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Surface elastic properties of Ti alloys modified for medical implants:
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Abstract

We report here the first nanoscale surface elasticity measurements on surface-modified titanium alloys using the force spectroscopy
mode in scanning force microscopy. Samples of three vanadium-free titanium alloys, Ti–7Nb–6Al, Ti–13Nb–13Zr and Ti–15Zr–4Nb,
were investigated. Surface modification of the three alloys was produced by thermal oxidation in air at 750 �C for different times, which
resulted in the formation of protective oxide layers with different surface composition and morphology. The elastic properties of the sur-
face layers were studied comparatively in the as-received Ti alloys and after the oxidation process using cantilevers with different stiffness
to evaluate the influence of the indentation depth. In all cases, Young’s modulus of the sample surfaces was found to be lower than
65 GPa, and as low as 20 GPa for some of the oxidized samples. Variations observed for the three oxidized Ti alloys can be related
to the different chemical composition of the outer layers generated for the different oxidation times.
� 2006 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Their high strength-to-weight ratio and low elastic mod-
ulus combined with a satisfactory corrosion behavior make
titanium and titanium-based alloys outstanding biomateri-
als and promising candidates for the replacement of hard
tissues such as those present in artificial hip joints or dental
implants. The spontaneous development of a stable and
protective passive layer with a thickness of a few nanome-
ters when exposed to an oxygen-containing atmosphere
provides these materials with a high biocompatibility
associated with a high corrosion resistance in aggressive
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biological environments. During the past 50 years the stan-
dard alloy for these purposes has been Ti–6Al–4V, but it
has been recently reported that the release of vanadium
ions from the alloy might cause health problems due to
their toxicity [1]. For this reason, there is growing research
activity aimed at developing vanadium-free titanium alloys
for biomedical applications presenting a good combination
of biocompatibility, corrosion resistance and mechanical
properties similar to those of Ti–6Al–4V. Within this
approach, three a–b Ti alloys of composition (in wt.%)
Ti–7Nb–6Al, Ti–13Nb–13Zr and Ti–15Zr–4Nb, proposed
as potential biomaterials, have been previously character-
ized [2,3]. In those works, the in vitro corrosion behavior
of the alloys, immersed in Hanks’ solution, as well as the
microstructure and chemical composition of the passive
layer spontaneously formed in air, were studied. The elec-
trochemical investigations pointed to a similar corrosion
vier Ltd. All rights reserved.
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1 For details of the experimental set-up (photographs and schematics),
see http://electron.mit.edu/~gsteele/mirrors/elchem.kaist.ac.kr/jhkwak/
TopometrixWeb/TopoHome.htm.
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resistance for the three alloys, with values lower than those
obtained for Ti–6Al–4V. The microstructural study
revealed the existence of two different phases, a and b, with
the a/b ratio being dependent on the alloy composition.
Thus, the Ti–13Nb–13Zr alloy surface is rich in the b-phase
due to a high content of Nb, a b-stabilizer element. Mean-
while, as Al is an a-stabilizer, and Zr is neutral, both Ti–
7Nb–6Al and Ti–15Zr–4Nb surfaces are richer in a-phase.

One way to improve corrosion prevention and wear
resistance in titanium alloys would be to increase the thick-
ness of the passive layer. In order to do that, we have used
a simple thermal treatment in air at 750 �C to generate a
highly protective, bioinert oxide layer on the alloys’ sur-
face. Previously to the present study, complementary tech-
niques had already been used to investigate some
properties of these layers. In particular, characterization
by soft X-ray absorption spectroscopy (XAS), X-ray pho-
toelectron spectroscopy (XPS), Rutherford backscattering
spectroscopy (RBS) and elastic recoil detection (ERD)
showed differences in composition of the oxide layer grown
on the three alloys [4,5]. The passive Ti2O3 oxide layer
formed on the as-received Ti–7Nb–6Al surface evolves,
after an oxidation time of 1.5 h, into an Al2TiO5 layer on
top of which an Al2O3 layer grows and thickens with fur-
ther oxidation time. However, for the two TiNbZr alloys
a TiO2 rutile layer is formed on the alloy surface indepen-
dently of the oxidation time. Cross-sectional scanning elec-
tron microscopy (SEM) and electrochemical measurements
were also performed to follow the development of the layer
as a function of the oxidation time and to investigate the
protective character of the oxidized layers against corro-
sion [6]. More recently, we have conducted a scanning force
microscopy (SFM) study that reveals a correlation between
roughness, oxidation time and surface composition of these
oxide layers [7]. In the present study we attempt a further
characterization of these layers by determining their nano-
scale elastic properties.

