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Abstract
Titanium alloys are used for their good mechanical and corrosion properties, but generally experience poor wear behavior. 
This can effectively be counteracted by a thermal oxidation treatment, reducing wear significantly. Employing a special 
sample preparation, we study the transition of tribological properties between thermally oxidized and bulk Ti6Al4V on a 
single sample. While oxygen signal intensity and hardness followed an exponential decay from the surface to bulk material, 
tribological results showed a step-like transition from low to high friction and wear with increasing distance from the surface. 
Low wear was associated with minor abrasive marks, whereas high wear showed as severe adhesive material transfer onto 
the steel counter body. Besides the mechanical property of hardness, also a change in fracture behavior by interstitial oxygen 
could influence the observed tribological behavior.
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1  Introduction

Titanium alloys are heavily used for their high specific 
strength and good corrosion resistance. Their high strength-
to-weight ratio makes them desirable materials especially 
in aerospace industry [1]. Their excellent corrosion resist-
ance yields good biocompatibility which, together with high 
strength, makes them appicable in biomedical industry [2]. 
The α/β-alloy Ti6Al4V is by far the most commonly used 
titanium alloy [3]. A major drawback of titanium alloys 
are the notoriously poor tribological properties like high, 
unsteady friction [4] and low wear resistance [5]. In most 
cases, distinct signs of adhesive wear are observed, like 
deep craters and material transfer to the counter body, which 
result in high wear rates [6, 7]. In many applications, the use 
of titanium alloys is therefore considered to be restricted 
to non-tribological parts [8]. In order to overcome this 
limitation, many different methods of surface engineering 
have been used on titanium alloys in order to improve their 

tribological properties. For instance, mechanical treatments 
like shot peening, burnishing, laser peening have been used 
in order to induce residual compressive stresses or nanocrys-
talline surface layers [9–12]. Furthermore, different types of 
hard coatings like Cr, CrN, NiP, TiN or DLC [5, 9, 13–15] or 
soft coatings like solid lubricants [5, 16] have been applied 
in order to reduce wear on titanium alloys.

Several methods of introducing interstitial atoms were 
successful in reducing wear on titanium alloys, such as ion 
implantation [17–19] or thermochemical treatments like 
nitriding and carburizing [20–22]. Also laser-induced chemi-
cal changes in Ti6Al4V can lead to significant improvements 
in its tribological behavior [23, 24]. It appears that adhesive 
wear can be avoided and wear volume reduced by more than 
two orders of magnitude. Similarly, thermal oxidation can 
produce an oxygen-rich diffusion layer at the surface and 
similar reductions in wear are reported [25, 26]. It should 
be noted that besides a nm-thin passivation layer, no thick 
titanium oxide layer was reported for these experiments. 
Observed differences in tribological behavior are therefore 
supposedly based on the changed material chemistry of 
metallic subsurface Ti6Al4V. Interstitial oxygen appears to 
be the key component.

Most of the mentioned surface treatments are only avail-
able categorically, e. g. “coated” or “non-coated”. In this 
paper, we explicitly investigate the transition in tribol-
ogy depending on the concentration of interstitial oxygen 
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in Ti6Al4V instead. We make use of the oxygen gradient 
underneath the surface produced by thermal oxidation. By 
grinding the surface of a sample under a small angle, dif-
ferent material composition and different properties can be 
observed at different locations. The influence of of this gra-
dient on friction and wear behavior will be reported.

