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Abstract: With an increasingly aging population, a significant

challenge in implantology is the creation of biomaterials that

actively promote tissue integration and offer excellent

mechanical properties. Engineered surfaces with micro- and

nanoscale topographies have shown great potential to control

and direct biomaterial–host tissue interactions. Two simple

yet efficient chemical treatments, oxidative nanopatterning

and anodization, have demonstrated the ability to confer excit-

ing new bioactive capacities to commercially pure titanium

and Ti–6Al–4V alloy. However, the resulting nanoporous and

nanotubular surfaces require careful assessment in regard to

potential adverse effects on the fatigue resistance, a factor

which may ultimately cause premature failure of biomedical

implants. In this work, we have investigated the impact of oxi-

dative nanopatterning and anodization on the fatigue resist-

ance of commercially pure titanium and Ti–6Al–4V.

Quantitative (e.g., S-N curves) and qualitative analyses were

carried out to precisely characterize the fatigue response of

treated metals and compare it to that of polished controls.

Scanning electron microscopy (SEM) imaging revealed the

effects of cyclic loading on the fracture surface and on the

structural integrity of chemically grown nanostructured

oxides. Results from this study reinforce the importance of

mechanical considerations in the development and optimiza-

tion of micro- and nanoscale surface treatments for metallic

biomedical implants. VC 2014 Wiley Periodicals, Inc. J Biomed Mater

Res Part B: Appl Biomater 00B:000–000, 2014.
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INTRODUCTION

Various strategies have been developed to control the cellu-
lar events that ultimately determine the biological outcome
of biomedical implants.1,2 It is now well established that the
tissue integration of biomedical implants is governed by the
micro- and nanoscale surface properties of materials, such
as topography, roughness, surface chemistry, and poten-
tial.1,3 It is therefore evident that achieving the capacity to
precisely design the physicochemical properties of surfaces
will ultimately result in the ability to guide the biological
response to an implanted biomaterial. In this context, chem-
ical treatments such as oxidative nanopatterning and anod-
ization are very effective tools to endow titanium-based
metals, the gold standard in implantology,4–6 with the ability
to control cellular events.1,3 This unique capacity results
from the creation of distinctive nanostructured oxide layers
(sponge-like structures in the case of oxidative nanopattern-
ing, nanotubular arrays in the case of anodization) capable
of positively affecting cell activity.7–10 Because these treat-
ments showed promising in vitro results,11,12 it is now
important to determine whether the mechanical properties
of modified metals are affected, thereby validating their
applicability to in vivo applications (e.g., cardiovascular

stents and orthopedic implants). The topographical modifi-
cations introduced by these two methods and, as a matter
of fact, any technique which engenders new topographical
features directly onto the surface, may in fact act as stress
raisers that promote crack initiation and lead to a prema-
ture failure. Therefore, the effects of surface modification
approaches will require mechanical validation before being
applied to biomedical implants, usually subject to significant
and complex stress fields.

In this context, fatigue failure is reported to account for
about 90% of all failures in metals, polymers, and ceramics,
and this extends to biomedical devices.13 For instance, in
dental implants, removable partial denture frameworks,
clasps, plates, pedicle screws, and cables, fatigue is one of
the main causes of failure.4,14

Several studies have evaluated the effects of various
micro- and nanoscale surface modifications on the fatigue
resistance of titanium based metals.15–23 Among these,
because of their excellent bioactive properties,9,24 nanotubu-
lar structures generated by anodization on pure titanium
and titanium alloys (e.g., Ti–6Al–7N and Ti–6Al–4V) have
been investigated in relation to their influence on the
fatigue behavior.20,21 While no significant decrease in the
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fatigue life of anodized commercially pure titanium was
observed,20 in the case of anodized Ti–6Al–7Nb and Ti–6Al–
4V alloys the fatigue life was reduced.22,23

In this work, we carried out a quantitative and qualita-
tive comparative evaluation of the effects of mechanical pol-
ishing, oxidative nanopatterning, and anodization on the
fatigue behavior of both commercially pure titanium (cp-Ti)
and Ti–6Al–4V. In particular, we addressed critical aspects of
fatigue failure (e.g., S-N curves, fracture surface analysis),
aiming at elucidating the fundamental metallurgical response
of treated metals to a selectively chosen cyclic loading. In
addition, distinctively from previous studies on the fatigue
resistance of titanium and its alloys,20–23 we have paid par-
ticular attention to surface phenomena (e.g., oxide layer
damaging and exfoliation) which are important to validate
the suitability of a particular treatment for biomedical
implants. Although our goal was not to recreate and investi-
gate the mechanical conditions that typically characterize
biomedical implants (e.g., applied load, frequency and ampli-
tude, and stress/strain rate), our results nonetheless contrib-
ute to provide important guidance for the rational design,
optimization and implementation of micro- and nanoscale
surface modification approaches for in vivo applications.

