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A B S T R A C T   

In this study, the impact of low-energy (1 keV) Ar+ ion-beam irradiation on the morphology of polycrystalline Ti 
disks was investigated. Targets were prepared by cutting and mechanically polishing commercial rods. The 
surface topographies before and after irradiation were characterized by scanning electron microscopy (SEM) and 
mechanical profilometry. Irradiation was performed using a wide range of incident angles (αi) from normal to 
grazing geometries at a total dose of 1018 ions/cm2. SEM analysis of the irradiated Ti targets revealed clear 
texturing with various attainable surface morphologies depending on αi. The surface features varied from ripples 
within patches with fingerprint-like patterns (0 ≤ αi ≤ 60◦) to oriented structures parallel to the direction of the 
ion beam, such as pillar/tip structures (65 ≤ αi ≤ 75◦) and shallow ripples (αi ≈ 80◦). This morphological 
selectivity could be attributed to the competitive diffusive and erosive regimes, where the lateral uniformity of 
the morphology was affected by the limited size of the crystal grains. Finally, the wettability and biocompati-
bility of the characteristic topographies were evaluated, and the results indicated improved performance of the 
ion-beam-textured surfaces compared to the untreated ones.   

1. Introduction 

The surface modification of Ti-based materials is an active research 
area for their application in biomedical implants. Metallic biomaterials, 
including Ti and its alloys, can be potentially used in orthopedic im-
plants (e.g., for total hip replacement) and dental implants owing to 
their intrinsic physical properties with respect to the hard tissue [1–3]. 
The biocompatibility, high strength, low weight, and corrosion resis-
tance are the key physical properties of Ti-based materials that have 
enabled their use in the biomedical field. However, their complete 
surface compliance with the human body has not yet been achieved. 
This is possibly because of the lack of control over bio-chemical pro-
cesses at the metal–bone interface [4]. That is, the metallic biomaterial 
and the hard tissue require similar physical properties. This is often 
achieved by considering both the tensile strength and the elastic 

modulus of the metal implant. In such instances, distinct properties on 
the bulk properties give rise to the stress-shielding effect [5,6]. Under 
this situation, the stress-shielding effect leads to atrophy of the hard 
tissue at the surrounding metal implant, consequently degrading the 
adhering capacity at the bone-metal interface. For this reason, the 
overall performance of the implant diminishes such that it can lead to 
the ultimate failure of a biomedical implant, necessitating further sur-
gical intervention. The aforementioned challenges have hindered the 
long-term usage of biocompatible alloys for hard tissue replacement (e. 
g., orthopedic implants). 

Although, surface modification techniques cannot address the bulk 
physical properties mismatch, it can enable functionalization at the 
nano and micro scales [7–9]. Through surface modification, specific 
surface topographies can be obtained using diverse methods such as ion 
irradiation [10,11] and laser treatments [12,13]. The local and global 
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E-mail address: magarcia@ciencias.unam.mx (M.A. Garcia).  

Contents lists available at ScienceDirect 

Surface & Coatings Technology 

journal homepage: www.elsevier.com/locate/surfcoat 

https://doi.org/10.1016/j.surfcoat.2023.129363 
Received 25 June 2022; Received in revised form 10 February 2023; Accepted 15 February 2023   

mailto:magarcia@ciencias.unam.mx
www.sciencedirect.com/science/journal/02578972
https://www.elsevier.com/locate/surfcoat
https://doi.org/10.1016/j.surfcoat.2023.129363
https://doi.org/10.1016/j.surfcoat.2023.129363
https://doi.org/10.1016/j.surfcoat.2023.129363
http://crossmark.crossref.org/dialog/?doi=10.1016/j.surfcoat.2023.129363&domain=pdf


Surface & Coatings Technology 458 (2023) 129363

2

roughness of these surfaces may enhance the bio-chemical and physical 
surface properties at the interface. In the case of polycrystalline mate-
rials, local roughness corresponds to those characterized by individual 
grains, meanwhile global roughness overlaps many grains, respectively. 
Moreover, surface roughness links the surface topography to its surface 
energy. Surfaces in contact with fluids are quantified by the static con-
tact angle measurement [2]. Thus, surface energetics at the surface play 
important roles in the interaction with its environment. A previous study 
[4] showed that a variation in the length scales of surface topographies 
may improve bio-chemical processes such that the modified surfaces can 
act as a linkage for metals to contact soft or hard tissue. These length 
scales can extend to the nanometer range, where nanostructuring can 
also have a considerable impact on biomedical applications [14]. The 
broad range of available scales upon surface texturing can also 
contribute to other possible applications apart from biomedical im-
plants, such as medical instrumentation and devices [15]. Hence, con-
trol over small length scales, such as those used for analytical systems, 
would permit the combination of drugs and devices to characterize and/ 
or deliver biofluids in biological systems [8]. While synthesized nano-
structures have found new applications, subsequent surface treatments 
[16] may be necessary to meet biomedical requirements for use in the 
targeted final products. 