2 � Experimental

2.1 � Materials and Sample Preparation

Tribological testing was performed in a lubricated con-
tact in linear reciprocating motion with 100Cr6 cylinders 
on a Ti6Al4V plate. The Ti6Al4V material was supplied 
in an annealed state by ARA-T (Dinslaken, Germany). It 
showed an equiaxed microstructure and a macroscopic 
hardness of 325 HV3 in bulk. A plate of the dimensions 
Ø25 mm x 8 mm was first ground with a diamond grinding 
wheel D91 on a cup grinding machine (G&N MPS 2 R300, 
Nürnberg, Germany) under continuous supply of coolant 
to ensure maximum surface evenness and parallelism. The 
sample was then further ground omnidirectionally on a 
Buehler PowerPro 4000 metallographic grinding machine 
(Esslingen, Germany) with a 240 grit SiC paper under con-
stant water supply. For thermal oxidation, the sample was 
then placed in a Nabertherm muffle furnace (Lilienthal, 
Germany) for two hours at 800 °C and subsequently cooled 
outside the furnace in air. A series of dimples was created 
by laser ablation near the edge of the top surface. The depth 
of each of these dimples was measured by confocal micros-
copy (Sensofar Plµ Neox, Barcelona, Spain) and used later 
for calculation of the inclination angle of the final surface.

Preparation of the final inclined surface of the sample was 
done with the same diamond grinding wheel D91. A 30 µm 
precision foil was put under one side of the sample in order 
to lift this side for grinding (Fig. 1a). This led to the inclined 
surface. Grinding marks are oriented parallel to the surface 

gradient and therefore perpendicular to the prospective slid-
ing direction. Roughness determined by confocal micro-
scope was Ra = 0.36 µm. After grinding the inclined surface, 
laser dimples were again measured by confocal microscopy. 
Comparing each dimple depth before and after grinding, the 
inclination of the resulting surface of around 0.075° could 
be determined with a high accuracy of ± 0.005°. Addition-
ally, the topography of the whole sample was measured by 
the optical profilometer FRT Microprof 100 (Bergisch Glad-
bach, Germany).

Cylinder rollers (SKF, Schweinfurt, Germany) of 
Ø10 mm x 10 mm made from 100Cr6 steel were used as 
counter bodies for the tribological experiments. Cylinder 
surface roughness Ra was around 0.15 µm. The microstruc-
ture consists of annealed martensite, resulting in an average 
hardness of 750 HV3.

All samples were cleaned in an ultrasonic bath using 
petroleum spirit and ethanol for 10 min each, directly before 
the experiments.

As lubricant for the tribological experiments, AeroShell 
Grease 33 (Shell, Hamburg, Germany) was used, which has 
a base oil viscosity of 14.2 mm2/s and 3.4 mm2/s at 40 °C 
and 100 °C, respectively. AeroShell Grease 33 is a universal 
aerospace grease which contains corrosion/oxidation inhibi-
tors and load carrying additives in a lithium complex thick-
ened synthetic base oil.

2.2 � Characterization Methods

For nanoindentation measurements and microstructural 
characterization, an equally thermally oxidized sample 
was embedded in a polymeric resin mixed with conductive 
nickel filler. A metallographic cross section was prepared by 
grinding up to 4000 grit SiC paper and subsequent polish-
ing with 6 µm, 3 µm and 1 µm diamond paste. Final chemi-
cal–mechanical polishing was done using a mixture of 90 ml 
OP-U suspension and 10 ml 30% H2O2.

Fig. 1   Schematic representation of the manufacturing of the inclined surface (a) and the realization of tribological experiments (b)
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Nanoindents were performed on a Hysitron TI 950 Tri-
boindenter (Minneapolis, USA) with a modified Berkovich 
indenter tip and a load of 9 mN. Indenter area function was 
calibrated before the measurements by indents in fused 
silica.

For the microstructural characterization of the treated sur-
face and observation of wear scars, the electron beam imag-
ing of a FEI Helios Nanolab 650 Dual Beam Microscope 
(Hillsboro, USA) was used. Energy dispersive X-ray spec-
troscopy (EDX) maps were acquired at the same microscope 
with a X Max 80 silicon drift detector (Oxford Instruments, 
Abingdon, UK).

