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The implant material, Ti6Al7Nb: surface
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The excellent biocompatibility of titanium and its alloys is intimately related with the
properties of the surface in contact with the biological environment, and therefore it is
closely connected with the stable, passivating oxide layer that forms on its surface. In the
present paper, the oxide layer on the alloy Ti6Al7Nb has been characterized using X-ray
photoelectron spectroscopy, scanning Auger microscopy and pH-dependent lateral force
microscopy. The alloying elements Al and Nb are incorporated in the oxide layer and
detected in their most stable oxidized form, as Al2O3 and Nb2O5. Their distribution in the
oxide re¯ects the underlying a-b microstructure, with enrichment of Al in the a- and of Nb in
the b-phase (determined by electron microprobe). Friction measurements (lateral force
microscopy) indicate slightly different, pH-dependent, lateral forces above the a- and b-phase
structures that point to small local variations in surface charges.
# 1999 Kluwer Academic Publishers

1. Introduction
Titanium and its alloys are among the most commonly

used implant materials [1±3], particularly for dental,

orthopaedic and osteosynthesis applications. The inter-

action of the implant with its biological environment, the

formation of the foreign material/tissue interface and the

long-term success or failure of integration in the body is

strongly connected with the surface properties of the

implant device [4] ± in the case of titanium, with the

oxide layer. On the molecular level, the physical and

chemical properties of the implant surface, e.g. structure,

defects, roughness, contamination layer, surface energy

and surface charges [5, 6], are highly signi®cant in

determining the type and degree of surface/biomolecule

interactions [7]. One of several factors that determine the

adsorption kinetics of proteins on surfaces is the

electrochemical behavior of the titanium oxide [8±10].

Surface charges on biomaterial surfaces (metals,

oxides and polymers) have been shown to in¯uence

surface properties that are relevant to the biocompat-

ibility of the materials. This is particularly true for

anchorage-dependent cells such as osteoblasts, where

surface charges affect the attachment, morphology,

migration and phenotype expression of cells in vitro
[11]. The attachment and spreading of osteoblast cells is

reported to be extraordinarily strong on very positively

charged surfaces, with very intimate contact between the

ventral cell membrane and the biomaterial surface. On

negatively charged surfaces on the other hand, osteoblast

cells tend to show a stand-off morphology with very

localized attachment points [12]. It is very likely that

this is an indirect effect of the biomaterial surface

charges on cell behavior, the surface charges in¯uencing

the protein population and the conformation of

the adsorbed proteins through electrostatic interaction.

The type and conformation of the adsorbed proteins,

in turn, triggers osteoblast behavior such as adhesion,

migration, spreading, proliferation and differentiation

of the cells.

The heterogeneous Ti6Al7Nb (wt %) alloy has an a-b
structure [13], where the Al is enriched in the a-phase,

while Nb is enriched in the b-phase. To what extent the

metal microstructure in¯uences the local composition

and morphology of the oxide overlayer was not studied in

detail prior to the current investigation. In this study, the

microstructure of the native oxide layer on Ti6Al7Nb has

been investigated with X-ray photoelectron spectroscopy

(XPS), scanning Auger microscopy (SAM) and atomic/

lateral force microscopy (AFM/LFM). The latter

technique, when performed in aqueous electrolyte

solution at different pH values, has been shown to be a

promising method for the analysis of local surface charge

differences on oxide ®lms [14, 15]. Differences in the

oxide layer of Ti6Al7Nb and commercial pure (cp) Ti

may contribute to an understanding of differences in the

biological response to these two implant materials.
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2. Materials and methods
2.1. Material and surface preparation
Ti6Al7Nb discs were cut from a 16 mm rod. The samples

were cleaned and then annealed (900 �C, 4 h, in air) in

order to slightly coarsen the microstructure (Fig. 1) for

easier analytical imaging. The oxide layer, formed

during annealing, was removed by grinding (SiC

paper). Then the surfaces were mechanically polished

to a mirror ®nish, using SiC grinding paper down to grit

size 600 (15 mm particle diameter), and then polished

with 10 mm diamond paste in oil and ®nally with a

0.06 mm SiO2 suspension. After polishing, the surfaces

were cleaned in the following way: (1) successive

ultrasonic cleaning in hexane, acetone, ethanol and

ultrapure water (EASYpure UV, Barnstead,

18.2 MOcm); (2) passivation in 30% HNO3 for 1 h; (3)

immersion in ultrapure water and drying with N2; (4)

plasma cleaning in O2 plasma (Harrick PDC-32G) (at

42 Pa, for 2 min); and (5) storage in ultrapure water for at

least 2 h. The samples that were investigated with LFM

were cleaned with the cleaning procedure steps 1±3 only,

since a certain instability in the LFM-signal was noticed

following plasma treatment. It is believed that the surface

is not signi®cantly changed during plasma cleaning,

which mainly removes the organic contamination [16],

but a possible explanation for the LFM instability is that

the equilibrium surface hydroxyl concentration is

disturbed after exposure to oxygen plasma. No further

growth in the 4±6 nm thickness oxide layer was observed

due to plasma cleaning.

