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ABSTRACT

Dry sliding wear tests were performed on polycrystalline f.c.c. Al and h.c.p. Ti
specimens using a block-on-ring type wear machine with a rotating ring made of 52100
bearing steel. The sliding speed was 0.13 m.s1 and the applied normal load was ION. The
wear tests were performed on a single specimen in ambient conditions and the texture was
evaluated during wear using an X-ray diffraction inverse pole figure technique at a range
of sliding distances. Pole density distributions for the [0001] and [111] poles for of Ti and
Al, respectively, were then determined from the inverse pole figures. The texture evolution
during sliding wear was subsequently related to the friction and wear behaviour. For the
aluminum sample, a (111) texture developed parallel to the worn surface with increasing
sliding distance (a 6 fold increase in the (111) pole density as the sliding distance increases
from 0 to 2714 m). The titanium sample (normal section) which had a preferred orientation
with the basal poles, [0001], parallel to the contact surface prior to testing, an increase in
wear, i.e. sliding distance, did not change the texture. However, for the transverse section
of titanium, the basal pole, [0001], density parallel to the worn surface increased with
increasing sliding distance. The shape of the coefficient of friction versus sliding distance
curve is strongly influenced by crystallographic texturing. A drop in the coefficient of
friction with the progressive development of the [111] and [0001] texture was observed for
both Al and Ti (transverse section) specimens, respectively.

Introduction

Although, friction is a time dependent phenomenon, it is commonly reported as an
average single value. Friction versus sliding distance (time) curves give the variation of the
coefficient of friction as a function of time1"4. Until recently4'9 the time-dependant friction
behaviour had not been explored and was still not well understood. Factors such as
evolution of crystallographic texture10 and near-surface work-hardening5 that takes place
during the wear process are reported to influence the friction curve. Only a limited amount
of research has been conducted to determine the influence of texturing on friction and wear.
Texture evolution during wear often resembles that of a rolling texture11. It has been
reported101213 that for hexagonal metals, sliding tends to produce an alignment of basal slip
planes (0001) parallel to the worn surface. For fee metals, Wheeler and Buckley14 found
a (111) texture (the slip plane in fee) for rubbed copper and nickel. A similar texture
evolution during sliding wear for stainless steel and aluminum has been observed by Hirth
and Rigney10. The influence of texture on the abrasion resistance of Ti-8.5%A1 was
investigated by Zum-Gahr15. Higher wear rates were recorded on surfaces with a basal
texture than those with a transverse texture. Similar results were obtained on hexagonal
cobalt15 which suggested that plastic deformation during wear is easier on surfaces showing
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basal textures. Static friction between two oriented crystals of copper16 showed that the
coefficient of friction on the (100) face was more than 4 times larger than that on the (111)
face. The lower coefficient of friction was attributed to the ease of shearing the crystal
parallel to its slip planes.

In the present work, both the crystallographic evolution and tribological properties
were examined in order to study the effect of texture development on time-dependent
friction and wear transitions.

Experimental Methods

The materials tested were coarse-grained Al and Ti and nanocrystalline Al and Ti
films produced by r.f. sputtering method. The grain size of the as-sputtered nanocrystalline
Al was varied by annealing at 573 K for the time interval of 10 hrs. in a vacuum sealed
quartz tube. Hardness measurements were performed using a nanoindentation system
(UMIS 2000). The microstructural and mechanical characterization of all materials tested
is summarised in Table 1.

Friction and wear tests were performed under unlubricated sliding conditions using
a miniature pin-on-disc type tribometer . The tribometer consists of a specimen holder
(disc) rotated by an A.C. motor sliding against a stationary stainless steel (AISI 304) pin.
Tests were made under a constant load of 1.0±0.1N and a sliding speed of 1.3X10'2 m.s"1.
The instantaneous values of the calibrated normal (N) and tangential (T) forces were
measured and the coefficient of friction (u=T/N) as a function of sliding distance was
calculated.The width of the wear track was measured at a regular intervals during the test
and the volume loss (V) of the material during wear was calculated according to the ASTM
standard G9917.