MATERIALS AND METHODS

Materials
Commercially pure grade 2 titanium (hereafter indicated as
cp-Ti) and Ti–6Al–4V 3.175 mm 3 91.5 cm rods (Titanium
Industries, Montreal, QC, Canada) were utilized for this
study. The mechanical properties of these metals are shown
in Table I. The average grain size, assuming an equiaxed
microstructure, was estimated by using Heyn Lineal Inter-
cept Procedure provided by the American Society for Test-

ing and Materials (ASTM) International standards
designation E112-12.25 The average size of the grains for
cp-Ti and Ti–6Al–4V was 24 mm and 4 mm, respectively.

Sample design
Samples were machined according to the ASTM Interna-
tional Standards designation E466-07.27 The final specimen
design, with a radius of curvature of 20 mm at test section
and outer diameter of 3 mm, is shown in Figure 1.

Surface modification techniques
Mechanical polishing. ASTM-compliant samples were
mechanically polished to remove machining marks, unde-
sired surface roughness and inhomogeneities to minimize
their effects on the evaluation of the fatigue behavior. The
polishing direction was perpendicular to the main axis of
the dog bone-shaped specimens. A three-step polishing was
carried out; first using 1200 grit and 4000 grit silicon car-
bide sandpapers and lastly using a cloth soaked in a mix-
ture of 0.05 lm colloidal silica suspension and hydrogen
peroxide. Polished samples were then used as a reference in
the assessment of the fatigue resistance of chemically
treated samples. As shown in previous work, polished
samples exhibit an average roughness value of 50 nm and
7 nm for cp-Ti28 and Ti–6Al–4V,8 respectively. Because of
the standardized design and geometry of the samples used
in this study, we were not able to directly assess their
roughness values. In particular, their nonplaneity made
them not readily amenable to analytical techniques for sur-
face roughness measurements, such as profilometric and
atomic force microscopy measurements. We can however
extrapolate that also for the samples used in this study, the
average roughness values are expected to fall within the
previously reported range.

TABLE I. Mechanical Properties of the cp-Ti and Ti–6Al–4V.26

Alloy
Tensile Strength

(MPa)
Yield Strength

(MPa)
Modulus of

Elasticity (GPa) RA (%) Elongation (%)
Type

of Alloy

cp-Ti (grade 2) 345 275 102.7 30 20 a

Ti–6Al–4V 895–930 825–869 110–114 20–25 6–10 a 1 b

FIGURE 1. Specimen with continuous radius (R 5 20 mm, D 5 1.5 mm), designed based on ASTM International Standards for axial fatigue test-

ing, designation E466-07.27
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Chemical treatments. Oxidative nanopatterning and anod-
ization were carried out according to published proto-
cols.29–32 In brief, in the case of oxidative nanopatterning,
metallic samples were immersed in a 50:50 H2SO4/H2O2

solution for 2.5 h under moderate stirring, and successively
rinsed in distilled water. In the case of anodization, samples
(anode) were treated at 20 V for 30 min in an electrochemi-
cal cell composed by a stainless steel beaker (cathode) con-
taining an 0.5% hydrofluoric acid solution. Previous work
has extensively characterized cp-Ti and Ti–6Al–4V samples,
treated by both oxidative nanopatterning8,28 and anodiza-
tion.33–35 In the case of cp-Ti, these treatments impacted the
topography mainly at the nanoscale. However, in the case of
Ti–6Al–4V, a selective etching of b-grains engendered a sub-
micrometric topography.

