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11 Abstract

12

13  The development of bioresorbable metallic alloys, which are being actively researched as materials for
14  temporary medical implants, poses considerable challenges under the processing, metallurgical and
15 corrosion points of view. Their degradation behaviour in physiological environment is strongly connected to
16  their surface topography and chemistry, which shall be carefully addressed in the view of spreading the
17  fielding of such alloys in the biomedical sector.

18  The present work addresses the possibility of controlling the degradation behaviour of pure Zn though laser
19  surface modification by nanosecond laser texturing. The effect of irradiated energy on the surface
20  topography and the microstructure was studied and the resulting degradation behaviour was investigated.
21 It was found that laser texturing can deeply affect surface roughness and the presence of oxides, due to the
22 rapid remelting induced by the laser pulses in the nanosecond order. Therefore, different degradation
23 behaviours were found to be associated to the surfaces, laser treated at low and high energy, resulting in a
24  diversification of the nature and morphology of the degradation products.

25

26  Keywords

27

28 Bioresorbable alloy; laser processing; surface modification; corrosion; surface texturing.

29

30

31


utente
Typewriter
C.A. Biffi et al (2024). Effect of surface modification by nanosecond laser texturing on pure Zn biodegradability, Optics & Laser Technology,
Volume 177:111159,

https://doi.org/10.1016/j.optlastec.2024.111159


32

33

34
35
36
37
38
39
40
41
42
43
44

45
46
47
48
49
50
51
52
53
54
55
56
57
58

59
60
61
62
63
64

1. Introduction

In recent years, temporary medical implants, which can fulfil their purpose for a given time and then be
absorbed into the body through metabolic processes, are being sought for several applications, among which
cardiovascular and orthopaedic devices are the prominent ones. Such implants shall be based on suitable
metallic alloys, which are being studied and optimized for this purpose [1]. These functional alloys have
therefore been investigated under several perspectives, including their production and processing, the
microstructural and mechanical points of view as well as their interaction with the biological environment
[2]. The most promising bioresorbable metals include Fe, Mg and Zn and their alloys [3]. Among these, Zn
and Zn alloys are characterised by limited mechanical properties but offer optimal corrosion rate [4], and
possible antibacterial activity, which is of paramount importance in selected applications, such as ureteral
stents [5]. Moreover, it was demonstrated that Zn and Zn-based alloys display minimal to no toxicity at

cellular level [6].

Regardless of the chosen alloy, the functionality of all medical implants, and even more so of bioresorbable
ones, is heavily dictated by their surfaces, which indeed constitute the interface between the metal and the
physiological environment [7]. Therefore, surface modification is typically performed as a final step in the
manufacturing route of implantable elements for finishing and tailoring the surface properties. Among the
several existing surface modification techniques, promising results can be achieved by laser texturing. Such
process involves a laser beam scanning a surface with high speed for fine ablation. Depending on the process
parameters, variable amounts of energy can be delivered onto the surface, thus producing different
outcomes: for example, surface morphology or chemical composition can be selectively modified, thus
allowing a fine tuning of wettability and corrosion response [8]. This will in turn heavily affect the interaction
of cells and, possibly, bacteria with the implant itself, potentially determining the outcome of a medical
procedure. In this respect, laser texturing of Mg and Fe alloys was investigated for creating a controlled 3D
morphology, which can drive the degradation behaviour and the cellular proliferation [9-13]. On the other
hand, only few works investigated this process for Zn [14,15]: in particular, the correlation between the

nature of the processed surfaces and the material degradation behaviour has not been addressed yet.

In this view, the present work aims to investigate the possibility of controlling the degradation behaviour of
pure Zn though laser surface modification by nanosecond laser texturing. The effect of irradiated energy on
the surface topography was investigated, and the resulting microstructures and degradation behaviours were
correlated. It was found that surface roughness can be modified by the laser texturing process, mainly due
to the rapid melting induced by the nanosecond laser pulses. Moreover, degradation tests in pseudo-

physiological environment showed that different behaviours could be associated to the surfaces, laser
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treated at low and high energy: in particular, the nature and morphology of the degradation products was

affected.