Ion-beam irradiation is a well-established method to tailor the sur-
face morphology of solid targets. There is particular research interest in 
understanding the conditions that drive the intriguing emergence of self- 
organized patterns [17]. A study found that surface structures like rip-
ples or mounds can be produced at the nanoscale using ion-beam irra-
diation, akin to those macroscopically observed in sand dunes [18]. 
Therefore, the process is also referred as ion sand blasting [19]. Nano-
patterns are generated by ion irradiation in solid targets including 
semiconductors [20], metals [21,22], and insulators [23–25]. The final 
features can be tailored using the relationship between the experimental 
conditions (such as ion type and energy, and incidence angle) and the 
physical properties of the target material. The pattern characteristics 
depend on the different physical mechanisms that occur due to the ion- 
solid interaction, such as sputtering, mass transport, surface diffusion, or 
defect formation [17,20]. Metal surfaces represent a special case within 
the field of ion-beam surface nanostructuring [19]. With metal surfaces, 
the high efficiency of surface-diffusion processes and the existence of 
diffusion restrictions such as Ehrlich–Schwoebel (ES) surface barriers 
typically dictate the pattern characteristics based on geometrical con-
siderations imposed by the ion-beam direction [21,22]. Further, in 
polycrystalline targets, the finite size of the crystal grains and their 
texture (crystalline orientation) with respect to the target surface also 
affect the pattern characteristics and overall uniformity of the surface 
morphology [26,27]. 

The generation of surface nanopatterns by ion beams has been 
recently reviewed in the field of bio-applications [28,29]. As expected, 
the reviews discussed studies on the irradiation of Ti-based biomedical 
surfaces. For example, ion-beam etching and its impact on cell adhesion 
were reported for Ti-6Al-4V alloys [31,32]. The generation of ion-beam 
nanopatterns on pure Ti surfaces was also reported recently for low ion 
energies (<2 keV) [32,33]. Ti-6Al-4V and Ti targets have also been 
beam-irradiated at a high ion energy (1 MeV) with Au+ [34], inducing 
the formation of large surface structures. In this context, the use of alloys 
has a potential of obtaining different morphologies based upon 
composition. Hence, the purpose of the present work is to study the low- 
energy ion-beam texturing of Ti targets using a wide range of incident 
angles. In comparison with Ti alloys, pure Ti is a simpler system, for 
which the eventual effects on the morphological evolution arising from 
compositional issues can be discarded [35]. Finally, the surface ener-
getics and biological assays are studied to determine the bioactivity of 
the treated substrates. 

2. Materials and methods 

Commercially pure (99.6+ %) polycrystalline Ti (cpTi, grade 4) rods 
of diameter 1 cm were purchased from Goodfellow Corp. [36]. The rods 
were cut into small disks (~3 mm thickness) and polished mechanically 
to a mirror-like finish. Polishing was performed in successive stages 
using silicon carbide (SiC) grinding papers with different Federation of 
European Producers of Abrasives (FEPA) gradings (P360, P400, P600, 
P1200, and P4000), alumina powder (300 nm, α-Al2O3), and finally, 
using a 20 nm colloidal silica suspension. After polishing, the targets 
were clean ultrasonically in ethyl alcohol and air-dried. 