Fatigue testing equipment and procedure
For uniaxial fatigue testing, an Instron All-Electric Electro-
PulsTM E3000 with a maximum dynamic capacity of 63 kN
and maximum frequency of 100 Hz was used. Data were
processed and analyzed by the WavematrixTM Software.
Stress levels adopted in this study have been selectively
chosen above the endurance limit of the metals. According
to the cross sectional area of the sample, the required con-
stant load amplitude was calculated. Uniaxial fully reversed
(load ratio R5 21) fatigue test was carried out using sinu-
soidal waveforms. Because of the higher stresses required
by the alloy, the frequency for axial fatigue test was 10 Hz

and 5 Hz for cp-Ti and Ti–6Al–4V, respectively. At these fre-
quencies, potential heating and, more generally, adverse
effects solely related to such relatively low frequency values,
are not expected to influence the fatigue results.36,37

Surface characterization
To investigate the nanotopographies created by oxidative
nanopatterning and anodization, polished controls and treated
samples were imaged by a Scanning Electron Microscope
(JEOL, JSM-7500F). This allowed us (i) to assess the effects of
cyclic loading on the integrity of the outer oxide layer and (ii)
to reveal fatigue failure characteristics (e.g., beachmarks and
striations). In particular, four images taken in each of the five
positions along the sample corresponding to different stress
levels were analyzed (Figures 8 and 9). The area fraction of
delaminated nanotubes from the surface of the metal was
quantified by using ImageJ software (NIH, Bethesda, Maryland)
(Figure 10). The unpaired t-test (p value< 0.05) ensured sta-
tistical significance.

RESULTS

Chemical treatments
Oxidative nanopatterning of cp-Ti and Ti–6Al–4V engendered
a sponge-like titanium dioxide (TiO2) layer composed by a
homogenous network of nanosized pits [Figure 2(a)], approx-
imately 21 nm in diameter.29,38 The physicochemical proper-
ties of the resulting surfaces have been characterized in detail
elsewhere.29,38 Anodized surfaces displayed uniformly

FIGURE 2. Nanopits and nanotubes created, respectively, by oxidative nanopatterning and anodization of cp-Ti (a,b) and Ti-6Al-4V (c,d). Prefer-

entially etched b-phase grains appeared as microcracks on the surface of Ti–6Al–4V surface treated by oxidative nanopatterning (c) and anodiza-

tion (d).
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distributed arrays of TiO2 nanotubes [Figure 2(b)] whose
average diameter and length were measured from the SEM
images. The diameter resulted 8669 nm and 7866 nm, and
the length was estimated to be 3806 16 nm and
2106 13 nm, for cp-Ti and Ti–6Al–4V, respectively. Microcav-
ities resulting from the selective removal of the b-phase
grains were observed in Ti–6Al–4V samples treated by both
oxidative nanopatterning [Figure 2(c)] and anodization [Fig-
ure 2(d)], as previously reported.38

Fatigue behavior
S-N curves. Graphs showing the cyclic stress plotted against
the number of cycles to failure (i.e., S-N curves) were
obtained for both pristine and chemically modified metals.

Consistently with previous work,15,17,20–23 we generated S-N
curves by carring out fatigue testing throughout a wide
range of stress levels rather than focusing on multiple tests
at one stress level. S-N curves display in fact a trend across
stress levels rather than multiple measurements at one
stress value, and therefore require several trials at different
stresses. More precisely, for each surface treatment, four
and five stress values were used for cp-Ti and Ti–6Al–4V,
respectively (Figures 3 and 4). This also allowed us to com-
pare our findings to published results. Statistical signifi-
cance of such curves was ensured by the number of points
chosen for each curve.20,21

In the case of treated samples, the resulting surface fea-
tures did not significantly affect the fatigue resistance of cp-Ti

FIGURE 3. S-N curves for polished and chemically modified cp-Ti. Fatigue tests were conducted at four different stress levels for each surface

treatment. The number of tests (i.e., points per curve) has been chosen to reflect previously published studies on the fatigue response of cp-

Ti.20 [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

FIGURE 4. S-N curves for polished and chemically modified Ti–6Al–4V. Fatigue tests were conducted at five different stress levels for each sur-

face treatment. The number of tests (i.e., points per curve) has been chosen to reflect previously published studies on the fatigue response of

the Ti–6Al–4V.21 [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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(Figure 3). However, Figure 4 shows that the performance of
the alloy was significantly influenced by the surface treat-
ments. In particular, the S-N curves indicate that, compared
to polished samples, both oxidative nanopatterning and anod-
ization impacted negatively its fatigue resistance, with more
deleterious effects associated to the former technique.