Texture measurements during the wear process were made by an X-ray diffraction
inverse-pole-figure technique. The purpose of texture measurements was to relate changes
in the friction and wear behaviour to the microstructural changes. Dry sliding wear tests
were performed on Al and Ti specimens of 5x5 mm2. For the Ti, the tests were performed
on both normal and transverse directions of the disc. A block-on-ring type wear machine
was used for these particular experiments. The block-on-ring configuration was chosen over
the pin-on-disc wear machine because it provides larger wear surface area for the
subsequent X-ray texture analysis. The block-on-disc wear machine consists of a rotating
ring, made a of 52100 bearing steel. The sliding speed was set to a 1.3X10' m.s"1 and the
load was 10 N. The texture development of samples was investigated at selected sliding
distances using X-ray diffraction and (0001) and (111) inverse-pole-figures were
constructed18 for Ti and Al, respectively.

To plot an inverse pole figure, the intensities from the sample and those from
randomly oriented sample (taken from the Powder Diffraction File for both Al and Ti) were
determined. Then a texture coefficient (T.C.) for each (hkil) is calculated using the
equation:

where If is the intensity of the i* reflection for the textured sample and I°j is the intensity
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of the i* reflection from the randomly oriented sample. The T.C. values are then entered
on a stereographic projection. Pole density distribution curves, T.C.(#) versus $ (where the
angle * is the tilt of a diffraction pole from the [0001] (or [111]) pole), were then
determined from the inverse pole figures19. A texture index is calculated and plotted as a
function of sliding distance for 0<$<30°,i.e.,

35°

Texture index =J] T.C.(#)average 2

Results and Discussion

The coefficient of friction curves (Fig. 1) were characterized by two friction
regimes; initially, the coefficient of friction increases rapidly until reaching a peak value
| i p . This was followed by a gradual decrease to a steady-state value \iss. The cumulative
volume loss versus sliding distance curve also exhibited two distinct regions; initially, the
wear rates (slope of the cumulative volume loss versus sliding distance curves) were high
(severe wear) but after a certain sliding distance, the slope decreased to a lower value
(mild wear). The transition from severe to mild wear generally corresponded to a similar
(i.e., about the same sliding distance) transition from the peak to steady state coefficient of
friction regime. Friction and wear results are summarised in Table 1.

A preferred crystallographic orientation evolved near the worn surfaces during the
wear process. A strong (111) texture progressively develops in the coarse-grained
aluminum in the material adjacent to the contact surface (Fig. 2). While the number of the
(111) planes making large angles with the contact surface decreases rapidly with increasing
sliding distance. Formation of a (111) texture parallel to the worn surface reduces the
resistance to the sliding motion since the (111) plane is a slip plane in the fee aluminum
crystal and deformation occurs by shearing of surface layers. In turn, this causes the
coefficient of friction to drop to steady state (Fig. 1). A (111) texture parallel to the worn
surface is found in aluminum with grain sizes of 16.4 and 43.1 nm even prior to wear (Fig.
3). In fact, the initial texture of nanocrystalline aluminum resembles that of the 1 mm
grain size aluminum at a sliding distances > 4000 m. Consequently, the drop in the
coefficient of friction (A/np in Table 1) of nanocrystalline aluminum is smaller than that of
coarse-grained aluminum.

