33 % reduction. The literature [18,19,38] suggests that hot-rolled
material without being annealed and/or homogenized has a higher
corrosion rate. The chemical compositions of the alloy, revealed in
Table 1, was determined using an X-ray fluorescence (XRF) spectro-
meter (Thermo Scientific Niton XL3t GOLDD + ) and using a carbon and
sulphur analyser (ELTRA CS-800).

2.2. Surface treatments

Surface treatments — pure Fe and some Fe-Mn samples were pre-
pared by grinding down to 1200 grit and polishing down to 1 pm with a
diamond suspension. The selected Fe-Mn samples were additionally
processed by laser texturing. Here, a Nd:YAG (A = 1064 nm) pulsed
laser with a pulse duration of 95 ns (full width at half maximum) was
used. The laser beam was focused on the surface by an F-theta lens with
a focal distance of 160 mm. Since the surface was placed in the focal
position, the beam spot size equalled 0.05mm and it was led in lines
with a velocity of 1.6 mm/s using a 2D scanner. For the processing, we
used a 1-kHz pulse frequency and 0.6 W of average power, resulting in
pulses with an energy of 0.6 mJ and spots separated by 1.6 um, forming
a channel. The distance between two adjacent lines, i.e., the scan line
separation, was set to 50 pm.

2.3. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) depth profiles of the oxide
layers were measured with a VG Microlab 310F SEM/AES/XPS. For all
the XPS measurements Mg-K, radiation at 1253.6 eV with an anode
voltage X emission current 12.5kV X 16 mA = 200 W power was used.
For the investigation of the elemental composition with depth, Ar* ions
with an energy of 3keV at 1pA ion were applied over the area of
4 x 4mm® Similar ion-beam parameters were used for sputter-
cleaning the sample, except that the raster area was closer to
10 x 10mm? in this case. No exact calibration is available for this
material, but a rough estimate for the sputtering rate at these profiling

Table 1

Chemical composition of used materials in wt%.
Material Mo Mn Cu Ti Si C Fe
pure Fe <LOD 0.262  0.043 <LOD 0.051 0.19  Balance
Fe-Mn alloy  0.31 18.0 0.051  0.058 0.067 0.58  Balance
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parameters is of the order of 0.01 nm/s, which is consistent with some
calibration measurements performed on metallic and oxide-type sam-
ples as well as with some reference data for the sputtering rates for Fe
and its oxides. The ratio of our corrosion product (Fe;O3) and SiO, is
0.61 in the literature [39]. We used sample rotation during the depth
profiling, since it is important to avoid shadowing for proper XPS depth
profiling [40]. The spectra were acquired using Avantage® 3.41v data-
acquisition & data-processing software supplied by the AES/XPS
equipment manufacturer. Ar* sputtering for different time intervals
estimated the thickness of the oxide layer. Casa XPS® software (http://
www.casaxps.com) was used for the detailed data processing.

2.4. Scanning electron microscopy (SEM)

Scanning Electron Microscopy (SEM) analyses using a FE-SEM JEOL
JSM-6500F were employed to investigate the morphology of the dif-
ferent Fe-Mn surfaces as well as the morphology and distribution of the
corrosion products after a corrosion evaluation.

The surface topographies of the polished and laser-textured samples
prior to and after the corrosion experiments were examined with a non-
contact, optical, three-dimensional Alicona G4 InfiniteFocus (IF) system
(Alicona Imaging GmbH, Graz, Austria). The 3D surface-roughness
parameters, including the average height of the selected area (S,), were
obtained and calculated from the Alicona InfiniteFocus images using IF-
MeasureSuite® 5.1 software.