Morphological and fractured surface analysis
Although S-N curves provide valuable information about the
fatigue behavior, further analyses were required to investi-
gate morphological and structural changes occurring in both
the bulk metal and the outer nanostructured oxide in
response to cyclic loading. In particular, SEM imaging of
fractured surfaces was used to investigate crack nucleation,
propagation paths and fatigue failure characteristics. This
analysis also identified beachmarks and striations [Figure
5(b)], thereby providing clear evidence of fatigue failure.
However, no significant differences in terms of fracture sur-
face morphologies were detected after the chemical treat-
ments, suggesting that the differences in fatigue life were
solely due to surface effects.

In the case of oxidative nanopatterning, surface micro-
cracks were observed in the bulk metal (Figure 6). However,
we could not detect any apparent modification of the oxide
layer. Conversely, in the case of anodized samples, signifi-

cant damaging of the oxide layer was evident. Initial iso-
lated cracks eventually joined together in regions where the
stress values were higher. In fact, as the distance to the frac-
ture surface decreased, cracks increased in number and size
(Figure 7). This ultimately yielded significant exfoliation of
the oxide layer, creating islands of adherent and intact nano-
tubes surrounded by the bare metallic surface. In the case
of cp-Ti, the first cracks were observed at positions corre-
sponding to 237628 MPa. These values significantly
increased to 6586 28 MPa for anodized Ti–6Al–4V samples.

Effects of cyclic loading on the anodized oxide layer
In the case of anodized samples, the effects of cyclic loading
on the nanotubular oxide layer were also assessed by evalu-
ating the area fraction of pristine versus cracked nanotubes.
Compared to the alloy, a higher fraction of nanotubes
delaminated off the surface of cp-Ti. In addition, a signifi-
cant decrease in area fraction of intact nanotubes was
observed on cp-Ti toward the fracture surface. However, var-
iations in area fraction of intact nanotubes on the surface of
Ti–6Al–4V were not statistically significant.

DISCUSSION

In this article, we assessed the effects of oxidative nanopat-
terning and anodization on the fatigue resistance of titanium

FIGURE 5. SEM images of the fracture surface of polished cp-Ti (cross sectional area). Beachmarks and striations are visible (b). These striations

and beachmarks were observed on both untreated and treated samples.

FIGURE 6. Scanning electron micrographs of cp-Ti samples subjected to oxidative nanopatterning. Fracture in the bulk metals can be observed.
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FIGURE 7. Scanning electron micrographs illustrating the effects of cyclic loads on the cp-Ti oxide layer created by anodization as increasingly

moving from the farthest point (a) to the closest point (d) to the fracture surface. Small cracks initiated and developed along the walls of nano-

tubes at sites distant from the fracture (b) and increased in number and size as moving closer to the fracture surface (c and d).

FIGURE 8. Morphological analysis of the nanotubular oxide layer grown on cp-Ti as a function of the position along the sample. Intact nano-

tubes (a and b), onset and propagation of exfoliation (c and d), and exfoliation close to the fracture surface (e).



based metals. Consistently with a previous work for axial
fatigue testing,20 the S-N curves demonstrate that nanoscale
surface treatments do not significantly affect the fatigue
resistance of cp-Ti. In particular, our results indicate that
structural damages of the oxide layer do not affect the fatigue
response of the bulk metal (Figure 7). Similarly, in the case
of the alloy, our findings confirm that nanoscale surface treat-
ments decrease the fatigue life.22,23 This is believed to be
related to the combined effects of the more brittle,23 and het-
erogeneous TiO2 layer that includes Al2O3 and V2O5,

38 the
presence of pre-existing microcracks in the oxide and the
accumulation of internal stresses during the oxidation pro-
cess.23 Therefore, if cracks in the nanostructured oxide had
been responsible of the decreased fatigue life of the alloy, we
would have undoubtedly observed a difference in the fatigue
behavior of cp-Ti as well. Taken together, these considerations
suggest that the fatigue failure cannot be solely associated to
the creation of nanoscale topographical features in oxide
layer, but to additional effects.