2. Materials and methods

In the present work pure Zn bars were hot and cold rolled down to 1.4 mm thick tapes. The samples were

mechanically polished with sandpapers and diamond suspension to obtain a mirror-like finish; Table 1 reports

the main physical properties of pure Zn.

Table 1. Physical properties of pure Zn, used in the current work. Data from [15,16].

Density 7.14 i?)
cm
Melting temperature 420 °C
K
Latent heat of melting 7.32 —]
mol
Boling temperature 907 °C
L KJj
Latent heat of vaporisation 115 —
mol
. J
Heat capacity 25.5
mol K
- w
Thermal conductivity 112 —
mK
Thermal diffusivity 0.42 i
S
Absorption coefficient (at A=1064 nm) 40 %

Later, rectangular samples, 10 mm x 20 mm in size, were processed by means of a nanosecond laser (mod.
Raycus 50W fibre laser). The laser beam was collimated at 8 mm and then moved by using a scanning system
(mod. Dycon-15 DY from Raylase), equipped with a 163 mm focalization lens. The laser beam was focused
to a spot of approximately 33 um on the sample surface and the delivered power was checked by means of
a power-meter. Linear paths were implemented to modify the sample surface and hatch spacing was varied
to meet the changing point distance, to guarantee a uniform scanning of the surface. Processing parameters
were varied to deliver different amounts of energy onto the surfaces of the samples (Table 2). The process
was performed in air and no shielding gas was used.

To rationalise the effect of the varying processing parameters on the modification of the Zn surfaces, the
amount of energy delivered onto the surfaces was evaluated. It may be considered that each laser pulse

delivers a constant energy Epuise, according to the following equation:



87 Epuise =7 =200 pJ

88

89

90

91

92 are obtained:

s -t

94

95

9 H, = N,H

97

98 mms=290.4J/cm?.

99 Table 2. Main features of the used nanosecond laser source.

Max. power 50w
Frequency range 100 - 1000 kHz
M2 1.2
Focal length 163 mm
Laser spot size 33 um
Pulse duration 120-150ns
Emission wavelength 1064 nm
100
101 Table 3. Variable and fixed process parameters used for the texturing experiments.
Frequency 100 kHz
Power 20W
Scanning speed 500 mm/s; 2000 mm/s
Hatch spacing 5 um @ 500 mm/s; 20 um @ 2000 mm/s
Laser path Linear with single layer
Atmosphere Air
Pulse duration 150 ns

102

103 Degradation behaviour of textured samples in physiological environment was evaluated through static
104 immersion degradation tests, which were carried out in Hank’s balanced salt solution (Carlo Erba reagents,
105  composition reported in [10]). Samples were held in the testing solution for 1 week at constant temperature
106 (37 °C), CO, concentration (5 %) and relative humidity (85 %); three replicas for each condition were
107 considered. Thereafter, they were extracted, ultrasonicated in ethanol to remove loosely attached

108  degradation products and dried.
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The addressed surfaces, both in processed and degraded conditions, were characterised by scanning electron
microscopy (SEM, mod. Leo 1413, working both on surfaces and sections perpendicular to the scanning
direction, etched with Nital reagent), X-ray diffraction _(mod. X'Pert
PRO by PANalytical, 40” step size in the [20°;,120°] 26 range) and 3D non-contact confocal profilometry
(Sensofar S-neox, vertical resolution of 1.5 nm). The surface roughness was quantitatively evaluated as S,

collecting five measurements on different areas (130x170 um?) of the observed samples.
3. Results and Discussion

Figure 1 reports the 3D profilometry of the untreated surface and the laser-textured surface, as well as the
trend of the measured average roughness, S.. The polished surface is characterised by a very low average
roughness (circa 0.025 pum), whereas the laser-textured surfaces are largely rougher, due to the grooving
induced by the laser ablation. In details, the laser processing induced a S, of 2.5 um for E = 74.8 J/cm? and of
6.5 um at 290.4 J/cm?. Apparently, the linear scanning of the laser produced no appreciable anisotropy in the

morphology of the textured surfaces.
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Figure 1. (a) Average roughness values (S.) of the investigated surfaces; 3D profilometries of the polished

