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Abstract

In this work, we present a surface study by SFM (scanning force microscopy) of three new Ti alloys of composition (in wt%) Ti—7Nb—
6Al, Ti-13Nb-13Zr and Ti-15Zr-4Nb, developed for biomedical applications. V was not included in these alloys since this element has
been reported to be cytotoxic. The surface of these materials has been modified by a thermal treatment in air at 750 °C for different times.
As a consequence of this treatment an oxide layer develops on the surface, resulting in both an improvement of the corrosion resistance
and an increase of the roughness, which enhances the adhesion of the tissue cells to the implant. SFM has been used to characterize the
surface structure and topography of the oxide layers grown on the three alloys. The surface roughness analysis obtained by SFM points
to a correlation between the mean square roughness, the thickness of the oxide layer, and the a-phase/B-phase ratio in the base material.

© 2006 Published by Elsevier B.V.
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1. Introduction

Titanium and titanium alloys are extensively used as
biomedical implant materials because their good mechani-
cal properties are accompanied by an excellent biocompat-
ibility [1,2]. Pure titanium and Ti alloys spontaneously
develop a protective passive layer, few nanometers thick,
when exposed to an oxygen-containing atmosphere. This
layer confers a high biocompatibility, associated with a
high corrosion resistance in aggressive biological environ-
ments. However, in osteoarticular implants, corrosion
and wear processes produce metal ions release, which can
be harmful for the organism. The most widely used Ti alloy
for medical implants, Ti-6Al-4V, has V as one of its
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constituents. Since vanadium is known to be a cytotoxic
element, alternative Ti-based alloys with other alloying
elements are currently the subject of intensive study as
new biomaterials [3-5]. Ti-6Al-4V belongs to the o—f3
family of Ti alloys, with a balance of alloying elements that
results in a mixture of o and P phases at room temperature
providing excellent mechanical properties to this alloy [6].
Whereas Al is an a-phase stabilizer, the high-temperature
B-phase is stabilized, at room temperature, by certain alloy-
ing elements, such as Nb or V. Other elements, as Zr, are
neutral with respect to phase stabilization. Thus, the use
of alternative Ti alloys with the appropriate weight per-
centage of non-toxic elements would lead to a similar o—3
phase ratio, and subsequently similar mechanical behav-
iour, to those of Ti-6Al-4V.

Surface modification of biomaterials is commonly ap-
plied to increase their corrosion and wear resistance. The
resulting surface should be at least as biocompatible as
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the non-modified material. Furthermore, the technique
used should be economically affordable to be a real alterna-
tive. In previous works, three Ti alloys without V, of
composition (in wt%) Ti-7Nb—6Al, Ti-13Nb-13Zr and
Ti—15Zr-4Nb, have been characterized as potential bioma-
terials [7,8]. These are o—f Ti alloys that are expected to
resemble the good mechanical properties of Ti-6Al-4V.
The chemical composition of Ti-7Nb-6Al and Ti—15Zr—
4Nb alloys meets the requirements of reproducing the o-
phase/B-phase volume ratio of the alloy to be replaced
(i.e., Ti-6Al-4V), while keeping its good oxidation resis-
tance. On the other hand, Ti-13Nb-13Zr, with a lower o-
phase/B-phase ratio, has been included in the study for
comparative purposes because it has been proposed as
potential biomaterial [5], and because it has the same alloy-
ing elements as Ti—15Zr—4Nb, although with different
weight percentage.

After a simple thermal treatment in an oxygen atmo-
sphere, a thick, highly protective, bioinert oxide layer
develops on the surface of the studied alloys [9,10]. How-
ever, to evaluate them as new biomaterials their surface
must be carefully characterized, since living tissues will be
in direct contact with the most external layers of the im-
plants. Scanning force microscopy (SFM) has become a
very valuable tool for understanding the structure and
properties of materials surfaces. One of the best advantages
of this experimental technique is the possibility of studying
the material topography as well as the surface roughness by
performing high-resolution imaging.