Samples prepared as described above have a micro-

structure that is large enough to be imaged with laterally

resolving techniques such as electron microprobe (EMP)

for the metal microstructure and SAM for the native

oxide ®lm.

2.2. Experimental methods
The bulk composition and microstructure were analyzed

and determined (Fig. 1) by the supplier, Sulzer Ortho-

pedics, CH-8404 Winterthur.

2.2.1. Electron microprobe
The elemental distribution in the alloy was determined

by EMP measurements with a Cameca SX 100 system,

operating the electron beam at 15 kV/60 nA.

2.2.2. X-ray photoelectron spectroscopy
XPS spectra were recorded with a SAGE 100 system

(Specs, Berlin, Germany) using non-monochromatized

AlKa radiation at 390 W (13 kV) and an electron detector

pass energy of 50 eV for survey and 14 eV for high-

resolution scans. Measurements were made at a take-off

angle of 90� with respect to the sample surface. The area

of information is typically 96 9 mm2, the results

therefore represent a laterally averaged chemical

composition. To determine the quantitative surface

composition from XPS data, the sensitivity factors of

Evans et al. [17] were used. All binding energies were

referenced by setting the CHx peak to 285 eV.

2.2.3. Scanning Auger microscopy
SAM measurements were performed to investigate the

lateral distribution of the alloying elements in the oxide

layer (information depth: 3±5 nm). They were carried out

with a Physical Electronics PHI 4300 SAM system,

operating the electron beam at 8 kV/85 nA and the

cylindrical mirror analyzer at 0.3% resolution. The

lateral resolution of the SAM system is about 0.1 mm.

2.2.4. Lateral force microscopy
To investigate differences in surface charging of the two

different surface phases (detected by SAM analysis),

LFM measurements were performed using an AFM/LFM

(Nanoscope III, Digital Instruments, Santa Barbara, CA),

®tted with a liquid cell. The nominal spring constant of

the commercially available Si3N4 cantilever used was

0.03 N mÿ 1 (Park Scienti®c Instruments, Sunnyvale,

CA). Prior to the measurement, the cantilevers were

plasma cleaned in an O2 atmosphere for 2 min. The

frictional force measurements were performed with a

125-mm scanner. The frictional force was determined by

calculating the difference of the lateral signal between

forward and backward scanning [15]. The applied load

was typically 2 nN, and it was checked immediately

following the scan (by means of a force curve

measurement), in order to ensure its constancy during

the friction experiments. The electrolyte used was a

10 mM aqueous NaCl solution (Fluka Chemie AG),

where the pH values were adjusted with HCl in the acid

range and NaOH (Merck AG) in the alkaline range,

choosing appropriate acid or base concentration in order

to maintain a nearly constant ionic strength. The H3O�

concentration of the aqueous electrolyte solution was

monitored with a pH meter (Mettler, Delta 340). The pH

values used in this work ranged from 3.8 to 7.9.

3. Results and discussions
3.1. Microstructure
The microstructure before annealing (Fig. 1a) clearly

shows the expected duplex microstructure consisting of

the so called a- and b-phases [13]. Al stabilizes the low-

temperature a-phase (h.c.p.), while Nb stabilizes the

high-temperature b-phase (b.c.c.). The latter phase thus

contains a higher concentration of Nb, whereas Al is

enriched in the a-phase. The resulting microstructure of

this alloy can be described as grains consisting of pure a-

phase surrounded by a mixture of a- and small amounts

of b-phases.

The effect of the annealing at 900 �C in air for 4 h is

illustrated in Fig. 1b. Both the a- and the b-phases are

clearly coarsened. The a-phase grain size is in the range

5±20 mm in diameter and the b-phase grains have a size

of about 1±56 10±20 mm2.

3.2. Electron microprobe
The EMP images are presented in Fig. 2. The EMP

technique has an information depth of typically 3±5 mm,

i.e. about half a ``grain-layer'' is investigated. These

measurements demonstrate that the elemental distribu-
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tion of Ti, Al and Nb in the bulk is as expected with Al

enriched grains (a-phases) and Nb enriched b-phases.