surface (b) and of the surfaces laser-textured at 74.8 J/cm? (c) and 290.4 J/cm? (d).
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Confirming the results obtained by profilometry, laser texturing promoted an evident change of the visual
appearance of the surface (Figure 2). The polished surface appears extremely uniform and smooth because
of the grinding preparation, as shown in Figure 2 a: only the bare metal is visible. Accordingly, the section of
such processing condition (Figure 2 b) obviously shows a smooth upper surface and no trace of a surface
layer differing from the bulk material. This is confirmed by the XRD pattern in Figure 2 c, presenting a single
set of hexagonal close-packed (HCP) reflections, which can be easily attributed to pure Zn. The morphology

of the laser-textured surface processed at 74.8 J/cm? (Figure 2 d) exhibits a clear evidence of the melting

regime of the laser ablation. [id8gaBling oF Zn S atiaimedf the aBiation Ehreshole for Zn at thelpresent

-. Nevertheless, as the pulse duration is in the order of nanoseconds, heat transfer mainly takes place
by conduction and thus promotes the melting of a certain amount of material. As a result, the surface shows
a fairly intricated structuring arising from liquid drops suddenly resolidifying after the quick laser scan, with

a basal waviness to which micron-sized rounded particles are superimposed. Such _agrees well

with results by Mustafa et al. [15], who could not observe melt-free craters during picosecond-laser ablation

of pure Zn. The thickness of the resolidified material is extremely Iimited_
be seen at present magnifications in the section of the material processed at 74.8 J/cm? (Figure 2 e), the only
evidence of the laser modification being a distinct waviness of the surface profile. _

of ‘a clearly discernible heat affected zone can ot be confifmed; the microstructure of the sub-surface

material appears to be unaffected by heat conduction, since the same fine-grained structure, which was
found in polished samples, is still visible. Indeed, the thermal diffusivity length I, which can be computed as
l =+4-D -t,where D and t represent the thermal diffusivity and the pulse duration, respectively, results to

be 4.5 um in the present processing conditions. This indicates that during the process the entire temperature

field is confined in 9 um (two times I) from the sample surface. _

_. Again, the presence of pure Zn only is confirmed by XRD analysis.

Increasing the laser energy up to 290.4 J/cm?, the surface morphology is heavily modified with respect to the

previous laser-textured condition (Figure 2 g, h). In this case the typical grooving induced by the passage of
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the laser beam is not immediately visible, as the surface is covered in large deposits. XRD analysis indicates
that such deposits consist of ZnO oxide (Figure 2 i), whose formation is triggered by the relatively high energy
delivered by the laser. In this respect, it shall be recalled that the laser processing was conducted in air,
without any shielding gas. The section of samples processed at 290.4 J/cm? (Figure 2 h) shows that, on top of

the bulk, fine-grained base material, there is a remelted layer, which is 40 pm to 80 um thick. -

reasonably inferred that the increase of the incident radiant exposure Hy, related to the decrease in scanning
speed, induced a progressive increase of the minimum temperature in the pulse cycle [17]. The resulting
thermal accumulation between pulses gave rise to a thickening of the re-melted material. Such layer is not
uniform and compact but rather results from the stacking of vertical pillars intercalated to rarer spherical
particles, _ These structures derive from the rapid melting and re-
solidification of the base material, which commonly takes place when the operated laser source delivers high
energy with a relatively long pulse duration [18]. The modified layer being composed of separate spatters
also implies that voids are present in its interior and that a ZnO layer may exist at the boundary between

different spatters. Similarly to the previously addressed condition, no trace of a heat-affected zone could be

observed.
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Figure 2. SEM images depicting the surfaces (a, d, g) and cross sections (b, e, h); XRD patterns (c, f, i)
collected on the surface of polished and laser-textured Zn samples. The waviness and droplets caused by
laser operating at 74.8 J/cm? can be noted in (d, e), whereas a distinct surface oxidation (g, i) and intense

remelting were produced at 290.4 J/cm?.