2.5. Electrochemical measurements

Electrochemical measurements were performed on prepared speci-
mens, ground with SiC emery paper down to 1200 grit and polished
down to 1 pum with a diamond suspension. The laser-textured samples
had no previous preparation other than the laser modification. The
experiments were ‘carried out at room temperature in a simulated
physiological Hanks solution, containing 8 g/L NaCl, 0.40g/L KCl,
0.35 g/L. NaHCO3, 0.25 g/L NaH,P0,2H,0, 0.06 g/L Na,HPO,2H,0,
0.19 g/L CaCl,2H,0, 0.41 g/L MgCl,6H,0, 0.06 g/L MgS047H,0 and
1 g/L glucose, stabilized at pH = 7.8. All the chemicals were from
Merck, Darmstadt, Germany. The measurements were performed using
a three-electrode, flat BioLogic® corrosion cell (volume 0.25 L). The test
specimen was employed as the working electrode (WE). The reference
electrode (RE) was a saturated calomel electrode (SCE, 0.242 V vs. SHE)
and the counter electrode (CE) was a platinum mesh. Electrochemical
measurements were recorded using a BioLogic® Modular Research
Grade Potentiostat/Galvanostat/FRA Model SP-300 with an EC-Lab®
software V11.10. The specimens were immersed in the solution 1h
prior to the measurement in order to stabilize the surface at the open-
circuit potential (OCP). The potentiodynamic curves were recorded after
1 h of sample stabilization at the open-circuit potential (OCP), starting
the measurement at 250 mV vs. SCE more negative than the OCP. The
potential was then increased, using a scan rate of 1 mV/s. Long-term
open-circuit electrochemical impedance spectra (EIS) were obtained for
the investigated samples at the OCP, with a sinus amplitude of 10 mV
peak-to-peak and a frequency range of 65kHz to 1 mHz, directly after
immersion for 1h, 3h, 6h, 12h, 24h, 48h and 72h. All the mea-
surements were made at room temperature and were repeated at least
three times. The impedance data are presented in terms of Nyquist plots
and Bode-Bode plots. For the fitting process Zview® v3.5b Scribner
Associates software was used.

3. Results and discussion
3.1. XPS measurements
XPS analyses with depth profiles were acquired by fitting the

spectra, as shown in Fig. 1. Narrow-range XPS scans show Fe 2p3,» and
Mn 2p3,, transitions with the corresponding metallic and oxide
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Fig. 1. Examples of fitted (a) Fe 2p3,, and (b) Mn 2p5,, XPS spectra.

components. The Fe 2p;,, peak, from the as-received surface of the pure
Fe, was measured at binding energies of 700 eV and 720 eV. The Fe 2p3,
- spectra are curve fitted in Fig. 1(a) using Fe,O3 at 710-711 eV, the
hydrated oxide FeOOH at 711.5eV, FeO at 709.6 eV and Fe metal at
707.5 eV, together with the O 1s peaks for FeOy at 529.7 eV [41-44].
For the C1s fitting we used 284.7 eV for the hydrocarbon and 286.0 eV
for the C-O [45,46]. The Mn 2p3,» peak from the polished surface of the
Fe-Mn alloy sample was measured at binding energies of 630 eV and
645eV. The Mn 2p3,, spectra are curve fitted in Fig. 1(b). The Mn
oxides Mn,0s3, MnO,, Mn30,4 and other, (MnOy in the spectra) are
combined together, while the differences in energies in the XPS spectra
are in the range of a few tenth of eV and are not far enough apart to
differentiate in the XPS spectra. The MnO, peaks are at 641-643 eV,
while the Mn metal is at 639.5eV [44,47].

The XPS composition depth profiling was made for different lengths
of sputtering time, with a rough estimation for the sputtering rate of the
order of 0.01 nm/s. XPS depth profiles of the relative concentration of
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the metallic and oxide species are presented in Figs. 2-4. Here, after
each sputtering the composition of each oxide and metallic species was
plotted cumulatively, with the total composition summed to 100 at%.

Fig. 2 reveals the composition of the Fe and its oxides on the po-
lished pure Fe and the same sample after 3 days immersed in Hank’s
solution. The oxide on the surface of the polished Fe (Fig. 2a) does not
possess the properties of a “protective layer” and its thickness is very
narrow. After the first sputtering (600 s), Fe as a metal is present in the
amount of 80 at%, while the oxides present around 15 at%. After the
second stage of the Ar-ion etching (1200 s), the composition consists of
just Fe metal and remains in the same range until the end of the mea-
sured depth profile. The native oxides present on the surface are FeO
and Fe,03; also Fe in metal form is visible in the first spectra, so this
oxide layer is thinner than 3 A allowing to calculate the thickness by
using Compton’s method — Thickogram (Eq. (1)) [48,49].
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Fig. 2. XPS depth profile of pure Fe (a) before and (b) after 3 days of immersion in Hank's solution. The concentration is shown in at%.