On the other hand, there is no significant textural changes during wear for coarse-
grained titanium. This is expected in light of the fact that prior to wear, the "normal"
section of the titanium disc has a strong (0001) texture (Fig. 4). The (0001) planes, being
slip planes in the hep titanium crystal, are parallel to the worn surface and remain at this
orientation throughout the wear process. This, in part, explains the constant coefficient of
friction (Ajtp=0, see Table 1) exhibited during sliding. On the other hand, sliding wear
experiments performed on the "transverse" section of the titanium disc indicate a
development of a (0001) texture as sliding progresses. The increase in the texture index
(0<$<30°) reveals that the texture of the normal section remains essentially constant while
the transverse section (initially having no (0001) texture) has undergone a 30% increase
(Fig. 5). Hence, a drop in the coefficient of friction (A/x^O.4) for the transverse section
(Table 1) as a consequence of the (0001) planes become parallel to the contact surface,
which in turn, reduces the resistance to sliding. The increase in the texture index for coarse
grained aluminum is about 550% (Fig. 5) this is accompanied by a larger drop in the
coefficient of friction, A/*p=1.22, in comparison to coarse-grained titanium.
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The initial texture of the as-sputtered titanium (prior to wear) is characterised by a

large number of [0001] poles oriented at 90° from the contact surface as opposed to the
normal section of coarse-grained titanium. Therefore, as expected, it shows a corresponding
drop in the coefficient of friction (Ajnp=0.21) at large sliding distances (Table 1). It should
be mentioned here that other factors20 such as work hardening, topographical and
microstructural changes during the wear process would also contribute to the wear and
friction transitions.

Conclusions

1. Friction and wear properties of Al and Ti sliding against stainless steel were studied.
2. An inverse-pole-figure technique was employed to monitor the crystallographic texture
evolution during wear.
3. The shape of the time-dependent coefficient of friction is strongly influenced by
crystallographic texturing of material in the wear track.
4. In general, it is commonly observed that the coefficient of friction rises to a peak value
(pip) after a short sliding distance then settles down to a steady-state value (/xs s). Similarly,
the wear rate versus sliding distance curves show a transitional behaviour from severe wear
to mild wear above a critical sliding distance corresponding to the transition from /JIP to fxss.
5. (0001) and (111) textures develop parallel to the worn surface during the sliding wear
of titanium and aluminum, respectively. This texture development contributes to the
transition from peak to steady state coefficient of friction.
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Table 1. Summary of results on mechanical and tribological properties of materials tested.

Grain size /xp

(nm)

Aluminum
16.4 0.62±0.06*
43.1 O.58±O.O3
106 1.34±0.02
Titanium
30 0.75±0.04
2xlO4 0.69±0.03
(normal)
6xlO4 1.01 ±0.04
(transverse)

0.25±0.05
0.14±0.03
0.12±0.06

0.54±0.03
0.69±0.04

0.61 ±0.06

0.37±0.11
0.44±0.06
1.22±0.08

0.21±0.07
0.00±0.00

0.40±0.10

H
(GPa)

1.70±0.06
1.05±0.12
0.30±0.06

10.96±0.20
2.57±0.10

2.15±0.12"

W,(X10'3)
(mm3/m)

1.82±0.37
2.37±0.38
10.08±1.78

0.09±0.02
2.34±0.66

W.CXIKT5)
(mm3/m)

2.77±0.39
U.3±0.69
342.4±6.9

0.32±0.01
9.83±0.52

Ms.s

peak coefficient of friction,
steady-state coefficient of friction.

H
W,

= Hardness using UMIS.
= severe wear rate.

Wm = mild wear rate,
'denotes fluctuation around the mean.
" Vickers hadness.
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Figure 1.
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Coefficient of friction versus sliding distance curves obtained using a normal
^m.s'1 under unlubricated sliding conditions0 N-'and a sliding speed of

grain size of: (a) 1 mm; (b) 16.4 nm.
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Figure 2. Average texture coefficient versus Figure 3. Comparison between the average
tilt angle from the reference direction texture coefficient of coarse-grained and
(normal to the worn surface) at different && of nanocrystalline Al.
sliding distances for coarse-grained Al.
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Figure 4. Comparison between the average Figure 5. Texture evolution during
texture coefficient of coarse-grained (normal the wear process as a function of
and transverse sections) and that of nanocrystalline sliding distance.
Ti.
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