Depth-resolved chemical composition was characterized 
by glow discharge optical emission spectroscopy (GDOES) 
in a Leco GDS 850A spectrometer (St. Joseph, USA). Due 
to the lack of reference materials, these measurements only 
give qualitative information on the chemical composition. 
Sputter rate was determined after the measurement by meas-
uring the crater depth with confocal microscopy.

Tribological experiments were conducted on an Optimol 
SRV reciprocating tribometer (Munich, Germany) as shown 
in Fig. 1b. The experimental parameters are summarized in 
Table 1. Sliding direction was perpendicular to the grinding 
marks and the surface gradient. Cylindrical counter bodies 
were oriented with their cylinder axis under 5° to the sliding 
direction and parallel to the surface. Grease was applied with 
a little spatula, without touching the surfaces with the spat-
ula itself. Contacts were greased excessively, immediately 
before the experiment, to ensure lubrication of the whole 
contact throughout the entire experiment.

In wear scars with high and medium amounts of wear, 
wear volumes could be directly calculated from the confo-
cal image. For experiments with low wear, wear depth was 
below the surface roughness and no wear volume could be 
calculated directly. However, a wear scar was visible in light 
microcopy (Keyence VHX 600D, Osaka, Japan) by a slight 
color change. The upper limit of wear volume was there-
fore estimated by the area of the wear scar multiplied by the 
arithmetic average height Ra.

3 � Results

Figure 2 shows the results of topographic characterization 
of the tribological sample before the experiment as well 
as chemical and mechanical characterization of the cor-
responding thermally oxidized material. The 3D topogra-
phy image in Fig. 2a) shows the sample surface, which is 
inclined with respect to the sample but has a high evenness 
within itself. On the top right side, a part of the plate was left 
unground as a reference. Inclination angle was determined 
by three independent methods: comparison of laser dim-
ple depths before and after grinding, large area topography 
scan (Fig. 2a) and by measuring the sample thickness with 

Table 1   Parameters of the tribological experiments

Parameter Unit Value

Base body Ti6Al4V plate with inclined surface
Counter body 100Cr6 steel cylinder rollers, Ø10 

mm × 10 mm
Lubricant Aeroshell Grease 33
Atmosphere 25 ± 3 °C and 50 ± 5% RH
Normal load N 20
Frequency Hz 20
Stroke mm 0.2
Duration min 60
Sliding distance m 28.8

Fig. 2   Characterization of the prepared tribological sample: a 3D 
topography image of the inclined surface b topographic profile drawn 
along the line in (a), vertical and horizontal lines indicate the posi-

tions of tribological experiments. c Oxygen content (O) and hardness 
(H) versus the distance from the surface d cross-sectional microstruc-
ture of the corresponding thermally oxidized material
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a micrometer screw. All methods agreed well and showed 
that the surface was inclined by around 0.075°. The surface 
profile along the dashed black line in Fig. 2a is given in 
Fig. 2b, together with the profile of the sample after oxida-
tion but before grinding. Locations of the prospective tri-
bological experiments are marked by vertical lines with the 
numbers 1–5. This color scheme of red to purple according 
to the position of the experiment on the sample is also used 
in the following results. Figure 2c shows depth resolved 
measurements of nanoindentation hardness and GDOES 
oxygen signal intensity. Both follow an exponential decay 
from the surface, the hardness with a peak value of 12 GPa 
near the surface compared to 5.2 GPa in bulk, which agrees 
well with previous studies [25, 27]. GDOES signal inten-
sity can only be interpreted qualitatively, since intensity not 
only depends on atomic concentration but also other factors 
such as emission yield and sputter rate [28, 29]. However, 
several authors correlated the hardness of Ti6Al4V with 
an absolute concentration of oxygen [27, 30]. Using these 
correlations, we can estimate that the concentration of oxy-
gen in the relevant depth should be in the order of several 
at%. An SEM image of the cross-sectional microstructure 
is shown in Fig. 2d. At the bottom of the image, bulk α/β-
microstructure of Ti6Al4V can be observed. The fraction of 
β-phase (brighter grains) clearly decreases towards the sur-
face, which is caused by the α-stabilizing characteristics of 
oxygen in titanium [3]. No oxides could be observed beneath 
the surface at any given magnification. This is in line with 
similar studies [25], including transmission electron micros-
copy investigations [31] and relates to the high maximum 
solubility of 33 at% oxygen in titanium [32].