385



C. Donik et dl.

Applied Surface Science 453 (2018) 383-393

100 . : 7100 ; ; : ; . 7
1 @) (b)
90 - 6 207 6
] it i
80 4 80 4
< 70- -5 70 o
o 4
= 60+ 60
S 60 1 o L4 O o o 4 c
= 50 . - 501 a— 1 =
o© ] —=— Fe metal A / 3 9
€ 40 —o—Fe,0, -3 40- A -3 =
[0} n L
O — —A—Fe0 =
c 30 L5 304 ° L2
S 1 a —v— FeOOH /
20 4 \A —&— Mn metal 204 Q .
A t— L
10 _:\\. — MnOx -1 404 v\v/vk‘ !
| G ¥ 0 '/0/1 0
0 hd 0 - T T T T T
0 1000 2000 0 1000 2000 3000 4000 5000 6000

sputtering time (s)

sputtering time (s)

Fig. 3. XPS depth profile of (a) polished Fe—-Mn and (b) the same sample after 3 days of immersion in Hank's solution. The Fe/Mn ratio is shown on the second Y-axis.
The solid red line shows the Fe/Mn ratio for the bulk material, while the red dotted line shows the same ratio throughout the oxide layer. The concentration is shown
in at%. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. XPS depth profile of (a) laser-textured Fe-Mn and (b) laser-textured Fe-Mn after 3 days immersion in Hank's solution. The Fe/Mn ratio is shown on the second
Y-axis. The solid red line shows the Fe/Mn ratio for the bulk material, while the red dotted line shows the same ratio throughout the oxide layer. The concentration is
shown in at%. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. SEM image of surface topography of Fe-Mn laser-textured sample.
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where d stands for the film thickness, A is the attenuation length of the
metal photoelectrons in the (oxide) layer, 6 represents the emission
angle (measured with respect to the surface normal), while I, and I are
the measured peak intensities from the layer and the substrate, re-
spectively. In our equipment, the emission angle 6 relative to the de-
tector is 90°. From the measured data, the thickness of the native sur-
face oxides on the polished pure Fe is in the range of 1.3 A and with the
known attenuation length of Fe, approximately equals to 1.5nm [48].

Fig. 2b shows the depth profile of the same sample after 3 days of
immersion in Hank’s solution. The surface oxide composition is sig-
nificantly different in comparison by the one on the polished Fe sample.
The Fe in metal form is not present anymore even for a prolonged
sputtering times. Which proves the fact that corrosion of pure Fe does
not passivate and these oxides accelerate the corrosion.

Fig. 2 clearly demonstrates how corrosion advances on pure Fe.
When corrosion starts, the Fe in metal form disappears, and the dif-
ferent Fe oxides are formed which contribute in further autocatalytic
corrosion on non-passivated steels [50]. Therefore, the thickness of the
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Fig. 6. 3D height image representing the surface topography of (a) and (c) laser-textured Fe-Mn sample before and after 3 days of immersion; (b) and (d) polished

Fe-Mn sample before and after 3 days of immersion.

Fig. 7. SEM images of surface topography of (a) Fe-Mn laser-textured sample, (b) and (c) after 3 days of immersion.

oxidized layer is significantly larger and unfortunately cannot be
measured with Compton’s Thickogram for the comparison with pre-
vious two measurements. The arrangement of the Fe oxides is as fol-
lows: the main component is Fe,O3 with around 80 at% of the oxide
layer, followed by 10-15at% of interchangeable FeO and FeOOH
throughout the layer.

Figs. 3 and 4 reveal the XPS compositional depth profiles of the
polished and laser-textured Fe-Mn alloys, respectively (before and after
immersion in Hank’s solution for 3 days). Mn is added to Fe-alloys in
order to achieve the appropriate degradation times, since it is the most
appropriate alloying element from the point of view of microstructural,

corrosion, magnetic and toxicological properties. In Fe-Mn alloys, the
Fe/Mn ratio, defined as the ratio between Fe and Mn concentrations on
surfaces, is an important measure that correlates with the corrosion
rate. Lower Fe/Mn ratios (i.e., the increased concentrations of Mn on
the surface) lead to increased corrosion rates. Therefore, the second Y-
axis (red axis, on right-hand side) was included in Figs. 3 and 4 to
present the Fe/Mn ratio, with the original bulk Fe vs. Mn ratio of 4.88
(the solid red line).