In the frame of a thorough investigation including elas-
ticity measurements [11], scanning force microscopy has
been applied to determine the surface morphology and
roughness of these alloys after an oxidation treatment at
750 °C for 24 h [12]. In this work we have broaden this
study to a more extended range of oxidation times and
we have improved statistics to reduce possible errors com-
ing from inhomogeneities on the surfaces. This allowed us
to evaluate the influence of the oxide layer thickness, which
is a function of the oxidation time, on the surface
roughness.

2. Experimental

Three Ti-based alloys of compositions (in wt%) Ti—
7Nb-6Al (T1), Ti-13Nb-13Zr (T2) and Ti-15Zr—4Nb
(T3) were investigated in their as-received state, i.e., with
a thin native oxide layer, and after an oxidation treatment
at 750 °C in air during 1.5h, 6 h, and 24 h, respectively.
This temperature is well below the o—B-phase transition,
which takes place at 883 °C [6].

Prior to the oxidation treatment, samples were abraded
and polished using diamond pastes with subsequently finer
particle size. Colloidal silica was used in the last step to en-
sure a surface free of mechanical deformation. After pol-
ishing, each sample was immersed and cleaned during
10 min in an acetone ultrasonic bath to ensure grease-free
and dust-free surfaces prior to measurements.

The surface morphology was analysed by SFM as a
function of oxidation time and alloy composition. A com-
mercial instrument (Explorer, Topometrix) was used in the
contact mode of operation. In order to minimize the adhe-
sion between tip and sample and get a better topographic
resolution, measurements were performed under liquid
(deionised water) within a home-made cell mounted on
an x—y positioning system (accuracy 200 nm). SizNy,
V-shaped cantilevers with normal spring constants of
k = 0.4 N/m and k = 2.1 N/m (Park Scientific Instruments)
were used. The applied force was kept in the nanonewton
range through the whole series of topographic measure-
ments. Force versus distance curves were regularly
obtained during imaging acquisition to check the tip
condition.

Topographic images were systematically recorded at dif-
ferent scales to distinguish morphological details but, in
order to obtain accurate values, the surface roughness was
calculated only from large lateral size images (50 pm X
50 um). All topographic figures presented here correspond
to raw data images, and their present form, as well as the
roughness treatment and surface microstructure analysis,
were carried out by computer-aided analysis of the SFM
images using the available Nanotec™ [13] processing
software.

The surface roughness is commonly characterized by the
surface root mean square (rms),! which gives an average
roughness by quantifying the fluctuations in the surface
height, /A(r,z). For a surface of lateral size L and mean
height %, the rms at a given oxidation time ¢, is:

rms(L,t) = | = Y _[h(r,t) = h(t)]? (1)

r=1

In order to establish a comparison between the oxidation
processes for different alloy compositions, the surface mor-
phology prior to oxidation, i.e. of the as-received alloys,
was also monitored by SFM and used as a reference.

3. Results and discussion

Fig. 1 shows SFM images (20 pm X 20 um) of the three
Ti alloys in the as-received condition. As previously deter-
mined by SEM [7], the fraction of o and B phases in these
alloys is comparable for the Ti-13Nb-13Zr (sample T2),
whereas for Ti-7Nb-6Al and Ti-15Zr-4Nb (samples T1
and T3) the a-phase clearly predominates. We believe that
regions exhibiting different contrast in the images of this
figure might be ascribed to the coexistence of o and f
phases in the as-received samples if a selective polishing
is assumed.