Static immersion degradation tests, which were performed in modified Hank’s solution for 7 days at a
temperature of 37°C, resulted in a weight increase for all the tested samples: such result was due to the
accumulation of insoluble, firmly attached degradation products on the surface of the analysed samples.
Indeed, the mass balance stems from multiple contributions (formation of attached / detached degradation
products, dissolution of metallic ions, etc.), which interact in a complex way to determine the final corrosion
rate. Therefore, the observation of a mass increase does not allow to compute a sensible degradation rate,
which would require a reduction of the mass of samples over time. Nevertheless, the measured mass
changes, which are reported in the Figure 3, suggest that the laser texturing was able to induce a statistically
significative difference in the behaviour of the different Zn surfaces. Laser texturing at increasing energy
density resulted in a continuous decrease of the measured mass gain with respect to the polished condition.
This trend agrees well with the surface structures progressively departing from the one of polished materials,

as shown in Figure 2.
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Figure 3. Mass gain values measured at the end of static degradation tests.

After immersion, the three surfaces showed the morphology reported in Figure 4. It shall be noted that all
kinds of samples were characterised by a weight increase after the degradation tests, which is related to the
formation of insoluble and not easily detachable products on their surfaces. Polished samples and samples
laser-textured at 74.8 J/cm? were found to be covered in an almost uniform scale of degradation products,

composed of fibrous pads. The related sections (Figures 4 b, e) show that in both cases two layers can be
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distinguished on top of the base material: the flaky mats are located at the outermost surface, whereas a
more compact scale sits in between said mats and the bare metal. The latter layer is much thicker in samples
textured at 74.8 J/cm? than in the polished ones, suggesting that a deeper penetration of corrosion took
place. Accordingly, XRD analysis shows that two kind of degradation products are present: mats very likely
consist of scholzite (CaZn,(P0O4);-2H,0, calcium zinc phosphate hydrate) , whereas the more compact scale is
composed of ZnO. The presence of both larger flaky grains and fibrous mats is due to the typical growth
process of scholzite [19], which follows a radial-nucleation growth pattern and moves from epitaxy (in the
first stages of precipitation) to reorganization into islands during later stages [20]. Finally, it shall be noticed
that after degradation a considerable deepening of the waviness of the metal — oxide interface is induced in

samples textured at 74.8 J/cm?, whereas such interface is almost completely smooth for polished samples.

With respect to the above-described conditions, samples textured at 290.4 J/cm? displayed a completely
different behaviour during static degradation tests. The degraded surface (Figure 4 g) is not covered in the
previously described pads, but rather displays irregular grooves decorated by clusters of small particles.
Accordingly, the section in Figure 4 h is characterised by a single layer of oxide (ZnO according to XRD analysis)
covering the remaining part of the laser-remelted material (10 um to 20 um thick) and the base Zn. Multiple
cracks, originating from voids or interfaces in the re-melted layer seem to extend into the oxide scale, too,
thus reducing its integrity. It is particularly important to notice that extremely limited traces of
CaZn,(P04)2:2H,0 can be found on the surface of the degraded samples according to XRD data and that,

accordingly, the previously described scholzite mats were not present at all.
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Figure 4. SEM images depicting the surfaces (a, d, g) and cross sections (b, e, h); XRD patterns (c, f, i)
collected on the surface of polished and laser-textured Zn samples after static degradation tests. The
formation of calcium zinc phosphate hydrate crystalline mats dominates in polished samples and in the
ones laser-textured at 74.8 J/cm? (a, b, d, e), whereas a rougher zinc oxide layer characterises samples

textured at 290.4 J/cm? (g, h).

On the contrary, samples textured at 290.4 J/cm? are the only ones, that produced a considerable amount
of degradation products, detaching from the samples and precipitating in the degradation medium: such
products, appearing as a very fine light grey powder, were recognized as hopeite (Zns3(PO4),:4H0, zinc
phosphate hydrate, Figure 5). Indeed, faint peaks related to hopeite are visible in the XRD pattern of the

surface of samples, too, thus suggesting that this product was formed on Zn surface and later detached.
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Figure 5. XRD patterns of degradation products collected in the degradation medium of Zn samples laser-

textured at 290.4 J/cm?.

