Tribological behavior of nanosecond-laser surface textured Ti6Al4V
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ABSTRACT

Titanium alloys are used due to their high specific strength and remarkable corrosion resistance. Their wear
resistance however is poor, which in this paper is counteracted by laser surface texturing. Linear textures were
created by the use of a nanosecond-pulsed laser, accompanied by melt bulges of resolidified material on the
sides. Packing density, finishing procedure and atmosphere during laser texturing were varied between the
experiments. Melt bulges lasered in air turned out to be tribologically beneficial in grease-lubricated sliding
contact, reducing wear volume on Ti6Al4V significantly by up to a factor of 160, if a packing density of 5% or
more was chosen. Further investigations of melt bulges with energy dispersive X-ray spectroscopy (EDX) and
scanning transmission electron microscopy (STEM) revealed an increased content in interstitial oxygen and
nitrogen and a purely martensitic o’-phase microstructure. Critical limitation of plastic deformation and a sa-
turation of electronic bonds of the titanium atoms by interstitial elements is thought to be responsible for the
reduction in adhesive tendency and therefore the pronounced decrease in wear.

1. Introduction

Titanium alloys like the a/B-alloy Ti6Al4V exhibit tensile strengths
of about 900 MPa, low density and excellent corrosion resistance which
makes them favorable lightweight materials for example in aerospace
industry. Their tribological properties however are poor. Wear behavior
is governed by metallic adhesion and material transfer, which results in
high wear rates, limiting the use of these alloys mostly to non-tribolo-
gical applications [1,2].

Many surface engineering methods have been applied in order to
improve the tribological performance of titanium alloys, such as ther-
mochemical treatments, hard or soft coatings as well as mechanical
treatments [3]. Also different surface texturing methods were used
[4,5], with laser surface texturing becoming increasingly established
due to its flexibility and high precision [6]. Studies were also performed
on laser textured Ti6Al4V surfaces in combination with the application
of a diamond-like carbon coating [7] or solid lubricant [8]. Other re-
searchers have investigated laser surface texturing of titanium alloys,
regarding their biomedical use. They therefore focused mainly surface
properties like wetting behavior and cell adhesion [9,10].

When using nanosecond-pulsed lasers, surface textures are com-
monly accompanied by adjacent bulges of resolidified material, which
will be referred to as “melt bulges” in the following. These result from a
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portion of the material only being molten by the laser and then being
pushed to the sides of the texture by the portion of the material that has
been vaporized, which is generally described as melt ejection. These
melt bulges are commonly either polished off before the tribological
experiments [6,8,11,12] or the surfaces are prepared by shorter pico-/
femtosecond-pulses, which do not yield such melt bulges [13].

Compared to the large amount of research on laser surface texturing
in general, only few researchers have studied the influence of laser-
induced melt bulges on tribology. Some studies described a decrease in
wear [14] or both friction and wear [15] compared to non-textured
surfaces. Greiner et al. reported a decrease in friction under lubricated
conditions and an increase under dry conditions, respectively [16].
Rapoport et al. also compared the results to a textured surface without
bulges and found a better adhesion of solid lubricant for the surface
with bulges [17].

However, all of the studies investigating the tribological effects of
these melt bulges used tribologically advantageous materials such as
grey cast iron [14], steels [16,17] or copper alloys [15] as sample
materials. No such study on titanium alloys is known to the authors.

The aim of this paper is to investigate the potential for improving
the tribological behavior of Ti6Al4V under grease-lubricated sliding by
a linear laser surface texture with a focus on laser-induced melt bulges.
With the intention to test this type of texture for the known enhancing


https://doi.org/10.1016/j.wear.2019.01.079
mailto:johannes.schneider@kit.edu

Table 1
Laser parameters used for texturing the sample surface with channels
of a width of 30 um and a depth of 10 um.

Nominal laser power [W] 9.1

Pulse length [ns] 26

Pulse energy [mJ] 0.091
Average energy density [J/cm?] 8.8

Pulse repetition rate [kHz] 100
Focusing length of lens [mm] 100
Process repetitions [-] 2

Pulse spacing [pum] 3.62
Atmosphere air / argon

mechanism of wear particle entrapment [4,18], the packing density
(PD) of the textures was varied. Since the mechanical properties of ti-
tanium are known to be sensitive even to small amounts of interstitial
elements like oxygen and nitrogen [19], the influence of atmosphere
during laser texturing was also studied.