Figure 3 illustrates the results of tribological experiments. 
Figure 3a shows the evolution of the friction coefficient of 
all five experiments conducted. Experiments 1 and 2 showed 

a constant coefficient of friction (CoF) of 0.12 throughout 
the whole experiment. Experiment 3 showed a slightly 
higher, but also constant CoF of 0.13. In contrast, experi-
ments 4 and 5 revealed a distinct running-in behavior, with 
high and wildly fluctuating CoF over 0.5 in the beginning. 
Both exhibited a sudden transition to a constant CoF of 0.13 
at a sliding distance of 10.7 m and 8.4 m, respectively. Fig-
ure 3b summarizes the tribological results as a function of 
the distance from the initial surface. For friction, the average 
CoF during the first 5 m of sliding distance was used as the 
initial CoF. For wear, both wear scar volume and wear scar 
area on Ti6Al4V are plotted. All three measures describe 
a similar trend: while experiments 1 and 2 exhibited low 
friction and negligible wear, experiments 4 and 5 exhibited 
higher initial friction and high wear. Variations in friction 
coefficient increase in the same fashion, as indicated by the 
error bars. Experiment 3 shows intermediate values of fric-
tion and wear, however clearly closer to the lower values of 
experiments 1 and 2. While the transitions of friction and 
wear may be perceived as similar and look alike in Fig. 3b, 
relative changes are different. For example, experiment 1 
experienced 69.0% lower initial friction than experiment 
5, however showed a 91.3% smaller wear area and 99.4% 
smaller wear volume.

In order to further characterize the wear behavior of 
experiments, wear scars were examined by scanning electron 
microscopy (SEM) and energy dispersive X-ray spectros-
copy (EDX). Representative results are shown in Fig. 4, with 
the three columns signifying experiments 1, 3 and 5, respec-
tively. Different rows show the tribological base body and 
counter body as captured by different detectors of the SEM. 
Wear scars on the base body were imaged by the secondary 
electron (SE) signal, in order to get a detailed depiction of 
the topography. The counter body was imaged by backscatter 

Fig. 3   Results of the tribological experiments: a Coefficient of fric-
tion over sliding distance for all five conducted experiments. b Initial 
coefficient of friction (averaged from the first 5 m of sliding distance), 

wear area and wear volume on Ti6Al4V as a function of the distance 
from the initial surface
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electrons (BSE), so that possible material transfer from the 
base body could be seen more evidently. The same section 
of the counter body is shown in corresponding Ti- and Fe- 
EDX maps which are used to further clarify the origin of the 
transferred material. For some images, different magnifica-
tions were chosen in order to best capture the observed wear 
scar characteristics.

Wear scars of experiment 1 show minor signs of tribo-
logical loading. Only slight grooves and some particles 
can be observed. Also on the counter body, only slight 
abrasive marks are visible. Accordingly, the EDX maps 
show negligible Ti but high Fe contents, therefore no sig-
nificant material transfer occurred. Base body wear scars 
of experiment 3 depict some clear plastic deformation, the 

topography which was left by grinding appears smoothed. 
Only by considering the counter body image, it becomes 
evident that small fragments (< 5 µm) of Ti6Al4V material 
were removed and transferred onto the steel counter body. 
This is further revealed by the EDX maps. However, the 
Ti transfer seems to be rather thin, since EDX-signal from 
the counter body underneath the transfer was still able to 
reach the detector. A completely different wear behavior 
is depicted by the base body wear scar of experiment 5. 
It shows distinct signs of severe adhesive wear like deep 
craters and grooves. The counter body shows fragments 
of different sizes (up to 100 µm) of Ti transfer. The thick-
ness of these transferred fragments seems higher, since 