3.3. X-ray photoelectron spectroscopy
With XPS the following elements were detected at the

sample surface: Ti, Al, Nb, O and C (Table I). The

spectrum is dominated by Ti and O emission intensities

due to the naturally formed TiO2 surface layer.

Additionally, from the Al 1s signal at 74.5 eV and the

Nb 3d at 207.6 eV peak position we conclude that the

alloying elements are present in the oxide ®lm in their

most stable oxidation states, i.e. as Al2O3 and Nb2O5.

If the XPS Ti (2p) signal contains a contribution from

the metal below the surface oxide (with XPS using the

Al-anode, 95% of the information originates from a

depth of 0±7 nm in the case of TiO2 ), the thickness of the

oxide layer can be calculated, with the assumption of a

uniformly thick and ¯at layer [18]. For samples prepared

as described in the experimental section, the native oxide

layer is calculated to have a thickness of 4±7 nm.

The calculated Ti-, Al- and Nb- surface concentrations

(wt%) (normalized to 100%) are in the ratio Ti : Al :

Nb� 86.1+ 0.7 : 6.7+ 0.8 : 7.2+ 0.7. A comparison

of these values with the concentration in the bulk (wt%)

(Ti : Al : Nb� 86.6 : 6.2 : 7.2) shows that the surface

concentration is similar to that of the bulk for all

elements.

Furthermore, these data show that the surfaces are

clean. The contamination consists mostly of carbon

(about 10 at %), typically due to adsorbed organic

molecules, generally present on air-exposed samples.

3.4. Scanning Auger microscopy
In contrast to EMP, SAM only senses the oxide layer. The

SAM images clearly show an inhomogeneous distribu-

tion of Ti, Al and Nb (Fig. 3b, c, d) in the oxide layer,

in¯uenced by the underlying microstructure. The exact

quanti®cation of the composition in the two regions

detected is dif®cult to determine with Auger microscopy,

mainly due to changes of the O-content with measuring

time ( partial decomposition of the oxides during the

electron bombardment). It can be said, however, that in

the oxide above the a-phase the Al concentration is about

two times and the Nb concentration is about 1/6 times the

concentration measured above the b-phase.

The b-phase is harder than the a-phase. On polished

samples, this results in a topographical structure on the

surfaces, as can be seen in the secondary electron image

(Fig. 3a), with the b-phases protruding slightly out of the

Figure 1 Microstructure of Ti6A17Nb (a) before and (b) after

annealing in air (900 �C, 4 h).

T A B L E I XPS data [at%] of cleaned Ti6Al7Nb sample surfaces

Elements at %

Ti 25.5+ 0.2

Al 3.5+ 0.4

Nb 1.1+ 0.1

O 59.4+ 0.1

C 10.2+ 0.6
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surface compared to the a-phases. The measured

elemental distribution images are not disturbed by a

topographical effect, however, as can be seen on the

SAM map of C (Fig. 3e), showing an equal distribution

of C on both phases.

These measurements demonstrate that the oxide layer

on Ti6A17Nb is not a homogeneous layer. The alloying

elements are included in the oxide layer and distributed

according to the underlying metal microstructure.

Therefore the oxide layers present on cp Ti (which

contains neither Al2O3 nor Nb2O5) and Ti6Al7Nb are

clearly different.

3.5. Lateral force microscopy
Lateral force measurements were performed in 10 mM

NaCl solution as a function of pH, to investigate

differences in tip-surface interactions above the two

oxide phases, as detected by SAM. If the outermost

surface layers of these oxide phases are distinguishable

by pH-dependent LFM, local differences in the charge

density distributions above the a- and b- phase are

present.

Initially, AFM height images were taken to locate an

area containing both oxides above the a- and the b-phase.

The oxides above the a- and b-phase are distinguishable

in the height image mode due to the small height

differences of the two metallurgical phases occuring after

polishing. Furthermore, the size of the oxide phases

detected by AFM corresponds to the typical form and

size of the a- and b-phases detected with SAM.

Fig. 4 shows the friction force images measured at

different pH values, varying from pH 3.8 to 7.9. The

friction force images are reversible in this pH range, and

Figure 2 EMP images of the coarse grain Ti6A17Nb (information depth: 3±5 mm); the elemental distribution maps of (a) Ti, (b) Al and (c) Nb in the

metal.
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therefore effects due to chemical modi®cations (e.g.

dissolution) can be excluded. Friction force differences

between the areas above a- and b-phases at different pH

values are clearly visible and indicate locally different

surface charges [14, 15]. Qualitatively, the following

frictional force behavior in the two different oxide phase

regions was detected: at pH 6.9 nearly no signi®cant

difference of friction force was observed between the

two phases, while at pH 3.8 and pH 7.9 a slightly higher

friction force was detected on the a-phase. At all pH

values, however, the differences are small, indicating a

surface charge distribution that is nearly homogeneous.