2. Experimental
2.1. Materials

Ti6Al4V material was used in annealed state according to AMS 4928
(ARA-T, Dinslaken, Germany), which results in a a/f ratio of 80/20.
The bulk material shows an equiaxed microstructure and a macroscopic
hardness of 325 HV3. Plates were prepared to §25 mm X 8 mm, ground
on a metallographic grinding machine Buehler PowerPro 4000 with a
240 grit SiC paper under constant water supply in an omnidirectional
fashion. Final plate roughness R, was around 0.25 um.

The tribological system was chosen with respect to potential ap-
plication of this technique in aerospace industry. Here, many tribolo-
gical contacts involve components made from titanium alloys in contact
with steel components. Contacts are often lubricated with aerospace
greases since without lubrication, wear on the titanium parts would be
even more severe.

For counter bodies, cylinder rollers (SKF, Schweinfurt, Germany) of
P10mm X 10 mm made from 100Cr6 steel were used without further
preparation. Roughness R, on the used cylinder surface was around
0.15 um. The microstructure consists of annealed martensite, resulting
in an average hardness of 750 HV3.

Before the experiments, both types of samples were cleaned in an
ultrasonic bath using petroleum spirit and ethanol for 10 min each.

AeroShell Grease 33 (Shell, Hamburg, Germany) was used as lu-
bricant, which has a base oil viscosity of 14.2 mm?/s and 3.4 mm?/s at
40 °C and 100 °C, respectively. Worked penetration according to ASTM
D217 is 297, which gives a NLGI consistency number of 1-2. This
universal aerospace grease contains corrosion/oxidation inhibitors and
load carrying additives in a lithium complex thickened synthetic base

Table 2

oil. Grease was applied excessively to the contact once, immediately
before the experiment, to ensure lubrication throughout the entire ex-
periment.

2.2. Methods

Laser surface texturing was performed using the laser system
Piranha II (ACSYS, Kornwestheim, Germany) with a maximum power of
20 W. As laser source, the Yb-doped glass fiber laser SPI G4 Z-Series EP
(SPI, Southampton, United Kingdom) with a wavelength of 1060 nm
was used, with the laser spot being moved across the surface by a
Scanlab SCANcube 10 (Scanlab, Puchheim, Germany) galvanometer
scanner. The laser was used in pulsed operation mode with every pulse
creating a dimple. Continuous channels were formed due to over-
lapping pulses by 90%. Laser parameters were kept constant as shown
in Table 1. The energy density was assessed from the diameter of
36.2 um for one single laser dimple.

Linear channels with a semicircular cross section, width of 30 um
and depth of 10 um were created by laser surface texturing (Fig. 3). As
described in the introduction, channels were accompanied by melt
bulges due to the use of a ns-laser source. Those had an average height
of 13 um and an average width of 14 um on each side of the channel.

Packing density of the laser channels was varied between 0% and
200% as displayed in Table 2, the packing density being defined as the
channel width (measured without melt bulges) divided by the channel
spacing.

Two samples were additionally prepared further by light grinding
with fine 4000 grit SiC paper: One 10% PD sample was ground until
melt bulges were removed but laser channels still fully present and one
sample of 200% PD was ground alike until the topmost material was
removed and roughness was reduced to R, = 0.1 um. The remaining
subsurface material still consisted of remolten material, which was
verified by focused ion beam (FIB) cross sections.

Tribological experiments were performed on an Optimol SRV trib-
ometer (Optimol Instruments, Munich, Germany) in a reciprocating
sliding motion perpendicular to the channel textures. Cylindrical
counter bodies were arranged with their cylinder axis parallel to the
surface and at an angle of 5° to the sliding direction. Experimental
parameters, were chosen with regard to a potential application in
aerospace industry. Components there are often loaded by vibrations or
elastic deflections and therefore small amplitudes. Normal load of 20 N,
frequency of 20 Hz, stroke of 0.2 mm and a duration of 60 min as ex-
perimental parameters were constant throughout all the experiments.
Ambient atmosphere was controlled to be 25 = 3°Cand 50 + 5% RH.
The chosen temperature was the intrinsic temperature of the tribometer
which was set up in a controlled laboratory environment. Humidity was
controlled by a custom-built setup, where compressed, dry air was led
through a pipe system filled with deionized water. All tribological ex-
periments were conducted at least twice. If two experiments did not

Tested laser channel packing densities and corresponding spacing with channels of a width of 30 um and a depth of 10 pm.