Despite the great progress that has been achieved in pro-
ducing orthopedic biomaterials, one of the major reasons
for implant loosening following stress shielding in bones
is the mismatch between the Young’s moduli of the bioma-
terials employed (between 110 GPa for Ti and 230 GPa for
Co–Cr alloys) and the surrounding bone (10–30 GPa).
Therefore, the elastic characterization of the outermost lay-
ers, which may present different elastic properties than the
bulk and are those in direct contact with the bone, is crucial
when suggesting alternative alloys.

We report here the results obtained using SFM in the
force spectroscopy mode to investigate the elastic modulus
in the very outermost layers of the aforementioned surface-
modified Ti alloys. In recent years SFM has become a pow-
erful technique for the study of the nanoscale surface struc-
ture of materials. In addition to the topographic analysis,
the sensitivity of SFM to sub-nano-Newton forces has
led to its use in the characterization of surface properties
such as friction, adhesion and elastic modulus. In the latter
case, force vs. distance curves measured with the SFM tips
lead to indentation curves and, by analogy with classical
indentation techniques, the respective surface moduli can
be obtained [8–12].

Validation of the elastic moduli obtained in the present
work is discussed by comparing data obtained with cantile-
vers of different stiffness and by assessing the non-invasive
character of the technique in the force regime employed,
where neither wear nor plastic deformation occurred as
confirmed by SFM imaging verification. Furthermore, by
taking advantage of the imaging capability of the SFM,
we have analyzed the correlation between nanoscale elas-
ticity and surface characteristics.

2. Experimental

2.1. Materials and sample preparation

The Ti-based alloys of composition (in wt.%) Ti–7Nb–
6Al (T1), Ti–13Nb–13Zr (T2) and Ti–15Zr–4Nb (T3) were
prepared as explained elsewhere [2]. The sample surface
was abraded and polished using diamond pastes with suc-
cessively finer particle size. In the final stage, colloidal silica
was used to ensure a surface free of mechanical deforma-
tion. The material in this state is the as-received sample.
For each composition, four different samples were investi-
gated: the as-received one, exhibiting a thin native oxide
layer, and three samples after oxidation treatments at
750 �C in air for 1.5, 6 and 24 h. At the final stage, the
oxide layers were 2, 10 and 25 lm in thickness for T1, T2
and T3, respectively, as determined by SEM cross-sectional
observations [6].

2.2. Scanning force microscopy and force spectroscopy

SFM measurements were performed using a commercial
scanning force microscope (TMX 2100 Explorer, Topo-
meMetrix, now Veeco Metrology, Santa Barbara, CA).1

Two types of Ultralever, V-shaped, Si3N4 probes (Park Sci-
entific Instruments, now also Veeco Metrology) with nom-
inal spring constants (k) of 0.4 and 2.1 N/m, respectively,
were used. Since actual spring constants can differ from
their nominal values, the cantilevers were calibrated using
the ‘‘reference-spring method’’ [13], which revealed an
accuracy of 0.08 N/m. Furthermore, particular attention
was given to the estimation of the tip radius, which is an
essential parameter in our elasticity analysis. The probe
was characterized by field emission scanning electron
microscopy (FESEM) and a half opening angle of approx-
imately 12.5� and a radius of about 15 nm were obtained
[14]. This holds for all Ultralever tips used in the
experiments.

In order to ensure grease-free and dust-free surfaces, the
samples were cleaned in an acetone ultrasonic bath for 10
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Fig. 1. (a) Force vs. displacement curves on a freshly cleaved mica surface
and on the as-received Ti–7Nb–6Al sample surface (traces only). An equal
displacement of the z-piezo results in a smaller cantilever deflection on the
titanium alloy surface compared to the mica surface due to elastic
indentation. (b) Indentation vs. applied force curve calculated from the
curves in (a).