Surface modification of the Ti targets was performed through low- 
energy (≤1 keV) noble ion-beam irradiation using a Kaufman-type ion 
source with a 3 cm beam diameter. The ion source was located 15 cm 
away from the targets. The beam profile presents a Gaussian-type curve 
along the radial axis with a width that increases due to the beam 
divergence from the source. The full width at half maximum (FWHM) of 
the beam profile at the working distance is about 6 cm, as extracted by 
the measurements with a movable Faraday Cup attached to the sample 
holder. In this configuration the ion beam current is homogenous over 
an area of 2 × 2 cm2 within 1 % deviation. Ion-beam irradiation was 
performed using 1 keV Ar+. The base pressure in the experimental 
vacuum chamber was around 10− 6 mbar, while the Ar working pressure 
was 2 × 10− 4 mbar. The ion current density was ~500 μA/cm2, which 
was measured before the irradiation with a Faraday cup located in a 
movable shutter in front of the sample holder. As the sample holder was 
not water cooled, this ion current density led to a maximum increase of 
the holder temperature of ~100 ◦C. Meanwhile, impact of target tem-
peratures on the resulting surface morphologies has only been attained 
for values higher than 400 ◦C. The angle of ion incidence (αi) with 
respect to the surface normal was varied between 0◦ and 80◦, and the 
irradiation was performed for a total dose of 1018 ions cm− 2. The 
established ion dose is above the threshold for morphological features to 
appear with a well-defined pattern type. Also, this removes surface ir-
regularities induced by the polishing procedure (such as scratches, im-
purities, etc.). For such condition, experiments last from few minutes up 
to half an hour from normal to near grazing-incidence angles, 
respectively. 

After ion irradiation, the surface morphology of the substrates was 
examined through field-emission scanning electron microscopy (FE- 
SEM) with FEI Verios 460 and FEI Nova NanoSEM230 (Thermo-Fisher 
Scientific Ltd.) microscopes. For quantification, the surface topography 
was characterized by mechanical profilometry (Dektak 150, Veeco In-
struments Inc.). The measured quantity for the roughness analysis was 
Ra (average roughness) as obtained from the stylus profiler Dektak 150 
software. At least five profiles measurement were carried out for each 
experimental condition. Wettability measurements were performed 
with ultra-pure (Milli-Q) water using a static contact angle instrument 
(CAM 101, KSV Instrument Ltd.). MilliQ droplets were deposited on 
irradiated surfaces, and its static contact angle was measured. The re-
sults were averaged over at least four measurements per sample at 
different surface locations. 

Biological assays were carried out on the irradiated surfaces to test 
their biocompatibility. The cell proliferation was measured by the 
reduction of 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bro-
mide (MTT) by mitochondrial enzymes following the manufacturer's 
instructions (Calbiochem). The MTT assays produced formazan, which is 
purple in color and can be detected by absorbance measurements [37]. 
The tests were performed by seeding the surfaces with human placenta 
mesenchymal stem cells (hPMSCs; Cellular Engineering Technologies, 
Coralville, EE.UU., CET Catalog # HMSC.AM-100) at a density of 104 

cells/cm2. The cell culture was supplemented with 10 % fetal bovine 
serum (FBS; Lonza), Pen/Strep/Fung 10k/10k/25 mg 100× (Lonza), L- 
glutamine 200 mM 100× (Lonza), and hFGF-basic (10 ng/mL final; 
Invitrogen). The cell culture was left for 72 or 144 h under an ambient 
condition of 37 ◦C with 5 % CO2 in Dulbecco's Modified Eagle's Medium 
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(DMEM) with 4.51 g/L glucose. Cells of the same density were seeded 
directly on the multiwell cell-culture plate (Corning Falcon P48) as a 
positive control in the evaluation of the viability and proliferation of the 
cells. Two measurements for each condition were performed. 

3. Results and discussion 

3.1. Surface morphology 

The irradiated Ti targets present a variation in the surface 
morphology that strongly depends on αi, as shown in Fig. 1. The 

Fig. 1. FE-SEM images of pristine Ti surfaces and Ti surfaces irradiated with 1 keV Ar+ at different αi values for a dose of 1018 ions/cm2. The projection of the ion 
beam direction on the surface runs from top to bottom in all micrographs of the irradiated samples. 
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projection of the ion beam direction onto the surface runs from top to 
bottom on all the FE-SEM images. The figure also shows micrographs 
exhibiting the typical surface of the pristine target after mechanical 
polishing, as an indication of the initial target state. This surface is rather 
featureless, except for some scratches and small residuals from the 
polishing material. Moreover, the (local) surface roughness of the tar-
gets after polishing is below ~2 nm, as measured by atomic force mi-
croscopy. The initial state and polycrystalline nature of the targets imply 
that texturing has some limitations in inducing lateral uniformity. 
Hence, there should be focus on the remains from the grinding material 
after polishing, which can considerably affect the morphological fea-
tures induced by the ion-beam irradiation. 