Packing density [%] Channel spacing [pum]

Comment

non-textured reference
only two channels in contact with cylinder roller of tribological experiment

for one set of experiments melt bulges were removed (marked as (br)); besides air, also Ar was used

as surrounding atmosphere during laser texturing (marked as (Ar))

0 -

0.5 5000
2.5 1200
5 600
10 300
60 50
200 15

channels and melt bulges directly neighboring each other, no reference surface left
resembling a laser-remelted surface with a 50% overlap of channels, no more channel-textures

observable, high roughness R, = 1.3 pm; for one set of experiments ground after texturing (R, =

0.1 um)




agree, a third experiment was conducted.

For nano hardness measurements, metallographic cross sections of
the laser channels were prepared. Polishing was done using diamond
suspension of 6 um, 3pum and 1 pm. The final polishing step used a
mixture of 90 ml OP-U suspension and 10 ml of 30% H,0, in order to
prevent scratches on the surface that typically occur when polishing
titanium alloys. A Fisherscope HV100 depth-sensing hardness tester
(Fischer, Sindelfingen, Germany) with a Vickers indenter was used with
a load of 5 mN. Since the cross section of melt bulges is small and
difficult to hit with the indenter, an array of around 500 measuring
points was placed over the cross section. By this, it was ensured that
there were several hardness values of both melt bulges and bulk ma-
terial in one measurement array.

Topography before and after the experiments was measured using a
Sensofar Plu Neox confocal microscope (Sensofar, Barcelona, Spain).
While for the plates in high wear regime, wear volume could directly be
calculated from the confocal images of the wear scar, a different
method had to be used for low wear samples. Here, the wear only af-
fected the melt bulges and did not form a wear scar on the ground
surface. First, the surfaces containing the worn melt bulges were im-
aged completely by confocal microscopy. Line profiles were drawn
parallel to the channel on the melt bulges. From the profiles, the wear
scar could be seen in circular silhouette of @10 mm, corresponding to
the counter body. Averaging multiple profiles, a wear depth could be
read. From the confocal image of a single melt bulge, a CAD model was
set up, which could be intersected with a model of the cylindrical
counter body at the wear depth measured before. This yields a volume
that needs to be multiplied by the number of melt bulges in contact.
Accounting for the logarithmic shape of the cylinder roller, 1/8 of each
side of the wear scar was weighted by a factor of 0.5.

A FEI Helios Nanolab 650 Dual Beam Microscope (FEI, Hillsboro,
Oregon, USA) was used for scanning electron microscopy (SEM)
images. A thin, electron-transparent TEM foil was prepared from the
melt bulges by focused ion beam (FIB) milling and microstructure was
imaged by scanning transmission electron microscopy (STEM).
Chemical composition of melt bulges was determined on the same TEM
foil using energy dispersive X-ray spectroscopy (EDX) with a X-Max 80
detector (Oxford Instruments, Abingdon, UK).

3. Results
3.1. Tribological properties

Tribological experiments revealed two distinct kinds of behavior
(Fig. 1).

The first kind showed a high and unsteady running-in friction with
values for the average coefficient of friction up to 0.5. After a sliding
distance between 4 and 10 m, an abrupt transition occurred to a lower
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Fig. 1. Average coefficient of friction (COF) of an non-textured reference couple
compared to laser textured sliding couples of 10% PD: as lasered in ambient air,
with melt bulges removed (br) and lasered under argon atmosphere (Ar).
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Fig. 2. Wear volume of Ti6Al4V plates with different packing densities of laser
channels, on the right the experiments lasered under Ar-atmosphere (Ar) and
with melt bulges removed (br). * for the experiments on the remelted and
ground surface, the wear scar depth was below the surface roughness and
therefore not measurable (estimated V,, < 0.01 x 107 pm3). Error bars account
for the variation between single experiments.

Fig. 3. SEM image of a laser channel (air, 10% PD), as lasered, melt bulges
visible on both sides of the channel.

coefficient of friction of 0.14, which was constant for the rest of the
experiment. The sliding distance at which the transition between fric-
tion states occurred significantly varied between identical experiments.
This type of friction result was found for the non-textured reference, the
sample with removed melt bulges (br) and the laser surface textured
sample that was lasered under Ar-atmosphere (Ar) (both with 10%
packing density). It is also valid for packing densities of 2.5% and
below.