Fig. 2 shows SFM images of the three alloys after oxida-
tion at 750 °C for three different times: 1.5, 6 and 24 h. The

! Unless specified, the values of surface roughness presented correspond
to the saturation values of the root mean square roughness (rms),
determined from the images with largest surface area.
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Fig. 1. AFM topographic images of as-received Ti-7Nb-6Al (T1), Ti—
13Nb-13Zr (T2), and Ti—15Zr—4Nb (T3) alloys. The total lateral size of
the images is 20 pm.

evolution of the topography with oxidation time for each
Ti alloy can be clearly seen, being especially noticeable
the sudden effect of oxidation for the T3 alloy. For low oxi-
dation times (1.5h), T1 and T2 present the anisotropic
lamellar structure observed for the as-received samples,
with a geometric distribution of topographic ridges along
well-distinguished directions. At this stage, the surface of
the T3 alloy has already developed a characteristic triangu-
lar microstructure with a locally quite homogeneous sur-
face but high topographic features at large scale. This
polygonal microstructure with a prevailing hexagonal
shape is present for the whole range of oxidation times.
The evolution of the surface structure of T1 and T2
alloys is different. After 6 h oxidation, T1 alloy keeps the
same overall morphology, while T2 develops a granular

structure along randomly oriented lines. Larger oxidation
times produce no noticeable microstructural changes in
T2, except a smoothening of the observed lines, i.e., the
surface evolves to a completely granular structure.

The morphology of samples oxidized for 24 h agrees
quite well with SEM images taken on the same samples
and reported in a previous work [12]. At this stage, the
images show pronounced differences in the topography be-
tween the three oxidized alloys, which also differ from that
of the as-received materials. The nearly featureless micro-
structure of T1 contrasts with the mainly granular micro-
structure of the T2 oxide layer. In both cases a rather
regular topography is achieved. Finally, as commented
above, the T3 alloy exhibits a polygonal microstructure
with a prevailing hexagonal shape. In all cases the mor-
phology leads to well-defined parallel grooves, although
they are more pronounced in the T3 case. The different
morphology between the three oxide layers can be associ-
ated with differences in their chemical composition [10].

Table 1 contains the root mean square (rms) roughness
of all samples. To ensure representative and accurate val-
ues, they were calculated from 50 um wide SFM images
taken randomly over well-separated regions of the samples.
Since they correspond to a statistical analysis through the
whole surface, the relatively large error bars give, in fact,
an idea of the inhomogeneities of the surface sample mor-
phology. In order to have an overview of these data and to
recognize possible trends, they have been represented in
Fig. 3. As it can be seen, the as-received samples, with a
mirror-like polished surface, show the lowest rms rough-
ness values, just a few nanometers. In particular, the rms
value of T3 has been better quoted than in a previous study
[12] where smaller area images (10 pm) were used. Since all
as-received samples were identically polished, differences in
rms are attributed to a selective polishing depending on
surface composition. In particular, we note that T1, the
only alloy with Al in its composition, presents a slightly
larger rms value of 12 + 3 nm.

For the oxidized samples, the rms exhibits a sharp in-
crease as compared to the as-received values, clearly indi-
cating that the thermal treatment at 750 °C in air gives
rise to a solid state reaction which enhances the surface
roughness. Additionally, the rms values versus oxidation
time have a rather different behaviour for the three Ti
alloys. The surface morphology is determined by the oxide
layer structure, the oxide growth kinetics and the oxide
thickness, which depend on the composition of the base
material. As deduced from Table 1 and Fig. 3, T2 and
T3 alloys present rms values which can be regarded as con-
stant within the estimated errors for the oxidation time
range analysed. These values are, for the final oxidation
state, approximately 150 nm for the T2 alloy and 275 nm
for T3. This latter value is very close to the rms value of
T1 for an oxidation time of 24 h. T2 and T3 have the same
alloying elements, so the observed differences in rms could
be explained by the different a-phase/p-phase ratio. This is
supported by previous results inferred from SEM images of
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Fig. 2. AFM topographic images of Ti-7Nb-6Al (a,b,c), Ti-13Nb-13Zr (d,e,f) and Ti—15Zr-4Nb (g,h,i) after an oxidation treatment at 750 °C for three
different times: 1.5 h (a.d,g), 6 h (b,e,h) and 24 h (c.f.i). To illustrate the overall aspect of the surfaces as well as morphologic details images of two different

lateral sizes are presented, 50 pm for (a,d,g) and 20 pm for the rest.

