0.5

COF
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Figure 4.10 Variation of coefficient of friction (COF) with sliding distance during adhesion tests. It
was observed that TiN and CrN coating reached a more stable condition after a shorter sliding

distance compared to steel and AlTiN coating

Transfer layer

(a) Steel

. Transfer layer.

(b) AITIN coating
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Figure 4.12 Electron energy loss spectroscopy (EELS) maps of the cross section of transfer layers to
the (a) steel, (b) AITiN, (c) TiN and (d) CrN counterface balls after adhesion tests showing the
lamellar microstructure of the transfer layers consisting of oxygen titanium and vanadium. (Applied

load: 3 N, sliding distance: 0.01 m)
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Figure 4.13 Electron energy loss spectroscopy (EELS) maps of the cross section of transfer layers and
the corresponding convergent beam electron diffraction (CBED) patterns for the steel, AITiN, TiN and
CrN counterface balls after adhesion tests. The enclosed areas are the locations where CBED patterns
were taken. It was observed that TiO (C2/m space group) and V203 (C2/c space group) were present

in the transfer layer within the regions that had a higher oxygen content
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Transferred materials

oy [111)

Figure 4.14 High resolution TEM (HRTEM) images and the corresponding fast Fourier transform
(FFT) patterns of the transfer layer interface with (a) steel, (b) AITiN, and (c) TiN and (d) CrN
counterface balls after adhesion tests. The enclosed areas are the locations where FFT patterns
were acquired showing the presence of nanocrystalline TioO at the transfer layer interface with

steel and AITiN and the presence of ultrafine a-titanium at the transfer layer/TiN, CrN interface
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CHAPTER 5 DISCUSSION

5.1 Friction and adhesion behavior of Ti-6Al-4V

The weight loss of titanium after the 10-meter ball-on-disk tests (figure 4.1)
demonstrate that titanium suffers high wear rate in the unlubricated condition, which can
be attributed to the adhesion, abrasion and oxidation mechanisms. The results of the
10-meter ball-on-disk tests (figure 4.2 to figure 4.4) indicate the massive adhesion and
transfer of Ti-6Al-4V to the counterface surfaces. Abrasion grooves on the wear tracks
(figure 4.2) indicate that abrasion wear took place in the following sliding process. The
plates-like and cutting-like debris in figure 4.3 also indicate that titanium alloys are
severely deformed. The presence of oxygen in the fine equiaxed wear debris indicates
that oxidation wear also took place during the sliding contact. The extensive material
transfer to the counterface materials indicates that the adhesion wear was also the
responsible wear mechanisms. The mechanisms involved in longer sliding distance were
fragmentation of transfer layers, generation of debris, their oxidation between the contact
surfaces which act as third body abrasive particles [56-58].

As shown in figure 4.6, Ti-6Al-4V demonstrated a severe adhesive wear in the
adhesion tests. The results also show that the adhesion and transfer of Ti-6Al-4V to
different counterface surfaces initiated at an early stage of sliding. The presence of
transfer layers on the counterface balls (figure 4.6) without generation of loose debris

after adhesion tests indicate that at the early stage of sliding, adhesion is the dominate
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nanocrystalline and polycrystalline structures (inserts 4 and 6 in figure 4.11 c) embedded
in. The scanning transmission electron microscopy (STEM) images and corresponded
convergent beam electron diffraction (CBED) patterns of the transferred material to CrN
coating were shown in figure 4.11 d. The convergent beam electron diffraction patterns
indicate that the top layer amorphous microstructure (inserts 1 to 5 figure 4.11 d) while
the embedded oxides underneath the top layer showed a nanocrystalline and
polycrystalline microstructure.

The electron energy loss spectroscopy (EELS) maps constructed from the cross
section of transfer layers (figure 4.12) confirmed that the transferred material was
consisted of layers composed contained of Ti, V, Al, and O (hanocrystalline oxides). It
was observed that the transferred materials to the TiN and CrN coating counterface
(figure 4.12 ¢ and d) contain finer oxides layers compared to the steel and AITIN
counterface (figure 4.12 a and b). This result indicated that the transferred material to
TiN and CrN counterface was less severely oxidized when compared to the transferred
material to steel and AITiN counterface.

The presence of TiO at the interface of steel and AITiN counterface balls with the
transfer layer (figure 4.13 a and b) as well as longer durations at the initial stage of
sliding observed in the COF curves (figure 4.10) implied formation of stronger junction
bonds and higher affinity of titanium for adhesion to steel and AITiN surfaces. As such

the asperities had sufficient time to oxidize under sliding contact.
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A closer examine of the nanocrystalline oxides in the transferred material using the
electron diffraction patterns taken from several different locations within the higher
oxygen content area in transfer layers (figure 4.14) indicated that regions with a higher
oxygen content, contained titanium oxide (TiO, space group C2/m) and vanadium oxide
(V203, C2/c space group) for existed in the transfer layer on steel surface. However, only
nanocrystalline titanium oxide (TiO, space group C2/m) observed in the transfer layer on
the coating surfaces. The absence of vanadium oxides in the transfer layer on coating
surfaces can be related to the less severe oxidized nature of the transferred material on
coating surface as show in figure 4.14.