The second kind of friction behavior showed a constant coefficient
of friction of 0.14 throughout the entire experiment. While the final
coefficient of friction is very similar to the other experiments, the
above-observed running-in behavior could not be found. This constant
friction behavior is valid for samples that were laser surface textured in
ambient air and tribologically tested with bulges for packing densities
of 5% and above.

Fig. 2 shows the wear volume of the Ti6Al4V plates with different
kinds of laser textures. Wear observed after the experiment correlated
with the occurrence and also length of the running-in period, with
longer running-in periods correlating with a higher wear volume. It
again became evident that, as for friction, there is a separation into two
distinct states of wear. The non-textured reference, Ar-lasered and
samples with packing densities of 2.5% and below show a high wear
volume between 1.6 x 10”7 and 2.3 X 107 um>. In contrast, samples
lasered in air with packing densities of 5% and above show only little
wear of 0.1 X 10’ um® and below, which is a significant reduction
compared to samples in the high wear state. On the 200% (ground)
samples, wear was not measurable by the methods applied here.
Estimating the upper bound from surface roughness, wear was reduced
by a factor of 160 compared to the reference samples.



Fig. 4. SEM image of a wear scar on a non-textured Ti6Al4V plate with distinct
signs of adhesive wear.

Fig. 5. SEM image of a wear scar on a 100Cr6 cylinder, run against an non-
textured Ti6Al4V plate. Plate material was transferred onto the cylinder.

Fig. 6. SEM image of a laser channel (air, 10% PD) after the tribological ex-
periment; note that the ground surface on the sides of the channel has not been
in contact with the counter body.

3.2. Worn surfaces

The amount of Ti6Al4V plate wear found after the experiments was
influenced by the dominant wear mechanisms in the contact. The
samples with a high running-in friction and high wear volume showed
severe adhesive wear, with considerable material transfer from Ti6Al4V
onto the 100Cr6 counter body (Fig. 4, Fig. 5), as it is often found in
titanium tribosystems [1,20].

On the other hand, for experiments with low and constant friction,
wear was confined to the melt bulges surrounding the laser channels
leading to significantly less wear volume. It should be noted that the
counter body was supported solely by the melt bulges and did not come
into contact with the ground surface (Fig. 6). Only mild abrasive
grooves and no material transfer could be found on the counter body
(Fig. 7). No signs of adhesive wear were observed on either of the
surfaces.

Since the tribological behavior of the melt bulges was found to be
significantly better, further analyses were conducted to identify

Fig. 7. SEM image of a worn cylinder (run against 10% PD, air), only slight
abrasive marks can be seen where the cylinder was in contact with the melt
bulges. Length of marks corresponds to the stroke of 200 um.

mechanical, chemical and microstructural changes compared to bulk
Ti6Al4V.

3.3. Nano hardness

Results of the nano hardness measurements are given in Table 3.
The small load of 5 mN, with indentation depths below 0.16 ym and
indentation diagonal below 1.1 pm, enabled measuring hardness on the
cross section of bulges (compare Fig. 8). Measurements revealed a
twofold increase in hardness of the melt bulges lasered in air compared
to bulk Ti6Al4V. Melt bulges lasered in Ar-atmosphere did not show a
substantial difference in hardness compared to bulk material.

3.4. Melt bulges around laser textures

Fig. 8 shows a SEM image of a TEM foil prepared from a melt bulge
adjacent to a laser channel as well as the oxygen and vanadium content
determined by an EDX mapping of the TEM foil. Inside the melt bulge
(1), a 10 at% higher oxygen content and 9 at% higher nitrogen content
was measured, compared to the bulk material (2). The increased con-
tents of oxygen and nitrogen inside the melt bulge seem credible as a
result of high diffusivity in liquid phase during the laser process. Ad-
ditionally, an oxygen-rich skin around the melt bulge can be observed.
Vanadium content shows that there are vanadium-rich grains in bulk
material, but not in the melt bulge. These correspond to -grains, since
vanadium acts as [3-stabilizer in the a/f3 alloy Ti6Al4V [21]. The sup-
pression of B-nucleation in the melt bulge led to an increase in vana-
dium content, as the vanadium from the [B-phase is redistributed
through the o’-matrix.