2 The values of the Poisson ratio used to calculate E have been chosen
according to the studies of the chemical composition of the sample surface.
They ranged from 0.235 to 0.3. For Si3N4 cantilevers the elasticity value is
Esi = 150 GPa and the Poisson ratio is m = 0.27.
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min prior to each measurement and placed in a home-made
cell to perform SFM. All experiments were carried out in
deionized water, reducing any possible electrostatic interac-
tion and avoiding the adhesion force which appears, due to
the formation of a water meniscus, between tip and sample
when measuring in air. Measuring under liquid conditions
then allows a more accurate analysis of the applied forces
and, consequently, of the calculated mechanical properties
of the Ti alloys. In addition, measurements in water are
closer to physiological conditions than those performed
in air.

In all cases, the experimental procedure was as follows: a
topographic image of the respective Ti alloy surface (up to
50 lm lateral size) was taken in the contact mode and, sub-
sequently, force–distance curves were recorded on selected
locations of the surface. To assess any deterioration in the
tip response, force–distance curves were also measured on
a mica surface (prior and after measuring on the sample),
which served as a reference. Once the reference curve was
established, the same tip and the same position of the laser
spot on the cantilever were kept unchanged throughout the
measurements of the whole sample series. The applied force
was maintained in the nano-Newton range to minimize any
tip or sample damage and to ensure indentation experi-
ments were carried out in the elastic regime. Tip conditions
and the absence of any detectable plastic deformation were
verified by topographic imaging (prior and after elasticity
measurements) and lack of hysteresis in the trace/retrace
force vs. distance curves.

Under these conditions, i.e., before plastic deformation
occurs, the indentation of the SFM tip into a relatively
soft sample can be modeled by using Hertzian contact
mechanics to provide a simple yet direct approach to
the sample elasticity properties. Following the procedure
described first by Radmacher and co-workers [8], the
indentation curve of a material surface can be obtained
by comparing the slope of the force vs. distance curve
of this material with that of a hard surface. As the surface
of the hard material is not indented by the tip, the canti-
lever deflection is proportional to the z-piezo movement
and, therefore, the force vs. displacement curve has a con-
stant slope as soon as the tip contacts the surface. How-
ever, on a compliant material the tip indents into the
sample and the same cantilever deflection is obtained only
after an additional piezo travel. This is shown in Fig. 1(a),
where deflection vs. distance curves are plotted for mica
and the T1 alloy. The indentation (d) at a given deflection
value is given by the extra z-piezo motion needed to
achieve the same cantilever deflection as on the hard
material. The calculated indentation values are plotted
in Fig. 1(b) as a function of the applied force, which is
directly obtained multiplying the cantilever deflection by
the spring constant.

For small indentation depths, the Hertzian model of a
sphere–plane contact is routinely applied to fit the experi-
mental indentation vs. load curves. According to the Hertz
theory:
d ¼ 3
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where d is the indentation, fsphere the load applied by the
tip, R the tip radius and E* the reduced Young modulus,
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In this equation, msample and mtip stand for the Poisson ra-
tios, and Esample and Etip for the Young’s modulus of sam-
ple and tip, respectively.2 Therefore, Young’s modulus of
the samples can be extracted from the fits to the experimen-
tal data. Note that the model is valid only if Etip > Esample

and, as will be discussed below, care has to be taken in
applications where Etip � Esample.
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3. Results and discussion

A thorough investigation of the oxide layer topography
as a function of the oxidation time of the three alloy mate-
rials including careful root mean square (rms) analysis has
been previously reported [7]. The effect of the oxidation
treatment on the surface morphology is seen in SFM
images, such as those in Fig. 2(a)–(c). Since the morpholog-
ical structure of some surfaces presents significant inhomo-
geneities on large-scale areas (>25 lm2), in order to have
suitable locations for measuring force vs. distance curves,
low-roughness regions (<0.5 lm2) were chosen by SFM
imaging prior to elasticity measurements.

