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Table 2. Mean and standard deviation of Vickers microhardness (HV 2) of TigAl;V-BM and Tig Al V-LR.

FZ (TigAl;V-LR) HAZ (TigAlV-LR) BM (TigAl;V-LR) TigAlV-BM
410+ 8 392 + 11 372+ 10 353+ 5

It is interesting focusing on the analysis of the superficial microstructure developed in Ti6Al4V-LR,
presented in Figure 6. A thin layer of 8-13 pum is developed from the surface, which seems to be a rich
martensitic zone, presenting high microstructural refinement. This acicular martensite is thinner than
the one observed at the inner part of the FZ. This thin superficial microstructure is associated with
the higher heating and the subsequent higher cooling rate taking place just after the laser treatment,
leading to a finer martensite than that formed at the FZ.

Figure 6. Metallographic images of TigAl;V-LR samples at the external surface.

Finite element method simulations were carried out to show that the external surface of the
irradiated zone reached a higher temperature and higher cooling rate than the inner part of the fusion
zone (Figure 7a). In addition, the simulations also confirm that the external surface of the FZ presents
a higher martensite content than the inner part of the FZ (Figure 7b). This feature is shown later to have
an important influence on the tribocorrosion behavior. This external martensite rich layer presents
an average depth of 10 um of the fusion zone. Taking into account the presence of this thin layer, the
tribocorrosion tests were performed both at initial rubbing and also at extensive rubbing, in order to
be sensitive to the layer effects on the results.
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Figure 7. Results obtained from finite element method simulations. (a) Temperature evolution of nodes
located at the surface (node 39) and the inner part of the FZ (node 14); and (b) martensite fraction at
different zones of the FZ.

3.2. Tribocorrosion Behavior at Initial Rubbing

Tribocorrosion studies of LR samples have been divided into initial and extensive rubbing,
providing the differences aforementioned related to the external martensite-rich thin layer and the
inner part of the FZ. The initial rubbing refers to the wear limited to the first instants of rubbing, in
which the finer superficial martensite layer could have influence. On the other hand, extensive rubbing
studies analyze the effect of severe wear (up to one hour of friction), in which the FZ, or even the base
metal is present. This methodology of testing at two rubbing times also allows the study of the layer
modification effects on tribocorrosion. As the thin layer can be harder than the HAZ, the damaged
(anodic) area might be relatively small for this initial stage of wear.

The first effect of friction evaluated has been noted in the monitoring of the open circuit potential
with the initial rubbing, as shown in Figure 8. The open circuit potential after approximately 1800 s
exposure is close to —0.45 V vs. SCE, and the steady-state condition can be assumed. Thus, the effect
of rubbing on OCP (open circuit potential) can be monitored. When the rubbing (for 2.0 N load) starts,
the potential decreases about 0.5 V for the base metal sample (TigAlyV-BM) and about 0.4 V for the
laser-treated sample (TigAlyV-LR). The different potential drops of the samples is thought to be related
to their different wear resistance at this initial period of the rubbing. Consequently, the lower potential
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drop of TigAl4V-LR is indicative of its higher wear resistance, surely due to the different superficial
microstructure developed in this sample. In fact, the mixed potential presented during sliding is
dependent on the anodic (worn)/cathodic (passive) area ratio. Thus, a high ratio gives more negative
potential values. Thus, the smaller potential drop of TigAl;V-LR suggested a smaller anodic/cathodic
area ratio of the laser-treated samples when rubbing is confined in 10 um of the thin layer. After some
minutes of this initial rubbing, the potential behavior of the TigAl;V-LR becomes similar to that of
TigAlyV-BM, most certainly because of the degradation of the superficial rich martensitic layer.
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Figure 8. Open circuit potential before and during the mechanical loading.

For comparison, the wear track was also evaluated with AFM. The exposure time was limited
to 10 s of friction. In fact, there is a clear difference between TigAlyV-BM and TigAlyV-LR samples
(Figure 9). Initial wear is more intense for Tig Al4V-BM, in which the wear track is deeper than that of LR.
As the surface finish is the same, as well as the alumina counter-body, the shallow track of TigAl4V-LR
samples is thought to be related to the thin superficial o’ microstructure, providing a tribocorrosion
resistance increase at the surface. The representative peak to peak height of TigAl4V-LR sample is
less than 1 um, being approximately 2 pm for the TigAlyV-BM. The counter-body contact occurs at
a width of about 0.1 mm, as depicted in Figure 9b,d. For this initial wear, the laser-treated samples
resist more damage than non-treated titanium alloy, which is probably related to the thin superficial
martensite microstructure (8-13 um). These findings suggested that the laser treatment increases the
wear resistance of titanium alloy, likely caused by the high hardness [21]. Barril et al. [28] have found
that for TigAl4V/0.9% NaCl system in fretting corrosion, the initial smeared surface is smaller for lower
slip amplitude. In the present paper, in addition to the reported slip difference and even the testing
(fretting and pin-on-disk tests), the presence of the thin martensite rich layer seems to reduce the wear.
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Figure 9. Cont.
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Figure 9. Tracks observed in AFM. TigAl;V-BM track: (a) surface and (b) profile; and Tig Al V-LR:
(c) surface and (d) profile.