The red dotted line with empty squares reveals the Fe/Mn ratio
throughout the oxide layer, calculated from the sum of all the Fe and
Mn peak areas. The XPS composition depth profile of the polished
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Table 2
Corrosion characteristics of studied materials calculated from potentiodynamic
measurements.

Leon/MA  Econ/mV Veors/ R,/Q  As/Apratio Ag/Ag ratio
nm year ! before after
corrosion corrosion
tests tests
Fe 5.4 —-735 62 2623 1.0 1.02
Fe-Mn 73.6 —755 863 410 4.2 1.5
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Fig. 8. Potentiodynamic curves of Fe, Fe-Mn polished and Fe-Mn laser tex-
tured.

Fe-Mn alloy is presented in Fig. 3a. The main constituent of the top
surface layer is Fe metal, around 33 at%, and Mn metal, around 5 at%.
This demonstrates the thinness of the oxide layer, similar to the po-
lished pure Fe. The thickness of the oxide layer on the top surface,
calculated with Thickogram (Eq. (1)), is around 2.3 nm and is, as ex-
pected, a little thicker than the polished pure Fe. The main oxide here is
FeO (25 at%), followed by Fe,;O3 (15 at%), FeOOH (a little below 10 at
%), with MnOx (around 15 at%). The oxide layer is a little thicker,
which corroborates with the slightly increased corrosion properties
obtained with the electrochemical measurements. As expected, the
composition alters through the oxide layer and shifts towards the Fe
metal, while the other detected species are just interchanging and none
of the species exceed more than 10 at%. After 2400 s of sputtering the
detected amount of Fe is around 85 at%, the Mn is around 10 at%, while
the rest are oxides, comprising less than 5 at%. An interesting feature
can be observed with the Fe/Mn ratio throughout the layer. On the top,
the ratio is as designed for this alloy, whereas with the sputtering, the
Fe/Mn ratio decreases in favour of Mn, while after 2400 s of sputtering,
the ratio is a little in favour of Fe. These ratios show that just polished
Fe-Mn does not significantly improve corrosion due to the native sur-
face oxides. Nevertheless, the ratio in the Fe-Mn polished sample is in
the range close to the originally designed ratio.

Fig. 3b shows the Fe-Mn polished sample immersed in Hank’s so-
lution for 3 days. It indicates FeOOH as the main oxide on the surface
(about 35 at%), followed by Mn oxides, MnOx (almost 30 at%) and FeO
and Fe,O3 (both around 20 at%). With the exposure to Hank’s solution
the following interesting occurrence was observed: the Fe/Mn ratio on
the top-most layer is around 2, i.e., strongly in favour of Mn. This
confirms that the first element that dissolves in the solution and reacts
in corrosion processes is Fe. Therefore, without any additional initia-
tion, the corrosion mechanism of the investigated Fe-Mn alloy acts
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equally as the pure Fe and the corrosion is not altered significantly,
which was confirmed by the corrosion results where the polished pure
Fe and Fe-Mn act alike.

The surface chemical composition of the laser-textured Fe-Mn alloy
before and after exposure to Hank’s solution is presented in Fig. 4. It is
clearly visible in Fig. 4a that laser texturing significantly influences
surface chemistry since it transfers the majority of the Fe into corrosion
favourable Fe oxides. As visible from Fig. 4a, Fe,O3 is the main oxide
with concentration up to 45 at% in the oxide layer, followed by MnOx
(around 27 at%), FeOOH (a little below 18 at%) and FeO (around 9 at
%). By sputtering the concentration of all the Fe oxides decreases, ex-
cept FeO, which is increased, at the end to approximately 45 at%. The
interesting feature of laser texturing is the Fe and Mn in metal form.
This is most probably related to the micro splashing of the metal drops
during the laser texturing and some parts of the metal stay exposed
without the thick oxide layer. These exposed small droplets were also
observed on the SEM images (Fig. 5) and they even play an additional
role in increasing the corrosion rate. The Fe/Mn ratio is another in-
teresting property of the laser-treated sample. The laser-treated sample
before corrosion measurements has the Fe/Mn ratio of around 2; this
means that the overall concentration of Fe on the surface is much de-
creased compared to the bulk with very small amount of Fe metal. The
concentration of the Mn metal is increasing in the layer while the Fe/
Mn ratio does not change throughout the observed oxide layer. The
laser-textured Fe-Mn sample with corresponding Fe/Mn ratio, much in
favour of Mn, shows also increased corrosion rate [20]. With this sur-
face treatment the chemical composition of the top most oxides show
much less corrosion resistance compared to polished Fe-Mn with same
chemical composition.