To try and explain the different degradation behaviours displayed by the different kinds of samples, the
degradation mechanism of pure Zn shall be carefully considered. The degradation mechanism of Zn in

physiological environment is known to depend on the following reactions [21]:
Anodic reaction: Zn > Zn** +2 e (1)
Cathodic reaction: 0, + 2 H,0+4 e > 4 OH" (2)

Such reactions cause a local increase in pH and Zn?* concentration, thus triggering the precipitation of ZnO
and Zn(OH), [22]. However, the present results show that ZnO is the dominant species in all kinds of samples,
since it is more thermodynamically stable than Zn(OH); in the present temperature and pH conditions [23].
The stability of the resulting ZnO degradation layer, which was found in all the three conditions, is
nevertheless compromised by the highly aggressive physiological environment: the presence of chlorides and
the connected local lowering of pH may indeed lead to a partial dissolution of ZnO [24]. The Zn?* ions, which
are thus made available, react with other solutes present in the degradation medium (Ca?*, PO,*) giving rise

to new, insoluble species according to the following formulas [25]:

2 Zn** + Ca®* + 2 PO,* + 4H,0 - CaZny(P04)2-2H,0 | (3)
3Zn?* +2 PO4* + 4H,0 - Zn3(P04)>-4H,0 (4)
The experimental result indicate that reaction (3) is the only one taking place in polished samples and in the
ones laser-textured at 74.8 J/cm?, whereas reaction (4) appears to be clearly dominant in samples textured
at 290.4 J/cm?, although limited amounts of CaZn,(PO4),-2H,0 were indeed detected through XRD analysis.
The reason for such discrepancy is believed to lie in the surface morphology and composition of the samples
textured at high power. Indeed, it shall be considered that the grooves in the surface of the remelted layer
and, even more so, the inner cracks act as semi-closed volumes, where the concentration of Zn?* ions is

expected to be increased with respect to the open environment, to which flatter surface are exposed.
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Moreover, the ZnO oxide layer had been present on the surface of samples textured at 290.4 J/cm? since the
beginning of degradation tests. Therefore, the chloride-induced dissolution of ZnO may have started at an
earlier time with respect to other samples, thus providing an even more abundant reserve of dissolved Zn?*
ions. The higher relative concentration of Zn?* very likely shifted the equilibrium from reaction (3) to reaction
(4), thus inducing the precipitation of hopeite and strongly limiting the formation of scholzite [26]. In this
respect it is also worth noting that the high surface roughness and the presence of the ZnO layer cooperated
in reducing the attachment of hopeite to the samples’ surface, thus causing the detachment of this
degradation product.

Indeed, the present results suggest that, as far as degradation behaviour is concerned, samples textured at
290.4 J/cm? may present some advantages with respect to the other groups. Hopeite, which contains 3 Zn?*
ions, is evidently able to seize a higher amount of ions from the surrounding environment: this may prevent
some, limited, toxicity problems, which have been shown to be related to intense ion release during the
initial stages of degradation [27]. Finally, hopeite is widely used as a component of bone cement and has also
been demonstrated to facilitate the growth of hydroxyapatite, thus allowing a better bone regeneration in
possible orthopaedic applications [28]. It should also be observed that the formation of detachable
degradation products is common in most of the currently studied degradable alloys [29] and is usually not

regarded as a problem for bioresorbable implants.

4. Conclusions

To conclude, the effect of surface texturing, conducted with nanosecond laser pulses, on surface morphology,
topography, phase structure and degradation behaviour of bioresorbable pure Zn was investigated. It was

found that:

e Varying the scanning speed, and consequently the input energy, allows to modify the average
roughness from an initial value of ~0.025 pm up to 2.5 um and 6.5 um for laser energies of 74.8

J/em? and 290.4 J/cm?, respectively.
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e |naphysiological environment, such differences give rise to different degradation morphologies and
products, as the corrosion mechanisms are affected by both the surface topology and its
composition: in particular, the main degradation product shifts from surface-attached scholzite

(CaZny(P0O4)2-2H,0) to easily detachable hopeite (Zn3(PO4),-4H,0).

In summary, the delivery of low laser energy onto the Zn surface does not induce an appreciably different
behaviour in pseudo-physiological environment with respect to polished surfaces. Conversely, the change in
degradation mechanism observed in samples laser-textured at 290.4 J/cm?2suggests that a positive influence

on local cytotoxicity effects and interaction with bone tissues may be expected.

The present work opens the possibility of tailoring and optimizing the surfaces of bioresorbable Zn for tuning
its degradation behaviour in view of the realization of temporary medical devices. Further investigations
regarding the determination of the degradation rates and the influence of different degradation products on

the interaction with cells and tissues shall be addressed as future developments.
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