Fig. 4   Scanning electron microscopy study of worn surfaces: Columns correspond to experiments 1, 3 and 5 while each row shows different tri-
bological body or detector. For some images, a different magnification was chosen in order to best capture the observed wear scar characteristics
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no EDX-signal of the counter body reached the detector. 
These patches appear black in the Fe map, accordingly.

4 � Discussion

A distinct interrelation of oxygen signal intensity, hardness, 
initial friction, wear volume and wear mechanisms became 
apparent in the tribological experiments on this specially 
prepared sample. Tribological loading of the oxygen-rich 
Ti6Al4V near the initial surface exhibited low friction and 
wear, whereas the on oxygen-lean Ti6Al4V showed high 
initial friction and high wear, as expected for a titanium 
alloy. The latter also showed greater variations in the CoF 
and wear was dominated by adhesion and material trans-
fer. Experiment 3 revealed an interesting intermediate state, 
which clearly experienced adhesive wear, but not to the ‘cat-
astrophic’ extend which is typical for titanium alloys [5, 25].

A separation into states of high and low wear has simi-
larly been observed for surface treated titanium alloys before 
[9]. This can be related to the striking influence of the adhe-
sive wear mechanism. If an adhesive junction between the 
two contacting bodies is formed, adhesive wear will lead 
to the removal and transfer of a part of the cohesively less 
strong body. In case of the experiments shown here, trans-
fer occurred from Ti6Al4V onto 100Cr6. Thereby freshly 
exposed material is (initially) free from adhesion-inhibiting 
oxide- or boundary lubrication layers. Besides, for a graded 
surface (like that of thermal oxidation), the underlying mate-
rial is ‘less treated’, thus less hard and chemically more reac-
tive. Adhesive wear can therefore proceed more easily; a sin-
gle adhesive junction in the beginning could potentially lead 
to severe adhesive wear over the course of the experiment.

The evolution of adhesive wear in general should be 
governed by three major factors of influence: the real con-
tact area and the work of adhesion (which together deter-
mine an effective surface energy) and the resistance to the 
propagation of cracks. These influences are discussed in the 
following.

The real contact area is closely related to the near-surface 
mechanical properties of the two contacting bodies, spe-
cifically the yield strength. Hardness (and therefore yield 
strength) of the measured Ti6Al4V directly correlates with 
the oxygen intensity, which can be seen from Fig. 2c. Since 
no oxides were observed below the surface, this hardening 
is caused by solid solution strengthening, which is quite pro-
nounced and well documented for oxygen in titanium [27, 
33–37]. Hardness therefore follows closely the exponential 
decrease of oxygen intensity from the surface. The hardness 
of materials is also commonly accepted as a major influence 
on their wear resistance [38]. Especially for materials which 
are prone to adhesive wear (like titanium alloys), near-sur-
face mechanical properties are deemed tribologically crucial 

since a higher hardness limits junction growth in tribological 
contact and therefore reduces the real contact area and adhe-
sive forces [31, 39]. It was therefore somewhat unexpected 
that tribological results did not follow the exponential depth 
dependence of hardness, but showed a step-like transition 
(Fig. 3b) instead.

The work of adhesion also plays a role in the “stickiness” 
of the two contacting bodies. Speculatively, the chemical 
bonding characteristics and therefore the intrinsic work of 
adhesion between the two bodies could be affected by the 
presence of oxygen just like interface energies [23, 24, 40]. 
However, such electronic effects are usually small and cer-
tainly not abrupt.