From the images in Fig. 1, three main morphological regimes are 
identified in the irradiated surfaces as a function of αi. First, patches of 
ripples arranged into fingerprint-like patterns are generated at near- 
normal incidence (αi = 0◦) and αi ≈ 60◦. These regions consist of 
curved parallel grooves that extend over areas ranging from a few 
hundreds of nanometers up to few micrometers. Notably, inside each 
patch, the ripples present a high degree of ordering, as evidenced by the 
high-magnification images shown in the insets. However, there appears 
to be a lack of coherence between the different domains, which can be 
attributed to the polycrystalline nature of the targets whereby the grain 
boundaries and crystalline orientations can tune the direction, length, 
and number of grooves. Thus, ion irradiation of polycrystalline sub-
strates is limited by the grain boundaries, where randomly oriented 
crystals progressively emerged. This situation implies a lateral in-
homogeneity in the resulting morphologies throughout the target sur-
face. On the other hand, the identification of the orientation of each 
individual grain size is not accessible, as well as the location of the grain 
boundaries. For the latter reason, high temperature experiments have 
been also performed to reveal the grain size distribution and its eventual 
correlation with the pattern variation. Similar ripples on Ti surfaces 
produced under normal ion incidence have also been reported by Bauer 
et al. [32], where the characteristic wavelength was suggested to be 
correlated with the local crystallographic orientation with respect to the 
ion beam. For αi ≥ 65◦, the morphology exhibits faceting, with the 
formation of terraces perpendicular to the direction of the ion beam. 
This formation could suggest the occurrence of shadowing effects [38] 
during the topographical evolution, as already observed in the nano-
structuring of polycrystalline metal films [27,39,40]. Such terraces are 
confined to regions of several microns, and coexist with regions covered 
with tip structures. The latter morphologies are observed in the lower 
part of the FE-SEM image in Fig. 1. The tips are more evident at larger 
angles, as seen in the high-magnification micrographs at αi > 70◦. These 
structures display a pillar- or needle-like shape, with the latter being 
more evident in the micrograph of the sample at αi = 75◦. Such mor-
phologies are directed toward the incoming ion beam. Similar tip 
structures were reported in Ti-6Al-4V targets by Riedel et al. [30], which 
were generated with 700 eV Ar+ at an angle of 75◦. Such elongated 
structures could arise from the inhomogeneous erosion of the terraces, 
as discussed subsequently. Finally, at grazing incidence (αi ≈ 80◦), the 
surface morphology appears to be smoother and more homogeneous. In 
this case, shallow ripples with ridges parallel to the ion-beam direction 
can be observed. Note that similarly oriented ripples have been reported 
[27,40] for several metal surfaces under grazing-incidence irradiation. 

Due to the lateral inhomogeneity of the polycrystalline samples, a 
quantitative analysis of the large-scale surface average roughness (Ra) 
was carried out using a mechanical surface profiler since it allows for 
surface scans in the millimeter range. The obtained values are plotted in 
Fig. 2(a), where the different morphological regions are highlighted by a 
background color. The large-scale average roughness of the pristine 
targets is approximately 30 ± 10 nm. In agreement with the morphol-
ogies displayed in Fig. 1, the roughness remains nearly constant from 
normal to oblique incidence up to αi ≈ 60◦. In this case, the roughness 
(~25 nm) is slightly below that of the pristine targets, indicating that the 
ion-beam-induced texturization in this range primarily affects the local 

roughness. The morphological change for αi ≥ 65◦ causes an increase in 
the global roughness, which reaches a maximum of ~90 nm at αi = 70◦. 
Finally, the surface smoothens out for grazing incidence (αi ≈ 80◦), with 
the roughness again reverting to ~30 nm. Note that the change trend of 
the roughness with αi approximately follows the dependence of the 
sputtering yield (red curve), as extracted from the SRIM code [41]. This 
trend has also been reported in semiconductor materials [42], indicating 
that the roughening is partially related to the surface erosion rate. Here, 
the etched depth is estimated as ~150 nm at normal incidence and can 
increase up to nearly ~500 nm for the highest rate at an αi of 75◦. 