In Fig. 2(d) typical deflection vs. z-piezo displacement
curves (traces only) are shown for the complete T1 series.
A comparison of the curves for bare mica (black) with
those for the Ti alloys (gray) demonstrates that the alloys
are soft enough to be elastically deformed under the low
forces applied so as to determine their elastic modulus
according to the procedure described in Section 2. A simi-
Fig. 2. SFM topographic images (20 lm lateral size) of (a) Ti–7Nb–6Al, (b) Ti
the oxidation treatment at 750 �C for 1.5, 6 and 24 h. (d) Typical deflection vs.
the Ti–7Nb–6Al (T1) series (gray).
lar set of curves was obtained for the T2 and T3 series as
well. A total of about 200 curves, i.e. more than 15 for each
sample, were measured.

There is common agreement that indentation measure-
ments on thin films are influenced by the elastic properties
of the underlying material unless the ratio of the indenta-
tion depth to film thickness is small enough to neglect the
effect of the substrate [15]. As endorsed by previous studies,
in the present case this condition is fulfilled for all the sam-
ples, since indentation values are kept much smaller than
the thickness of the oxide layers under investigation [6].
However, possible differences in the elastic behavior may
exist due to changes in the stoichiometry, composition
and structure of the oxide layers when going deep into
the surface, and these differences can be addressed by sam-
pling different force regimes.

The applied forces were below �100 nN for cantilevers
with k = 0.4 N/m, whereas for stiffer cantilevers
(k = 2.1 N/m) the applied forces reached values up to 10
times higher, thus allowing deep penetration into the mate-
–13Nb–13Zr and (c) Ti–15Zr–4Nb in their as-received state (0 h) and after
z-piezo displacement curves measured on the mica surface (black) and on
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rial. This is shown in Fig. 3, where two indentation curves
are depicted for T2 after an oxidation treatment of 1.5 h.
The applied forces are one order of magnitude higher for
the stiffer cantilever (b). Although, consequently, the inden-
tation values increase, neither significant indentation nor
plastic deformation occurs and the Hertzian contact theory
can be applied. The indentation curves corresponding
to measurements performed with the soft cantilever
(Fig. 3(a)) can be described with high accuracy by using
the Hertzian model for a sphere–plane contact for the
whole indentation range (continuous line). On the other
hand, the curve measured for the stiff cantilever shown in
Fig. 3(b) presents two different regimes which can be sepa-
rately fitted by the Hertz model. The elastic modulus
derived from the fit for small indentation values and small
applied forces (steep line) agrees, within the error, with that
obtained for the low-stiffness cantilever for the same load
range. However, values of E obtained from data at high
loads (see fit in this regime) have no physical meaning.
We note that the same method was successfully employed
to probe soft materials, such as polymers, fibers and
organic lubricants, where the limitation Etip � Esample is
never reached. However, the difference in Young’s modulus
between tip and the surfaces investigated here is not so
large and, as mentioned in Section 2, the method fails for
high loads.

Taking into account these considerations, we have com-
pared the values of Young’s modulus obtained from the
entire curve fit, in the case of the softer cantilever, and from
the fit to the same force range in the curve obtained with
the stiffer cantilever. These values are plotted in Fig. 4
and, within the error bars, are found to be quite similar
along the T1 and T2 series. The largest dispersion observed
for the third series can be accounted for by the morpholog-
ical structure of the T3 samples. As can be seen in Fig. 2(c),
the oxide layer formed in the T3 alloy after all the thermal
treatments exhibits a characteristic triangular microstruc-
ture with considerable differences in topographic levels,
such as grooves (up to 500 nm deep) and ridges, which pro-
vide an overall surface roughness of about 250 nm in terms
Fig. 3. Indentation as a function of the loading force for Ti–13Nb–13Zr (T
constants: k = 0.4 N/m (a) and k = 2.1 N/m (b). Solid lines correspond to the H
indentation regimes are fitted in (b); see the text for interpretation.
of the rms regardless of the oxidation time [7]. Although
care was taken to keep the influence of these morphological
features on the indentation low, measurements free of any
such convolution are hardly possible. Wherever the sample
was probed, a large rms of the topmost surface was
obtained, reflecting a particular microstructure and influ-
encing the respective force vs. distance curves with different
cantilevers. Clearly, while increasing the load, both the
uncertainty on the true indentation depth and the true con-
tact area likewise increase.