Fig. 4b presents as the main oxide on the surface Fe;O3; with con-
centration of almost 60 at% of the oxide layer, and it switches after the
first sputtering with FeO, which jumps from 12 at% to more than 60 at
%. The third oxide is FeOOH, at the surface around 23 at%, and after
the sputtering its concentration drops to around 5 at%. Mn, like Fe, is
present just in oxide form and as the ratio is around 6, just approxi-
mately 5 at% of the oxide layer. The presence of metallic species is not
possible due to the high corrosion rate and the corrosion products on
the surface (Fig. 6).

Regardless of the oxide layer’s composition the Fe/Mn ratio dra-
matically changes to almost 6 after the exposure to Hank’s solution, as
visible in Fig. 4b. The main reason for this increase in favour of Fe is
due to the low corrosion stability of Mn and its oxidises which degrade
in the process of corrosion. Nevertheless, the concentration of the Mn is
decreased and the ratio is close to the ratio in the bulk material, the
corrosion rate, after three days of exposure in Hank’s solution, is even
increased in comparison to the sample of as received sample. This re-
veals the complexity of the corrosion process which in our case involves
the surface roughness with increased wettability and surface area,
chemistry of the bulk material, the high-temperature oxides after laser
ablation and at the end also the corrosion products which form after the
sample is exposed to corrosive media. This corroborates with our as-
sumption that the laser texturing and increased area with oxides on the
surface will increase the corrosion even after the “texturing” is removed
and with known “self-driven” corrosion mechanism, so the whole
sample will degrade in desired rate.

3.2. Surface topography

The modification of surface morphology after laser texturing is
shown by SEM image on Fig. 5. It is clearly visible that micro-channels
separated by 50 um are formed due to the laser ablation. At the top of
these micro-channels a bimodal structure with a typical dimension of
10 um is formed. This bimodal surface is covered by a nanostructured
oxide. The surface topography was evaluated by 3D measurements
using an optical microscopy and is presented in Fig. 6. Fig. 6a reveals
that the micro-channels are 120 um deep. For comparison, a 3D profile
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Fig. 9. EIS spectra (a) Nyquist, (b) and (c) Bode-Bode diagrams for Fe, Fe-Mn polished and Fe-Mn laser-textured samples after immersion in Hank’s solution for 1 h.

of the polished (reference) surface is shown in Fig. 6b. These results
lead to conclusion that laser ablation significantly influences surface
topography in sense of increased surface roughness.

The rough-surface area was measured with Alicona Imaging system
and the ratio Ap/Ag between the area of the smooth surface, A, (defined
as a product of width and height of the processed area), and the area of
the rough surface Ag, was estimated. For the polished surface this ratio
equals Ag/Ar = 1 and it is increased due to laser ablation (after laser
texturing and before the corrosion measurements) to Ay/Ag = 4.2.
However, after the 3-days of corrosion tests this ratio decreases to Ao/
Ag = 1.5, since the micro-topography induced by a laser ablation was
removed from the samples’ surface due to corrosion (Fig. 7).

The impact of the corrosion attack on the surface topography after
3 days of immersion in Hank’s solution is shown in Fig. 6¢ for the laser
modified surface, while Fig. 6d shows the same for the reference, po-
lished surface. The laser-textured sample is fully covered by corrosion
products, so the texturing effect is not visible on the surface topography
anymore. These corrosion products are different Fe oxides (Fig. 4b) and
leads to self-driven corrosion of the whole sample. On the contrary, the
polished sample shows just little islands of the corrosion products on
the surface and its Ag/Ag ratio stays around 1.03 also after corrosion
tests (see also Table 2). Therefore, it can be concluded that the laser
texturing is an important trigger for enhanced and self-driven corrosion
of the processed material.