The characteristic size of the surface features was also determined 
from the FE-SEM images using Gwyddion software [43] and is displayed 
in Fig. 2(b). The size of the ripples produced for αi ≤ 60◦ appears to be 
nearly constant, with a typical wavelength of ~30 nm. On the other 
hand, there is a pronounced increase in the feature amplitude for αi ≥

65◦, corresponding to the formation of facets and tips. The base of such 
tips or needles measures between 50 and 200 nm, and their length can 
reach 400 nm. The characteristic lateral size at αi = 80◦ for the shallow 
ripple morphology (open square) further increases. Note that, in this 
case, the characteristic length corresponds to distances parallel to the 
ion-beam projection. 

The observed morphology in our irradiated targets can be inter-
preted in terms of the surface-diffusion and ion-erosion mechanisms, as 
is frequently the case in the ion-induced nanostructuring of metal sur-
faces [19]. In particular, the dominance of surface-diffusion mechanisms 
can be attributed to the morphologies produced at αi ≤ 60◦, whereas that 
of ion-erosion mechanisms occurs at 60◦ < αi ≤ 65◦ due to the enhanced 

Fig. 2. (a) Long-range surface average roughness (Ra) after irradiation at 
different αi values, obtained by profilometry. The sputtering yield dependence 
with the angle of incidence has been drawn as guide. (b) Characteristic lateral 
length of the surface structures at different αi values, extracted from the analysis 
of the FE-SEM images. 
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sputtering yield at large incident angles. The process window where 
surface diffusion dominates is further confirmed by the formation of 
similar patterns in a wide range of incident angles (αi ≤ 60◦) and by the 
lack of geometrical correlations between the features obtained and the 
ion-beam direction. In contrast, the ion beam seems to define (sculpt) 
the features for 60◦ < αi ≤ 65◦. This interpretation can be further sup-
ported by equivalent experiments performed under axial rotation of the 
target during irradiation. Fig. 3 shows the FE-SEM images of the Ti 
targets irradiated under simultaneous rotation at 5 rpm for selected αi 
values. The morphologies display random patches of ripples and, hence, 
retain a certain degree of similarity with respect to the static configu-
ration (Fig. 1) for αi values of 0◦ and 45◦. The reminiscence of these 
patterns imply that the morphologies are not controlled by the ion beam, 
as expected in the diffusive regime of ion-beam irradiation [19–22]. 
However, such patches seem to be smaller than in the case of static 
targets. On the contrary, for αi = 75◦, the surface seems to be smoother 
and the oriented features vanish, leading to an isotropic and homoge-
nous cellular-like morphology. A similar result is obtained at αi = 80◦, 
indicating that the shallow ripples also have an erosive origin. This trend 
is strongly reminiscent of that recently obtained experimentally in the 
low-energy ion-beam irradiation of rotated highly oriented pyrolytic 
graphite, where the initial grain structure induces coarsening of an 
isotropic cellular structure at sufficiently large time and length scales 
[26]. In general, semiconductor, insulator, and metallic targets are ex-
pected to behave most similarly under irradiation precisely in the 
erosive regime [19,22], as the conditions are such that the crystalline 
structure has no effect on the primary properties of the formed surface 
nanopattern, like the structure orientation and shape. 

Another aspect to be analyzed after ion-beam-induced texturization 
is the lateral homogeneity of the topographical features. Fig. 4 shows 
low-magnification broad views of the irradiated samples at different αi 
values (note the different scales in the images shown in Figs. 3 and 4). 

The surface irradiated at near-normal incidence (αi = 15◦) is smooth at 
this scale, and traces of polishing scratches are still evident (in this case, 
the estimated etched thickness is ~150 nm). The long-range 
morphology is still homogeneous for the sample irradiated at αi = 60◦, 
but the ion-induced fine structure is more pronounced. There is a sig-
nificant change in the morphology above this angle, as illustrated in the 
topography of the sample irradiated at αi = 70◦. In this case, regions 
sized several micrometers are observed, which are decorated with 
morphological features such as terraces or tips, akin to those described 
in Fig. 1. The contrast between these regions may be related to the type 
of structures, but the FE-SEM images also suggest different heights (and 
angles). The latter would imply that the etching rates are different be-
tween these regions. Interestingly, Bauer et al. [32] also reported a 
correlation between the induced morphology and local etching rate of Ti 
surfaces for each crystallite due to their orientation with the surface 
normal. Finally, at grazing incidence (αi = 80◦), the surface morphology 
is rather homogeneous, which can be associated with the relatively high 
erosion rate and shallow penetration of ions. 