The fast removal of titanium transfer layer from the CrN surface exposed the
contact region to fresh titanium surfaces. This was accompanied by detection of an
ultrafine a-titanium structure at the CrN/transfer layer interface using high resolution
TEM (HRTEM) images and fast Fourier transform (FFT) patterns (figure 4.13 c). Similar
microstructures have been reported for adiabatic shear bands in titanium alloys [29-31].
This was accompanied by detection of an ultrafine o-titanium structure at the
CrN/transfer layer interface using high resolution TEM (HRTEM) images and fast
Fourier transform (FFT) patterns (figure 4.13 c¢). Similar microstructures have been
reported for adiabatic shear bands in titanium alloys [60-62].

For steel surface, the large misfit between steel and a-titanium leads to severe

plastic deformation, which will promote oxidation by input deformation energy. In
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addition, the small misfit between iron lattice and TiO lattice can also promote the
oxidation of transfer layer. The preferred orientation between iron and TiO is the {202}
planes of TiO to the {011} planes of iron. The misfit between this two plane groups can

be calculated as

0.2098 — 0.2027

0f — 0
02098 X 100% = 3.38%

The oxides formed at the interface will in turn slightly reduce the COF in this stage of
sliding tests.

AITiN coating has mix microstructure of polycrystalline AIN and AITiN. The large
misfit between {220} planes of AITiN, {110} planes of AIN planes and a-titanium planes
leads to severe plastic deformation. The high hardness of AITiN coating also results in
severe plastic deformation ofa-titanium.

The observations ofa-titanium can be attributed to a less lattice misfit of TiN and
a-titanium crystal compared to steel and a-titanium crystal, which means that the planes
on TiN coating, where the a-titanium was observed possessed similar d-spacing value to
a-titanium [60]. That is also the reason why the COF is higher when TiN sliding against
Ti-6Al-4V. Because two solid surface with small misfit sliding against each other often
results in strong adhesion and high COF [61, 62]. The preferred orientation relationship
of transferred Ti to TiN is the {110} planes of titanium to {111} planes of TiN. The misfit

between these two plane groups can be calculated as

0.2494 — 0.2313
0.2494

X 100% = 7.25%
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The preferred orientation relationship of transferred Ti to CrN is the {110} and
{010} planes of titanium to {110} planes of CrN. The misfit between these two plane

groups can be calculated as

0.2413 — 0.2313

0y — 0
02413 X 100% = 4.14%

The calculations of lattice misfit indicates that the d-spacing of TiN and CrN
crystals are close to that of a-titanium, which can explain the presence of o-titanium at
the interface of the transfer layer and counterface materials. The d-spacing of AISI
52100 steel and AITiN is close to that of TiO, which can explain the presence TiO at the
interface. The shorter sliding distance for coefficient of friction to reach the threshold
value when sliding against TiN and CrN coatings can be correlated to the presence of
a-titanium at the interface. The less adhesion of Ti-6Al-4V to these coatings is observed
as well. An lateral crack is observed at the interface between the transfer layer and CrN
coating, which suggests o-titanium is easier to remove compared to TiO during the
following sliding process because of the combination of work hardening and severe
plastic deformation [63].

In summary, TiN and CrN coatings show better performance in reducing the

oxidation and adhesion of Ti-6Al-4V under unlubricated sliding condition.
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CHAPTER 6 CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

The adhesion behavior of Ti-6Al-4V against AISI 52100 steel, AITIN, TiN and

CrN counterfaces under unlubricated sliding condition was studied and compared to

investigate the micro adhesion mechanisms at the initial state of sliding contact.

Conclusions are presented below:

Ti-6Al-4V transferred extensively to uncoated AISI 52100 steel and PVD
ceramic coatings, however, the wear rate of Ti-6Al-4V is lower when sliding
against TiN and CrN coatings, which can be related to a less severe material
transfer during the initial stage of sliding.

Severe adhesion of Ti-6Al-4V to AISI 52100 steel, AITiN, TiN and CrN
occurred during the initial stage in sliding contact, however, the coefficient of
friction curve shows that when sliding against CrN and TiN coatings the
coefficient of friction reached the threshold value within shorter distance
compared to when sliding against AISI 52100 steel and AITiN counterface.
Analytical microscopy investigations revealed that the transferred material has
a lamellar amorphous structure. Both TiO and V,03 is observed in the high
oxygen content regions on the transfer layer to steel, however, only TiO is
observed in transfer layer to PVD coatings. This observation suggests that

Ti-6Al-4V is less severely oxidized when sliding against PVD coatings. The

61



less severe oxidation of Ti-6Al-4V can be used to explain the shorter distance
of the coefficient of friction to reach the threshold value when sliding against
TiN and CrN coating.

e Ti-6Al-4V showed lowest transferred volume to CrN coating. This result can
be related to the small lattice misfit between the CrN and a-titanium crystal.
This observation suggests the d-space of the counterface material should be
selected close to the d-space of a-titanium to reduce the oxidation and

adhesion of Ti-6Al-4V.

6.2 Recommendations for future research

The following works are suggested for future research:

e o-titanium and TiO are observed at the interface region, however, no 3
titanium particles are observed. Thus, it is interesting to perform the adhesion
tests on the P titanium alloy and compare its adhesion behavior and
mechanisms to the o + f titanium alloy.

e Computer simulation of the adhesion of titanium alloy to different counterface
materials is a promising method to verify the experimental observation and
provide quantified results to predict the adhesion of Ti-6Al-4V.

e Lubricants can reduce the adhesion of titanium alloys. It is also interesting to
research effects of different lubricate conditions on the adhesion mechanisms

of Ti-6Al-4V during the initial stage of material transfer.
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