Microstructure inside the melt bulges was too fine to be observed by
light microscopy and hardly visible even by scanning electron micro-
scopy (SEM). Fig. 9 shows a scanning transmission electron microscopy
(STEM) image of the microstructure. It depicts an acicular morphology
consisting of needle-like a’-platelets with a maximum width of around
50 nm. A couple of factors may have influenced the formation of this o’-
martensite. Firstly, material is subjected to rapid cooling after re-
deposition of the molten Ti6Al4V during the laser surface texturing
process, with high cooling rates favoring the precipitation of a’-phase.
Ahmed and Rack state a critical cooling rate of 410 K/s for a completely
martensitic microstructure in Ti6Al4V [22]. While the real cooling rates
are unknown, this seems plausible also for the resolidification of the
laser-molten Ti6Al4V, since Sundaram et al. stated that the re-
solidification of laser-molten material only lasts timespans of nano- to
microseconds [23]. Secondly, as shown in Fig. 8, the melt bulge has
higher contents in oxygen and nitrogen, which act as a-stabilizer in the
Ti6Al4V alloy [21]. Oxygen is also known to induce or promote the
martensitic transformation [24].

While the chemical differences between melt bulge and bulk ma-
terial are quite pronounced, it should be noted that the concentration of



Table 3

Maximum nano hardness measured in bulk and in melt bulges, average and standard deviation from seven measurements.

Bulk Ti6Al4V

Melt bulges lasered in Ar-atmosphere

Melt bulges lasered in air

max. Hardness [GPa] 5.30 = 0.40

4.94 + 0.35

10.23 + 0.49

It bulge
o

bulk material

Fig. 8. SEM image (a) and EDX mappings of oxygen (b) and of vanadium (c) content in a melt bulge. The edge of the channel itself can be seen on the left of the
images. Bright areas in a) show the platinum layer used to protect the sample from ion milling damage. Red box in a) indicates the position of STEM displayed in

Fig. 9. Elemental concentration was taken from red boxes (1, 2) in b).

oxygen and nitrogen is still below their maximum solubility in titanium
of 33at% and 23 at%, respectively [25,26]. Neither with STEM nor
EDX, distinct oxides or nitrides could be found, indicating that these are
either very small or not present at all. It is therefore concluded, that
melt bulge material is in fact a solid solution of interstitial oxygen and
nitrogen in the Ti6Al4V lattice.

4. Discussion
4.1. Influence of lubricant additives

A drastic decrease in wear was found in the reciprocating line-
contact tribological experiments, for Ti6Al4V plates that were textured
in air with a packing density of 5% or more.

In order to verify the potential influence of lubricant additives,
further experiments on non-textured Ti6Al4V and 10% PD laser surface
textured Ti6Al4V were conducted in the same fashion as explained
before. Instead of the fully formulated grease, a FVA 1 additive-free
mineral reference oil with a viscosity (14.9 mm?/s and 3.5 mm?/s at
40 °C and 100 °C, respectively) similar to the Aeroshell Grease 33 base
oil was used as lubricant. These sliding couples showed the same two
states of friction and the difference in total wear volume between tex-
tured and non-textured was comparable to the experiments lubricated
with Grease 33. Particularly, the low wear state on laser surface tex-
tured Ti6Al4V was observed for experiments both lubricated by fully
formulated grease and by additive-free base oil. It was therefore con-
cluded that lubricant additives play no major role in the results shown.

Fig. 9. STEM image of the microstructure inside a melt bulge around the
channels.

4.2. Influence of surface textures

In literature on the tribology of textured surfaces in general, the
mechanisms most often mentioned are additional micro hydrodynamic
lift [27], entrapment of wear particles [4,18] and a secondary lu-
brication effect [28].

Other researchers investigating laser textured surfaces containing
melt bulges attributed the improved behavior to the lubricant storage
[14] or possible hydrodynamic lift [15]. Greiner et al. [16] ruled out
possible material modification and credited the surface topography it-
self with the tribological differences.

Kovalchenko et al. on the other hand concluded that melt bulges
need to be removed in order to optimize tribological properties [11]. In
experiments shown here, removing the melt bulges (10% (br)) led to
severe adhesive wear, comparable to the non-textured reference. This
indicates that the tribological enhancing mechanisms in this work are at
least partially different from the above-mentioned mechanisms found in
most of literature on laser surface texturing without melt bulges.