To obtain information about the Ti microstructure, we performed 
irradiation at different target temperatures. We found that irradiation at 
temperatures above 500 ◦C can expose the grain structure. This is 
confirmed by the images in the bottom row of Fig. 4 for irradiation at 
600 ◦C and αi = 60◦ and 75◦. The images show grains that correlate with 
the observed regions for the sample irradiated at room temperature and 
αi = 70◦. Note that under irradiation at a high temperature, homoge-
neous ripple structures are generated within such grains with clear in-
terfaces (barriers) defined by the grain boundaries. The structuring 
within the grains seems to be enhanced at a larger αi, as expected due to 
the increased sputtering. Further, the wavelength of these structures is 
relatively large (ranging from hundreds of nanometers to micrometers) 
in comparison with the structures obtained at room temperature. These 
results can be understood in terms of the promotion of surface-diffusion 

Fig. 3. FE-SEM images of Ti targets irradiated with 1 keV Ar+ under different αi values and simultaneously axially rotated (5 rpm) for a dose of 1018 ions/cm2.  
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mechanisms at elevated temperatures. In other words, within each 
grain, the crystalline orientation dictates the orientation of the ripples, 
whose wavelength scales with the increased surface-diffusion distance 
[19]. 

Another interesting morphological feature is the formation of facets 
and pillars for αi values between 65◦ and 75◦. Again, this behavior is 
reminiscent of experimentally obtained results for the low-energy irra-
diation of semiconductors like Si for sufficiently high (but not glancing) 
incident angles, where facets and “fins” are found, e.g., in [44] and the 
references therein. In our case, due to the lack of lateral homogeneity in 
the irradiated polycrystalline targets, both morphologies may coexist 
with variable characteristic features, making it difficult to assign a 
definite window for the conditions driving the formation of each 
morphology. Nevertheless, the FE-SEM images in Fig. 1 suggest that the 
formation of tip structures is promoted at larger angles. To understand 
the evolution of such features, we produced a set of samples at αi = 75◦

for different ion doses. The results are shown in Fig. 5. Note that there 
are some discrepancies with respect to the morphologies shown in Fig. 1 
since the samples were produced at different temporal stages. Never-
theless, the evolution of the morphology suggests that progressive 
fragmentation of the terraces occurs with increasing dose (irradiation 
time), leading to the sculpting of pillars and needles. This process is 
possibly initiated in the defects within the terraces. Hence, the appear-
ance of facets and pillars in Fig. 1 may be a dynamic process originating 
from the combined effect of the incidence geometry of the ion beam and 
corresponding erosion rate. 

3.2. Biological assays 

A preliminary parameter of interest in evaluating the eventual 
response of biomolecules over surfaces is the wettability. This is quan-
tified by the relationship between the surface roughness and static 
contact angle measured after depositing a liquid drop [45,46]. The 
contact angle strongly depends on the surface morphology. Therefore, 
wettability tests are necessary to determine the surface contact angles 

Fig. 4. Low-magnification FE-SEM images of Ti targets irradiated at different αi 
values and target temperatures for a dose of 1018 ions/cm2. 

Fig. 5. FE-SEM images of Ti targets irradiated with 1 keV Ar+ at αi = 75◦ for different doses. The projected beam is directed from the top to bottom in the irra-
diated samples. 
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for the different morphologies obtained after ion-beam irradiation. The 
variations in the contact angle for the morphologies shown in Fig. 1 are 
listed in Table 1. The contact angle for the irradiated surfaces remains 
within the 90–100◦ range, with no clear dependence on the incident 
angle. However, there is a significant change with respect to the non- 
irradiated targets, since the pristine targets have a contact angle of 
~70◦. These results indicate that the ion-beam-induced surface mor-
phologies change the wettability of the surface, thereby imparting a 
higher level of hydrophobicity. As a comparison, Fig. 6 shows the static 
contact angle measurements on the substrates employed in the bioac-
tivity MTT assays. Likewise, in a recent work of Vandana and collabo-
rators [47], surface effects have been reviewed after noble ion 
irradiation of single Si (100) crystals. Their work showed a decrease of 
the surface contact angle as the surface roughness is increased. This 
result also highlights the significance of the surface energy as influenced 
by its chemical composition. That is, some of the bombarding ions may 
remain at the near surface region due to their penetration depth 
consequently modifying the surface energy. Nonetheless, in low energies 
irradiations few ions would remain at the near surface region. 