The lower fatigue resistance of Ti–6Al–4V by both treat-
ments was attributed to metallurgical factors, in particular to
the biphasic (a 1 b) nature of the alloy (as opposed to the
monophasic structure of cp-Ti). When in contact with the etch-
ing solution, a selective etching of the more reactive b-phase
grains (as compared to the a-phase) occurs.38 Such differential

attack creates microscale crevices that extend inwards toward
the underlying metals [Figure 2(c,d)]. These microcavities are
believed to act as stress concentration sites which initiate
crack nucleation and propagation upon cyclic loading until
fatigue failure. Because such selective attack only occurs in the
alloy, we inferred that it may be the main cause of the
observed variations in the fatigue resistance (Figure 4).

While in the case of oxidative nanopatterning no appa-
rent alteration of the outer oxide layer was observed (likely
because of its relatively thinner thickness, in the 30–50 nm
range29), the analysis of the integrity of nanotubular oxide
layer (Figures 8 and 9) revealed exfoliation/delamination,
exhibiting a more pronounced tendency on cp-Ti (Figure
10). Such phenomenon has a direct relationship with the
position along the sample and thus the stress level, with
more intense effects close to the fracture surface where the
stress is higher. Furthermore, higher stresses also imply a
higher strain which in turn promotes the creation of a mis-
match between the deformation of the oxide layer and that
of the underlying metal, ultimately causing delamination.

The observed differences in the structural behavior of
the oxides grown on the two metals may call for additional
factors, such as a greater thickness (i.e., 3806 16 nm for
cp-Ti and 2106 13 nm for Ti–6Al–4V), lower strength and
adhesion,39,40 and higher brittleness23 of the oxide on cp-Ti.

FIGURE 9. Morphological analysis of the nanotubular oxide layer grown on the Ti–6Al–4V alloy as a function of the position along the sample.

Intact nanotubes (a and b), onset and propagation of exfoliation (c and d), and exfoliation close to the fracture surface (e).
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In this context, we would like to point out that in this work
we only used one set of experimental parameters for anodiza-
tion, selectively chosen according to in vitro studies.32 The
characteristics of the nanotubular oxide layer (e.g., nanotube
diameter and length) are known to vary greatly according the
treatment parameters.31,34 Therefore, the thickness of the
nanostructured oxide, as well as other physicochemical prop-
erties that can determine its susceptibility to delamination
(e.g., crystallinity), can be optimized to limit/avoid exfoliation.
In addition, because (i) the main goal of this study was to
compare the effects of different surface treatments on the
intrinsic metallurgical properties of the metals and (ii) the
time needed for fatigue measurements required accelerated
tests, the stresses chosen in this study (as well as the result-
ing strains) may be higher than those normally observed in
biomedical implants. In this context, it will be interesting (i)
to reproduce the precise stress fields that develop in in vivo
applications and (ii) to carry out the experiments in simu-
lated bodily fluid environments (known to accelerate fatigue

failure41,42) in order to better assess how the effects
described herein will translate to the clinical setting.

CONCLUSION

In this work, we have demonstrated that oxidative nanopat-
terning and anodization do not have significant effects on the
fatigue resistance of cp-Ti. However, in the case of the Ti–
6Al–4V alloy, our results show that these nanoscale surface
treatments negatively impact its fatigue life. It was inferred
that the primary cause of such a detrimental effect is the
preferential etching of the b-phase grains, which resulted in
the formation of microcavities that facilitate crack nucleation
at a lower stress. In addition, our findings also demonstrate
that the decrease in fatigue resistance of the alloy was more
pronounced in case of anodization. Exfoliation rate of the
nanotubular oxide layer as a function of distance to fracture
surface was found to be higher for cp-Ti as compared to the
alloy. This outcome was attributed to the greater thickness,

FIGURE 10. Area fraction of intact nanotubes, calculated as the ratio between the surface of intact nanotubes and the total surface. Stress values

(x-axis) increase toward the fracture surface. Four images were analyzed for each of the five stress levels and error bars are provided.
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lower strength and adhesion,39,40 and higher brittleness23 of
the oxide layer formed on cp-Ti. In addition, we have shown
that, depending on the experimental parameters (which in
turn determine the physicochemical makeup of the outer
oxide layer), the nanotubular oxide layer may undergo exfoli-
ation, thereby reinforcing the necessity of careful selection
and optimization of treatment parameters before translating
in vitro results to the in vivo reality.
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