Although no direct correlation between the Young’s
modulus and the oxidation time for the different alloys
can apparently be inferred from Fig. 4, some relationships
can be derived when considering the evolution of the oxide
composition and the a/b phase ratios [4].

We note first the differences in the initial value of E for
each alloy, which corresponds to the as-received surfaces
covered by a passive layer of Ti2O3 composition [4]. A
lower a/b ratio seems to be the origin of the high E value
measured for T2-0, whereas T1-0 and T3-0 present similar
E values, corresponding to their similar a/b ratios [3].

By considering the variations observed as a function of
oxidation time, we note that the sudden increase in E

observed for the Al-containing alloy after 1.5 h of thermal
treatment (T1-1.5 in Fig. 4) seems to be related to the evo-
lution of the Ti2O3 oxide layer formed on the as-received
sample to a layer of Al2TiO5 composition. The growth of
a defective Al2O3 layer on top of it, observed for T1 at 6 h,
implies a decrease of E, while the final increase in thickness
of this layer, which almost certainly becomes less porous,
gives rise once more to higher E values for T1-24.

The decrease of E from T2-0 to T2-1.5 would then be
related to the conversion from Ti2O3 to TiO2 as concluded
in Ref. [4]. As in the former case, the observed increase in E

might be justified if, as expected, thickening of the outer
oxide layer is accompanied by a loss of porosity. The for-
mation of thick and compact oxide layers from the initial
oxidation of T3 seems to be the reason for the rather sim-
ilar and low E values measured for the whole oxidation
time period studied here.
2) after the oxidation treatment for 1.5 h, for cantilevers of two spring
ertz theory fits for a small sphere indenting a plane surface. Low- and high-



Fig. 4. Experimental values of Young’s modulus (in GPa) for (a) T1, (b)
T2 and (c) T3 series. Shaded bars represent the values obtained from the
fits to the entire curve obtained with the k = 0.4 N/m cantilever. Plain
colored bars represent the values obtained from the fit to the same load
regions (low forces) of the indentation curves measured with the
k = 2.1 N/m cantilever.
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On average, the resulting Young’s moduli are lower
than 65 GPa and, in some cases, the elastic modulus is as
low as 20 GPa. In all cases, the values are remarkably
lower than the Young’s modulus of Ti–6Al–4V (108 GPa)
[16] , which is the most widely used titanium alloy. The val-
ues are also significantly lower than those found in the lit-
erature [1,17–19] for similar Ti alloys after different surface
treatments. This does not come as a surprise since different
results must be expected from different penetration depth
techniques [20]. In our measurements, the outermost layers
of the sample surface are probed, and in most reported
cases, much larger indentations have been recorded.
4. Conclusions

The elastic properties of three different Ti alloys in their
as-received state and after oxidation treatments in air at
750 �C have been studied to investigate their suitability
as implant materials. By means of SFM we have obtained
indentation curves and, by applying the Hertz model, we
have calculated the Young’s modulus for all the samples.
The values obtained with this technique are representative
of the outermost layers of the alloy surfaces, which are cru-
cial for the success of implant biocompatibility.

Cantilevers with different stiffnesses were used to inves-
tigate differences in the elastic properties as a function of
the indentation depth. Although we have observed a differ-
ent response of the Young’s modulus as the tip penetrates
into the material, a quantitative analysis for this deep-layer
penetration is not possible since Esample becomes similar to
Etip so that the applied model is no longer valid.

For sampling depths of less than 60 nm, the SFM mea-
surements reveal that, in all cases, the values of the
Young’s modulus lie below 65 GPa, and are as low as 20
GPa for some oxidized samples. This value is very close
to that of bone. Based on previous studies, the a/b ratios
of the as-received samples as well as the evolution of the
composition of the outermost oxide layers developed on
the different alloy surfaces are proposed as a plausible
explanation for the variation of Young’s moduli for the
three samples.

The results presented in this work show that an extre-
mely surface-sensitive technique such as SFM in its force
spectroscopic mode can be used to investigate the elastic
behavior of highly protective, bioinert oxide layers devel-
oped on Ti alloys. These oxide layers offer suitable alterna-
tives for medical implants, and can be made economically
by oxidation in air.
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