The pristine and ion-beam-irradiated surfaces were subjected to MTT 
assays to determine the proliferation, viability, and cytotoxicity of the 
treated surfaces [37]. Characteristic morphologies within the diffusive 
(ripples in fingerprint-like patterns) and erosive (pillar/tip structures) 
regimes were considered to correspond to irradiation conditions of αi =

60◦ and 75◦. The results from the MTT assays performed after 72 and 
144 h are shown in Fig. 7. The measurement times are relatively high to 
compensate for possible contact inhibition effects. The results from the 
(positive) control sample (i.e., cells directly seeded on the multiwell cell 
culture plate) are also included to verify the effectiveness of cell pro-
liferation. After 72 h, the surface irradiated at αi = 60◦ displays an ac-
tivity that is much higher than in the case of the pristine surface, and 
similar to that of the control. At this stage, the surface with the tip 
morphologies produced at αi = 75◦ seem to be perform slightly worse 
than the pristine case. Further evolution of the culture after 144 h re-
veals that the yields from both irradiated surfaces exceed that of the 
untreated sample. The activity of the surface irradiated at αi = 60◦ ap-
pears to be mostly saturated at 72 h, since there is no significant cell 
proliferation (contrary to the result for the positive control). Neverthe-
less, the performance is superior to that of the pristine surface, which 
shows a decrease in the bioactivity with prolonged exposure. In addi-
tion, the performance of the sample produced at αi = 75◦ appears to 
improve with time, although the final cell proliferation is still below that 
reached in the fingerprint-like case. Thus, it is expected that tests at 
shorter times could provide further insights into the bioactivity of each 
surface. 

In summary, the surface irradiation of Ti targets with low-energy 
ions enhances the biological response, as determined by comparing 
the untreated samples to those subjected to ion-beam irradiation. Like-
wise, the variation in the pattern also seems to influence the overall 
biocompatibility and temporal response. Nevertheless, further studies 
are required to describe the general biomedical behavior of the treated 
substrates under noble ion-beam irradiation and elucidate the influence 
of the size, shape, and distribution of the topographical features. 

4. Conclusions 

Ti targets were irradiated with low-energy 1 keV Ar+ in the range of 
normal to grazing incidence. The resulting texturization of the Ti sur-
faces strongly depended on the incident angle, and three types of 
characteristic morphologies were identified. First, ripples arranged in 

fingerprint-like patterns were obtained for αi ≤ 60◦. For αi ≥ 65◦, the 
morphology exhibited faceting, with the formation of terraces that were 
progressively sculpted to form pillar structures pointing toward the ion 
beam at αi ≈ 75◦. Finally, shallow ripples parallel to the ion-beam 
projection were obtained at grazing incidence (αi ≈ 80◦). This 
morphological selectivity was attributed to the dominance of diffusive 
(αi ≤ 60◦) or erosive (αi ≥ 65◦) mechanisms as a function of αi. This 
interpretation was supported by complementary experiments under 
axial rotation of the target during irradiation, and by elucidating the 
morphological evolution at different doses. Finally, the lateral homo-
geneity of the morphology was discussed in terms of the polycrystalline 
nature of the targets and the characteristic lateral sizes related to the 
target microstructure. 

Bioactivity MTT assays were performed in samples with selected 
morphology types. An enhanced bioactivity was obtained for irradiated 
surfaces compared to the pristine Ti targets, especially under long cell- 
culture times. These results suggest the possible biomedical applica-
tions of irradiated surfaces in dental and orthopedic implants. However, 
further studies on the bio-chemical interactions of modified surfaces are 
needed to understand the mechanisms that drive the initial interaction 
of the surface with the biofluids, as well as the role played by the 
attainable morphologies on the final performance. 
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Table 1 
Contact angles (CAs) of samples irradiated with 1 keV Ar+ at different α values.  

Sample Target 0◦ 15◦ 30◦ 45◦ 60◦ 65◦ 70◦ 75◦ 80◦

CA (◦) 70 ± 7 93 ± 4 97 ± 2 95 ± 2 97 ± 2 96 ± 3 95 ± 4 99 ± 2 91 ± 3 91 ± 3  

Fig. 6. Static contact angle measurements on polycrystalline titanium sub-
strates. These substrates correspond to those employed on the MTT assays of (a) 
Pristine surfaces, and ion irradiated surfaces at incidence angles of (b) 60◦ and 
at (c) 75◦. 
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