Table 1
Root mean square (rms) roughness values (nm) for the three Ti alloys as-received and after three oxidation processes performed at 750 °C for 1.5, 6 and
24h

As-received Oxidized—1.5h Oxidized—6 h Oxidized—24 h
Ti-7Nb-6Al 12+3 40+ 10 75+ 15 240 + 40
Ti-13Nb-13Zr 3+0.5 125 £25 175 £25 110 £ 15
Ti-15Zr-4Nb 4+1 275+ 25 260 =+ 40 275 4+ 50

the as-received samples [7] that concluded that this ratio is
different in both alloys.

As it can be seen in Fig. 3, the T1 roughness increases lin-
early with oxidation time and only after 24 h it reaches a
value rather similar to that of T3. As T1 and T3 alloys have
a similar a-phase/B-phase ratio [7], the kinetics of the oxide
layer growth has to be considered to explain differences in
the roughness for lower oxidation times. Surface roughness

develops as the oxide layer thickness does [14]. Since the
oxidation reaction takes place at the oxide-metal interface,
and the oxidation kinetics is governed by inward oxygen
diffusion, the rms is expected to reach a constant value once
a critical oxide layer thickness is developed. In fact, the
most striking difference between the alloys is the oxide layer
thickness for a given oxidation time: after 24 h oxidation,
this layer reached a value of around 2 pm for T1, 10 um
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Fig. 3. Evolution of the root mean square roughness values of Ti-7Nb—
6Al, Ti-13Nb-13Zr and Ti-15Zr-4Nb alloys as-received and versus
oxidation time. The different lines serve as a guide to the eyes.

for T2 and 25 um for T3, as determined by SEM cross-sec-
tional observations on all three samples [9]. According to
previous XAS (X-ray absorption), XPS (X-ray photoelec-
tron spectroscopy), RBS (Rutherford backscattering
spectroscopy) and ERD (elastic recoil detection) studies
[10,15], oxidized T1 sample surface is rich in Al,O3, whereas
the oxide layer of T2 and T3 samples is mainly composed of
TiO,. The extremely good oxidation resistance of Al,O; can
help to explain the much slower oxidation kinetics of sam-
ple T1. Indeed, according to SEM and supported by Fig. 3,
alloys T2 and T3 have already reached a thickness of
approximately 2 um after 1.5 h oxidation, a similar value
to the thickness of the T1 sample at 24 h. This suggests that
there is a critical oxide layer thickness from which rms
roughness has a more or less constant value, and this critical
value is around 2 pm. For thicknesses above this value, the
rms values remain approximately constant: 240 nm for T1,
150 nm for T2, and 275 nm for T3. There seems to be a cor-
relation between these final rms values and the o-phase/
B-phase ratio present in the alloys. This ratio is similar for
T1 and T3 samples, which also have similar rms values,
whereas for T2 the ratio is lower, being the final rms value
lower in this case.

4. Conclusions

SFM investigations were performed to characterize
the surface morphology and topography of the alloys Ti-
TNb-6Al, Ti-13Nb-13Zr and Ti-15Zr-4Nb, which were
studied in the as-received state and after a thermal treat-
ment in air at 750 °C for different times. The purpose of
this oxidation process is to generate an oxide surface layer

on the material with improved wear and corrosion resis-
tance and higher roughness, which would provide higher
adhesion between tissue cells and implant surface. Accord-
ing to the SFM results, the thermal treatment leads to a sur-
face roughness increase as the thickness of the oxide scale
grows, up to a final roughness value, which is achieved after
the oxide layer reaches a critical thickness of about 2 um.
This final value strongly depends on the a-phase/B-phase
ratio of the base alloys.
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