3.3. Surface wettability
As already known and explained by several authors [35,36,51,52],

the surface texturing influences also surface wettability. Static-contact-
angle measurements performed immediately after laser texturing
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showed that our surface was super-hydrophilic in a saturated Wenzel
regime [53] with a static contact angle of 6 = 0°. This means that a
water droplet that was placed on the surface spilled into a thin film
covering the whole surface. As previously shown [35], the corrosion
rate for such a surface is significantly increased. The static contact angle
was measured again after keeping the sample into atmospheric air for
6 months (just before the electrochemical test were performed) and the
sample was still super-hydrophilic with a static contact angle of 6 = 0°.
As a reference, the static contact angle, measured with a 5 uL water
droplet on the polished surface, equals 0 = 70° and it was also constant
by time.

3.4. Electrochemical measurements

3.4.1. Potentiodynamic measurements

Potentiodynamic curves of the Fe, polished Fe-Mn and laser-tex-
tured Fe-Mn alloy in a simulated physiological Hank’s solution at
pH = 7.8 are presented in Fig. 8. After 1h of stabilization at the OCP,
the corrosion potential (E.,) for pure Fe in Hank’s solution was ap-
proximately —0.735V vs. SCE. The polished Fe-Mn alloy exhibited
similar potentiodynamic behavior as the pure Fe, with E.,, at ap-
proximately —0.7 V vs. SCE. In the case of the laser-textured Fe-Mn
sample the corrosion stability decreased compared to the other two
samples, the Tafel region has been shifted to higher corrosion-current
densities and E_.,; was approximately —0.755V vs. SCE. The corrosion
parameters calculated from the potentiodynamic measurements in-
dicated the highest corrosion stability of Fe, followed by the polished
Fe-Mn alloy and the lowest corrosion stability of the laser-textured
Fe-Mn sample. The superior degradability of the laser-textured Fe-Mn
alloy under the biological conditions was proven in terms of a higher
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Fig. 10. EIS spectra (a) Nyquist, (b) and (c) Bode-Bode diagrams for Fe, Fe-Mn polished and Fe-Mn laser-textured samples after immersion in Hank’s solution for

1 day.

corrosion current (I.o), @ higher corrosion rate (v.o) and the lowest
polarization resistance (R;,), compared to polished Fe-Mn and Fe sam-
ples (Table 2).

The presented corrosion measurements show 13-times and 7-times
increase in corrosion rate of the laser-textured surfaces in comparison
to the polished Fe and Fe-Mn surfaces, respectively. This is significantly
higher as 4.2 times increased surface area due to the laser ablation. The
increased corrosion activity after the laser texturing is a result of super-
hydrophilic state leading to better penetration and degradation on the
surface. Here, an important role play also the chemical modification of
surface due to the laser-induced high-temperature oxides. However, the
corrosion activity stays increased also after the roughness of the cor-
roded surface is reduced by 3 times to As/Ag = 1.5. This corroborates
to the well-known fact that porous iron oxides accelerate the corrosion
even more than high-temperature oxides formed after laser-texturing
[50]. The presented results, therefore, additionally prove that laser
texturing triggers the increased corrosion of the developed Fe-Mn alloy
and that the corrosion is self-driven also after the functionalized surface
is already removed. This opens important ability to use the proposed
laser-texturing method as a tool for further development of new types of
biodegradable materials.

3.4.2. Electrochemical impedance spectroscopy measurements

The corrosion performance of the polished and laser-textured
Fe-Mn samples was additionally studied by EIS. The open-circuit im-
pedance spectra of the investigated samples were measured over a 3-
days immersion period in the simulated physiological Hank’s solution.
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Figs. 9-11 show the EIS Nyquist and Bode plots for all the investigated
samples after 1h, 1day and 3 days of immersion in Hank’s solution,
respectively. The results for Fe under the same conditions were used for
a comparison.

In the case of the laser-textured Fe-Mn sample after the initial im-
mersion period, the spectra were characterized by one time constant
corresponding to the charge-transfer process (Figs. 9 and 12a). After the
initial immersion stage, the spectra displayed two time constants at-
tributed to the oxide-film formation and the charge-transfer process
(Figs. 9 and 10). The equivalent circuit that was used to fit the ex-
perimental data considered (i) the solution resistance R; (ii) the charge-
transfer resistance R (iii) the constant phase element of the electric
double layer CPEq; (iv) the resistance of the adsorbed film Rg; and (v)
the constant phase element of the adsorbed film CPE; is shown in
Fig. 12b.