3.3. Tribocorrosion Behavior at Extensive Rubbing

The tribocorrosion tests performed under extensive rubbing are analyzed in this section. Thus,
the depth profile of the worn surface reaches the inner part of the FZ, going beyond the external
martensite-rich thin layer. The tests were performed for 3600 s without load and, subsequently, 600 s
of rubbing at open circuit potential. Polarization curves of TigAl;V-BM and TigAl4V-LR samples were
carried out (Figure 10a) and the effect of applied potential on coefficient of friction was monitored
(Figure 10b). In both samples (Ti6Al4V-BM and Ti6Al4V-LR), the corrosion potential decreases from
—0.4 V vs. SCE approx. (when no load is applied, Figure 10a) to —0.65 V vs. SCE approx. (when
applying the load, Figure 10b). In addition to this decay of potential, the average current density in
both samples increases almost two decades when friction is employed. Thus, the average current
density increases from 100 nA/cm? approx. (in non-rubbing polarization curves, Figure 10a) to
10 wA /cm? approx. (in rubbing polarization curves, Figure 10b). Current scattering under friction is
clearly observable. This behavior can be ascribed to the effect of sliding that wears the passive layer of
titanium and the subsequent repassivation of the surface.
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Figure 10. (a) Polarization curve without load; (b) with 2.0 N load: potential versus coefficient of
friction, and polarization curve. (Black, TigAlyV-BM; red, Tig Al V-LR).

When polarization curves are analyzed under the no rubbing condition, Tig AlyV-BM and TigAlyV-LR
have corrosion potential values around —320 and —420 mV vs. SCE, respectively. Meanwhile, under
friction, both samples present corrosion potentials of about —630 mV vs. SCE. The effect of loading
in the passivation current densities (measured at 0.0 V vs. SCE) increased, in both samples, from
approximately 2 pA/ cm? (no rubbing, Figure 10a) to 90 nA/ cm? (rubbing, Figure 10b). Moreover, the
scattering related to the mean current density is negligible without loading (less than 1 pA /cm?), but
very high with friction (around 40 pA/ cm?). These results have been summarized in Table 3.
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Table 3. Corrosion potential and passivation current density of TigAlyV-BM and Tig Al V-LR samples
obtained from polarization curves.

o Corrosion Potential Passivation Current Density
Sample Test Condition (mV vs. SCE) (uA/cm?)
) No rubbing —320 £ 30 2+1
TigAlsV-BM Rubbing —420 + 20 90 =+ 40
. No rubbing —630 4 30 2+1
TigAlV-LR Rubbing —630 + 20 90 + 40

The mean coefficient of friction changes very little with the potential, as shown in Figure 10b.
Additionally, there is a significant scattering of the current data. This scattering increases with the
potential when anodic processes are more intense. In this case, a possible interaction of dissolution
on the wear mechanism would be expected, as related in [23]. However, neither a modification of
the coefficient of friction, nor a surface feature modification was observed with the applied potential.
Wear grooves were observed in ordinary and laser-treated samples, both related to the abrasion wear
mechanism. Then, the wear mechanisms do not seem to change, at least to the potential range of
Figure 10b. Moreover, adhesion marks were also observed in the tracks of the samples. As mentioned
beforehand, when extensive wear is applied, both samples have similar wear, especially close to
the corrosion potential. Moreover, the coefficient of friction is higher than 0.25, regardless of the
microstructure or potential. In this case, due to the stress distribution, the plastic flow occurs chiefly on
the surface, instead of the subsurface layer [13]. This fact augments the importance of the superficial
thin layer produced by laser remelting on tribocorrosion behavior.

In Figure 11, the titanium alloy profiles are shown. It can be seen that wear is very similar in
depth and width for both materials. However, titanium track profiles have a serrated shape, unlike the
stainless steel-alumina pair [23]. Moreover, in certain sites the tracks were observed to be still deeper,
but not detected by profilometry due to the narrow contact area. This suggests that the dissolution
and/or wear is not uniform in all points of the track. The tracks are depicted in Figure 12 using
optical light microscopy. The alumina counter-body has a diameter of 4.0 mm, but the profiles present
a serrated shape with approximately 1 mm.
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Figure 11. Profile of wear tracks obtained after the polarization curve tests.
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Figure 12. Optical images of wear tracks: (a) TigAl4V-BM; (b) TigAl4 V-LR.

Figure 13 shows the impedance diagrams of titanium alloy samples after an open circuit exposure
of 3600 s in Nyquist format. The continuous lines are the fitted response of the equivalent electric circuit
with the parameters of Table 4. Both conditions present a high capacitive loop. A capacitive-like loop is
normally found in passive alloys. The effect of wear is the reduction of the impedance modulus after the
rubbing. However, the impedance of laser samples is slightly superior than that of non-treated surface.
The impedance diagrams for base metal are similar to those of Amaya-Vazquez et al. [21], taking into
account their lower minimum frequency (1.0 mHz) and the higher open circuit exposure. These factors
increased the measured modulus of passive metals. Table 4 shows the adjusted parameters of
electrochemical impedance for the circuit of Figure 3.
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Figure 13. Electrochemical impedance spectroscopy represented as Nyquist diagrams: (a) before and

(b) after loading.

Table 4. Mean and standard deviation values of the fitted EIS parameters.

Sample Test Condition Re (Q-cm?) a(x1073)  Q(uS-s*/em?)  Rp (kQ-cm?)
Before rubbing 69.7 £0.5 945 + 2 224 + 10 587.00 + 18.00

Ti6Al4V-BM Rubbing 75.7 £ 0.5 850 +5 721 + 18 1.65 + 0.02
After rubbing 66.1 £0.5 907 +2 246 + 20 175.00 + 3.00
Before rubbing 847 £0.5 935+ 2 279 + 20 655.00 + 18.00

Ti6Al4V-LR Rubbing 93.1 £ 0.6 841 +4 1007 + 17 3.61 +£0.04
After rubbing 79.7 £0.5 929 +2 270 + 20 666.00 £ 22.00

202



MDPI AG

St. Alban-Anlage 66
4052 Basel
Switzerland

Tel: +4161 683 77 34

Z
Fax: +41 61302 89 18 rM\D\Py
F

www.mdpi.com ISBN 978-3-03842-631-8