Therefore, other factors than just hardness and the effec-
tive surface energy must influence the tribological response. 
This is also supported by experiments on nanocrystalline 
titanium which give much higher hardness but mixed tri-
bological results and still show signs of adhesive wear 
[12, 41–44]. The correlation of increasing contact size and 
increasing adhesive forces with decreasing hardness cer-
tainly remains one effect.

Lastly, the formation of a wear particle by the adhesive 
wear mechanism requires the propagation of cracks and should 
therefore be closely related to materials fracture behavior. In 
the most simplistic picture of a sliding contact asperity, the 
contact can be regarded as two propagating mode II cracks in 
the front and the back of the contact and the sliding interface. 
Therefore, the decohesion of two contacting tribological bod-
ies can be perceived as the propagation of a mode II crack 
[45]. The deviation of the crack path of either of the mode II 
cracks from the interface would then lead to adhesive wear. 
Comparing a tribological contact to a crack in a bi-material 
interface, the deflection of the crack can already be changed 
solely by tuning elastic constants of the two materials [46]. 
The stiffer oxygen-rich Ti6Al4V [35] would lead to less pro-
nounced crack deflection compared to more compliant bulk 
Ti6Al4V. Adding plasticity to the concept, the development 
of the plastic zone in front of the crack tip becomes crucial. In 
a static scenario, the size of the plastic zone is determined by 
the yield strength of the material, which in titanium (alloys) 
strongly increases with increasing oxygen content [33–36, 47]. 
In a dynamic fracture scenario (due to continuous sliding) and 
on the microscopic level, dislocation mobility becomes the 
determining quantity [48]. Interstitial oxygen leads to reduced 
dislocation mobility [36, 49]. At a given strain rate, disloca-
tions might no longer be able accommodate the plastic strain, 
which then leads to brittle fracture. Such decrease of frac-
ture toughness with increasing oxygen concentration is also 
reported for titanium [50–53]. By analogy, the transition in 
tribological properties of Ti6Al4V can therefore be compared 
to a ductile to brittle transition where the change in disloca-
tion mobility rather than just the yield strength determines 
the brittle to ductile transition [48]. In many other materials 
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such brittle to ductile transition is provoked e.g. by lowering 
temperature or increasing strain rate [48, 54]. Such analogy 
between fracture and tribology was previously also attempted 
by Buckley [55] and Bowden and Childs [56]. With the par-
ticularly abrupt change in adhesive wear for Ti6Al4V with 
oxygen content, such analogy to the brittle to ductile transition 
is particularly striking.

In short, the adhesive removal of a wear particle can be 
characterized by two competing processes of brittle crack 
propagation and plastic deformation. The transition critically 
depends upon dislocation mobility, which is markedly influ-
enced by interstitial oxygen content. For the analysis of adhe-
sive wear such change in fracture mode means that for brittle 
fracture at high oxygen the two contacting surfaces can cleanly 
decohere at the interface between the two bodies, while low 
oxygen allows more ductility and the crack path and failure 
mode can deviate from the interface and allow material trans-
fer to the counter body. This clearly is compatible with all our 
observations. Further studies and quantitative modelling will 
be necessary to clarify the connection of fracture behavior 
and wear.

5 � Conclusion

A Ti6Al4V sample was thermally oxidized and ground under 
a small angle in order to reveal different material properties 
at different locations of the sample. This was used to study 
the effects of interstitial oxygen on the tribological behavior 
of Ti6Al4V. A strong transition was observed concerning 
friction, amount of wear and wear scar morphology. While 
oxygen signal intensity and hardness followed an exponential 
decay from the surface, tribological results of the five experi-
ments showed a step-like transition. Two experiments exhib-
ited severe adhesive wear and high friction while two other 
exhibited negligible wear and low friction. The experiment 
in the middle marked the transition, with also low friction but 
measurable, small amounts of wear. Besides hardness, a mech-
anism based on the change in fracture behavior of oxygen-rich 
titanium may explain the tribological behavior.
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