In the case of the polished Fe-Mn sample after 1 h of immersion, the
results indicate three time constants, which are associated with the
characteristics of electric double layer, the surface film and the ex-
istence of metastable species during the dissolution of the alloy (Fig. 9).
The inductive process was confirmed by a measurement of a positive
phase angle in the low-frequency region. In the equivalent circuit ap-
plied for the evaluation of the experimental data (Fig. 12c), R, referred
to the solution resistance. The R, represented the charge-transfer re-
sistance and was coupled with the capacitance of the double layer
(CPEq). The R; was related to the film resistance and was coupled with
the intermediate film capacitance (CPEf). Ry, and L referred to the
second adsorbed intermediate process that enhances the
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electrochemical reaction. After 3-72h of immersion, the results no
longer exhibited a low-frequency inductive process and the spectra
were characterized by two time constants, as in the case of the laser-

textured Fe-Mn alloy (Figs. 10-12b).

In the case of pure Fe, the spectra were characterized by two time
constants, corresponding to the formation of the surface film and to the
characteristics of the double layer (Figs. 9-11). The equivalent circuit
that was used to fit the experimental data is presented in Fig. 12b.

Magnitude plots revealed that the total impedance for the polished
and laser-textured Fe-Mn sample decreased compared to the pure Fe,
which indicates the lower corrosion stability of the Fe-Mn alloy,
especially after laser texturing. For the laser-textured Fe-Mn sample,
the process at lower frequencies dominated the spectrum. It was ac-
companied by a second process observed as a shoulder near the dom-
inating process after longer immersion times. In the case of the polished
Fe-Mn sample and the pure Fe, the dominating process shifted to the
medium frequency range. The fitting results are presented in Table 3.
The decreased corrosion stability of the Fe-Mn alloy, especially after
laser texturing was confirmed, exhibiting decreasing R values and
higher CPE values compared to Fe. The obtained results show a sig-
nificant improvement in terms of the biodegradability of the Fe-Mn
alloy compared to Fe, manifesting in lower R values and higher CPE
values. Furthermore, the laser texturing provided additionally en-
hanced biodegradability due to the changes in the surface composition
after the laser texturing.
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Table 3
Fitting parameters for the laser-textured Fe-Mn alloy, polished Fe-Mn alloy and Fe after 1 h and 72 h of immersion in Hanks solution.
t/h Re/Q cm® CPEq/Q 'em™?s™" m Ry/Qcem? CPEyQ 'cem™?s™" n, Ry/Qcm? L/Hcem™?
Fe 1 3368 1.02E—04 0.81 2477 7.12E—-03 0.74
72 8146 1.03E—04 0.85 47,727 8.54E—04 0.53
FeMn laser 1 1432 1.12E-02 0.74
72 560 4.01E-03 0.77 195 7.13E—-03 0.23
FeMn polished 1 2231 3.14E-04 0.74 964.4 1.47E—-04 0.80 1477 1.51E+05
72 1770 1.33E-04 0.60 879.1 3.28E—-04 0.85

4. Conclusions

In the present study we have shown that the laser texturing of the
Fe-Mn alloy significantly increases the corrosion rate due to increased
surface area and formation of metal oxides. Moreover, this kind of laser-
induced surface functionalization triggers the corrosion that is self-
driven by further production of corrosion products leading to biode-
gradability of the whole sample - although the laser-modified surface is
already removed. The XPS analysis revealed that the oxide layer on the
laser-textured Fe-Mn alloy consists mainly of Fe,O3; and FeO with the
content of Mn in the oxide layer significantly higher compared to the
bulk. Since laser-surface interaction enable to control this chemical
modification, the corrosion rate can be tailored by laser texturing to the
desired values. The results of the electrochemical measurements, po-
tentiodynamic and electrochemical impedance spectroscopy, have fur-
ther confirmed the superior biodegradability of the laser-textured
Fe-Mn sample even after the elimination of the textured structure from
the surface. The calculated corrosion rate for the laser-textured Fe-Mn
samples compared to the polished Fe-Mn is increased by 10-times,
which we believe, represents the necessary breakthrough required for
using such Fe-based alloys in selected medical applications, especially
in orthopaedics.
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