Firstly, the use of grease as lubricant decreases the influence of the
micro hydrodynamic lift as a possible enhancing mechanism. It is fur-
ther reduced due to the fact that the experiments were conducted in a
reciprocating motion with small amplitudes and therefore small max-
imum sliding velocities below 13 mm/s.

Likewise, secondary lubrication due to surface textures is thought to
play no major role since the experiments were not conducted under
starved lubrication and contacts were greased excessively before the
experiments.

Tian et al. also found a correlation of contact width and friction
coefficient on linearly textured titanium surfaces [4]. They concluded
that the reason was a change in creation and plowing of wear particles
on the surface. This trapping effect should be active, even if melt bulges
were removed but channels still present. The fact that laser textures did
not reduce wear without melt bulges shows that this does not seem to
be the main effect on the tribological behavior either.

Hu et al. [6] found a similarly discrete tribological behavior for laser
surface textured Ti6Al4V in pin on disc experiments, depending on
dimple diameter, oil viscosity, normal load and sliding speed. While
acknowledging the effects of secondary lubrication and micro hydro-
dynamic lift, they also mentioned the reduction in contact area, leading
to a decrease in adhesion and therefore friction.

In short, many researchers have investigated the tribology of tex-
tured surfaces and some mechanisms based on topography have be-
come widely accepted.
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Fig. 10. Schematic representation of the effect of interstitial oxygen in a titanium lattice on the tribological response. During tribological contact, the unfavorable
electronic structure of titanium leads to interfacial bonding with the steel counter body (a) and subsequently to formation of adhesive wear (b). Interstitial oxygen
inhibits interfacial bonding by changing the electron distribution in the lattice and saturating possible bonds (c). Titanium surface oxide is assumed to be removed in

tribological contacts [34]; lubricating medium was omitted for simplicity.

However, in addition to the inactive mechanisms discussed above,
two experiments reveal that topography is not the major effect on the
tribological response in the experiments shown here. The samples of
10% PD textured in argon and air have comparable topography with as-
textured melt bulges but yielded completely different tribological re-
sults. The same is true for 200% PD (ground) and the reference: similar,
smooth topography but opposing tribological results.

4.3. Influence of melt bulge hardness

For the experiments where atmosphere during laser texturing was
varied, wear resistance correlates with a high content of oxygen/ni-
trogen and a high hardness of the melt bulges. Martensitic micro-
structure in titanium alloys was reported to only exhibit mild
strengthening effect [29,30], and could not be measured in the melt
bulges lasered in argon atmosphere (Table 3). It could still influence the
wear behavior because martensite can inhibit the formation of localized
shear bands and therefore crack propagation [31]. The increased
hardness can be related to contents of oxygen and nitrogen, however.
These interstitial elements preferably occupy octahedral interstitial
sites in titanium, expanding the hexagonal lattice by increasing the c/a
ratio and therefore restricting the number of dislocation slip systems
[32]. Besides an increased hardness [19], higher interstitial contents
can lead to an increase in work hardening of pure titanium [33]. Both
work hardening and hardness are deemed tribologically beneficial be-
cause they limit plastic deformation and therefore the junction growth
of Ti6Al4V in tribological contact [2,34]. Researchers have investigated
the tribological performance of nanocrystalline titanium prepared by
different techniques, exhibiting higher hardness compared to coarse-
grained titanium. Results range from considerable improvement [35] to
no improvement of wear resistance or coefficient of friction [36] while
others even found a detrimental effect of the processing [37]. However,
all researchers reported a transition in tribological properties which is
continuous to a certain degree and no discrete behavior as described
here. Yet, the altered microstructure and plastic behavior could influ-
ence subsurface deformation and crack propagation in a way that wear

behavior is critically affected. The limitation of plastic deformation is
therefore thought to play a crucial role in the results shown here.

4.4. Influence of oxygen and nitrogen content

Considering the distinct decrease in wear by more than two orders
of magnitude, it is plausible that there are additional influences on the
tribology of titanium, besides the mechanisms of plastic deformation
and work hardening.

Researchers already have applied several techniques like ion im-
plantation [38], nitriding and carburizing [39] and especially thermal
oxidation [2,3,40-43], in order to introduce interstitial elements like
oxygen or nitrogen into the titanium lattice. Again, the tribological
enhancing mechanism repeatedly mentioned was the restriction of
plastic deformation. A decrease in chemical reactivity has also been
proposed for interstitial-rich titanium [38] and can similarly be con-
cluded from improved tribo-corrosion behavior [44], but no compre-
hensive explanation for this change in reactivity has been given yet.