The observed difference in the friction force signal

between the a- and b-phase is, although optically clearly

visible in the images, below 3%, i.e., very low in all

cases.

The lateral surface composition determines the

observed overall isoelectric point (IEP) if the area

probed by the tip, while in contact during scanning, is

homogeneously composed of the different oxides. The

IEP of a material that is a mixture of different oxides is

therefore determined both by the IEPs and by the charge

densities of the different contributing oxides. The

observed small differences are likely to be due to the

different compositions of the a-and b-phases. These

phases are laterally homogeneous, at least down to

submicrometer (0.1 mm) scale, based on the scanning

Auger results. It is likely that the tip, while scanning

across the surface, will then sense a charge distribution

that is an average of the different contributing oxides. In

a recent investigation, it was shown that the lateral force

between an AFM tip and an oxide surface in an

electrolyte resembles a bell-shaped curve with a

maximum between the IEPs of the materials under

Figure 3 SAM images of the coarse Ti6A17Nb native oxide layer (information depth: 3±10 nm); (a) secondary electron image of the analyzed area;

(b) SAM map of Ti, (c) Al, (d) Nb and (e) C.
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investigation and low values above and below both IEPs

[14, 15]. We have modeled the lateral force on the a- and

b-phases by taking into account the Al, Ti, and Nb oxide

phases of the substrate and the Si3N4 tip. We have used

gaussians with the maximum value between the IEPs of

tip and each oxide and ``low'' values at both IEPs (the

full-width-at-half-maximum corresponds to half of the

difference between the IEPs). Literature values for the

IEP of TiO2 are reported to be in a range of 5 to 7

[19, 20], for Al2O3 around 8, and for Nb2O5 around 4.1

[20]. The IEP of an oxygen-plasma-cleaned tip is around

3. The maximum values are determined by the charge

density, which is similar for Ti and Al [21], while for Nb

no literature values are reported. It is reported, however,

that speci®c adsorption of Na occurs on Nb2O5 in a NaCl

solution for pH values above 4 [22]. The overall curve for

each phase is then a superposition of these single curves.

These overall curves representing the pH-dependence of

the lateral force are slightly different for both phases, due

to their different compositions (see Figs 5 and 6). For the

calculation we have assumed highest surface charge

density on TiO2, a slightly lower density on Al2O3

(* 80% of the value of Ti O2 ) and * 10% for Nb2O5.

Depending on the exact values of IEP, charge density

and local composition of the different phases, the average

lateral force will vary. However, since the composition of

Figure 4 Friction force images at different pH values of coarse Ti6Al7Nb surfaces.
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the oxides on the a- and b-phase are similar, only small

differences in lateral force will result. This is indeed

supported by the small differences observed in the LFM

measurements.

Our simple model predicts small differences over the

entire pH range with only slight variations. The lower

value at pH 7 is, however, not re¯ected in our simple

model. However, it is not clear, for example, what effect

a speci®c adsorption of Na ions on Nb2O5 will have on

the entire system. A composition of the oxides that

differs locally from the assumed stoichiometric ratios

would also certainly modify the charge distribution. The

lateral composition of the oxides may also play a crucial

role. The assumption of small areas composed of the

ideal oxides may be erroneous. Also it has to be borne in

mind that LFM probes only the outermost layer, where

an enrichment of some metal oxides might occur. A

slight enrichment of Al in the b-phase, for example,

would result in a lower friction force for pH* 7. These

LFM measurements indicate, however, that the physico-

chemical properties of the outermost atomic layer of the

two oxide phases are slightly different.

4. Conclusions
The surface of the implant alloy Ti6A17Nb is shown by

X-ray photoelectron spectroscopy and scanning Auger

microscopy to have a laterally inhomogeneous natural

oxide ®lm with a local composition that re¯ects the

underlying duplex a-b-microstructure of the alloy. The

oxide layer above the a-phase is enriched in Al by a

factor of two, compared to the oxide above the b-phase,

while the oxide above the b-phase has a sixfold higher

Nb content compared to the oxide ®lm above the a-

phase. Lateral force measurements in an electrolyte,

taken as a function of pH, indicate slight differences in

the pH-dependence of the frictional force on the two

oxide phases. It is proposed that these differences re¯ect

different pH-dependent surface charges. It was shown

that LFM has a very high sensitivity to differences in

charge distribution.
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