Among other factors, the electronic structure of materials is con-
sidered to have an influence on their degree of adhesion and adhesive
wear [45,46]. Russian scientists pointed out that the tribological
properties of titanium may be connected to its high amount of non-
localized valence electrons [47,48]. Also Buckley correlated the elec-
tronic structure of several pure metals to their coefficient of friction in
contact with various ceramics [49,50] and with themselves [51].

Sargent and Conrad [52] claimed that lattice expansion due to in-
terstitial oxygen cannot solely account for the pronounced solid solu-
tion strengthening found in titanium and concluded that interstitial
oxygen is therefore chemically bound to the titanium lattice atoms.
They based their argumentation, besides other observations, on the
unusually high activation energy for diffusion of oxygen in titanium.
The aspect of “covalent-like” chemical bonding of oxygen atoms in a
titanium matrix was also mentioned in [53] and later confirmed by
simulations [54-56]. Interstitial oxygen was accordingly shown to in-
crease the charge density between titanium atoms around the inter-
stitial sites [57,58].



Combining the two arguments on the electronic structure of tita-
nium and interstitials, we propose the following tribological mechanism
(Fig. 10). The solid solution of oxygen (and nitrogen) influences the
electron distribution in the titanium lattice in a way that its electrons
are more localized and bound around interstitial sites inside the lattice.
The electronic bonds of titanium are therefore at least partially satu-
rated by surrounding oxygen and nitrogen interstitials. As a result, the
titanium surface is chemically less active and exhibits reduced inter-
action of valence electrons with the tribological counter body. The
formation of strong adhesive bonds is hindered, what can ultimately be
observed as the absence of adhesive wear in the tribological experi-
ments.

Also note that in Fig. 1, the final coefficient of friction is comparable
for all of the experiments. The fact that some experiments show a
pronounced running-in behavior is believed to be based on the influ-
ence of oxygen as well. The running-in period would then be the time
until a sufficient amount of oxygen is gathered in the wear track. This
could not be shown experimentally due to limitations in control of
ambient atmosphere at the tribometer. However, it is consistent with
the observation, that with initially high oxygen content in the subsur-
face material (melt bulges), a running-in process is rendered un-
necessary.

While the tribological enhancement seems based on the solid solu-
tion of oxygen and nitrogen in the melt bulges, packing densities of
2.5% and below still yielded a poor wear resistance, comparable to that
of the non-textured reference. This can be explained by the limited
mechanical strength and, on a microscopic scale, delicate nature of the
melt bulges. In these cases, the mechanical strength was too low in
order to bear the tribological load.

Apart from the enhancing mechanisms discussed, another possibi-
lity is the better bonding of lubricant molecules to the surface of the
laser surface textured Ti6Al4V, which is subject of ongoing research.

5. Conclusion

Laser surface texturing was used to create linear channel textures in
order to improve the poor tribological properties of Ti6Al4V. The re-
search focused on the adjacent melt bulges created due to the use of a
nanosecond-pulsed laser source. By a variation in channel packing
density, finishing procedure and atmosphere during lasering, active
enhancing mechanisms were elucidated.

1. Non-textured reference samples showed severe adhesive wear and
high friction during the running-in period. In contrast, laser surface
textured samples yielded a constant, low friction and wear was
significantly reduced by up to a factor of 160 compared to reference
samples.

2. Laser textures were only effective for channel packing densities of
5% and above, provided they were lasered in air and melt bulges
were not removed before the experiment.

3. The topography of textures had no major effect on the tribological
properties since samples with comparable topography yielded op-
posing tribological results.

4. Further investigation of the melt bulges by STEM and EDX revealed
a purely martensitic a’-microstructure and increased contents in
oxygen and nitrogen.

5. Solid solution of these interstitial elements seems to be the reason
for enhancing the tribological properties of Ti6Al4V. The critical
limitation of plastic deformation and a saturation of electronic
bonds of titanium atoms are thought to decrease the adhesive ten-
dency and therefore prevent adhesive wear.

While we showed results of model experiments on textured surfaces
which were flat in topography, this method seems easily applicable on
other, curved surfaces which would occur in many tribological com-
ponents such as bushings, bearings and gears.
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