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ABSTRACT

Tribology investigations were conducted to understand the effect of humidity and water adsorption
at the interfacial surface on the friction coefficient of titanium. Pin-on-disk tribometer tests were
conducted at different levels of humidity ranging from 0% to 71% RH using aluminum and steel
pins on a titanium plate. The variation of the mean coefficient of friction was plotted as a function of
relative humidity. The friction coefficient slightly decreased when the relative humidity was
increased from 0% to 10% RH. However, it increased with a further increase in humidity. The
maximum friction coefficients were observed at 55% and 65% RH for steel and aluminum,
respectively. The thickness of the wear tracks also showed the same trend as the friction
coefficient. Under high humidity conditions, water vapor can condense on the surface of the
moving machine parts. To understand the influence of this water film, a pin-on-disk test was
carried out on a sample where a thin film of water masks metal surfaces from contact. Although
the coefficient of friction was similar for both the aluminum and steel pins’ interaction with titanium
(~0.36), the wear tracks were not formed for steel pin/titanium interaction even though this
experiment was conducted for more cycles.

Keywords: Friction coefficient; tribology; humidity effect; steel pin;, aluminum pin; pin-on-disk
tribometer.
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1. INTRODUCTION

Titanium has received widespread attention in
recent years because of its favorable properties
such as high melting point, high specific strength,
and low wear [1]. These properties make titanium
attractive, especially for aerospace and
automobile applications. Most current research
on titanium focuses on improving the mechanical
properties for applications involving highly
corrosive  environments [2,3] or extreme
temperature conditions. However, little work has
been conducted so far on the tribological
behavior of pure titanium. In the present work,
the effect of humidity on the friction coefficient of
titanium was investigated.

The dependence of friction coefficient on
humidity varies based on the nature of the
interacting surfaces. Solid film lubricants are
usually added as a coating on contacting
surfaces to reduce friction. For solid lubricants
such as graphene and graphite, the friction

coefficient decreases with an increase in
moisture content. On the other hand, for
dichalcogenides, such as MoS,, friction

increases with moisture [4-6]. For diamond-like
carbon, ultra-low friction can be obtained at dry
conditions. However, the effect is lost even at low
humidity [7]. Since most applications involving
pure metal-metal contact use solid or liquid
lubricants to reduce interfacial friction, [8-10], the
tribological study of pure metal-metal interaction
is studied less extensively [7]. Some research
has been conducted to understand the effect of
humidity on the friction of steel and aluminum
[10-12]. Most publications in this regard have
been focused on reducing the friction of metals
like aluminum or steel against ceramic materials
for their application in metal cutting [13,14]. Also,
some research on internal friction at different
temperatures has been conducted on ductile
materials such as magnesium and copper to
understand its effect on metal forming operations
[15]. Based on these studies, different
mechanisms were proposed to explain the
friction at the microscopic level for metals and
composite materials. They usually consider the
laminar sliding between surfaces, tribo-chemical
corrosion at the interface, and the adhesive
property of particles [16,17].

In this study, a pin-on-disk tribometer was used
to investigate the effect of various levels of
relative humidity (RH) ranging from 0% RH (dry
air) to 71% RH on the friction coefficient of the
surface interaction between steel/titanium and
aluminum/titanium. Also, the effect of a thin water
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film at the interfacial surface on the friction
coefficient was investigated. This is the first
detailed investigation conducted to understand
the effect of humidity on the tribology of industrial
grade titanium plate.

2. SAMPLE PREPARATION

Industrial grade pure titanium plate was used as
the test specimen whose composition is shown in
Table 1. Two separate sets of titanium plates
were used for testing with aluminum and steel
pins. The specimen’s surface was mechanically
polished using an automatic grinding machine.
An aluminum oxide abrasive grinding tool was
used for this operation. The ground samples
were again polished using a liquid suspension
containing 0.25 pm silicon carbide particles to
get a smoother appearance. The polished plates
were then cleaned for 5 mins in an ultrasonic
cleaner, rinsed with distilled water, sprayed with
ethanol, and finally dried under a heat gun. The
roughness of titanium plate was in the range of
0.130-0.150 microns. To investigate the effect of
humidity on the friction coefficient, the pin-on-
disk tribology test was then conducted.

Table 1. Chemical composition of titanium

substrate
Weight Ti C Fe N (o] H
%
Titanium Balance 0.10 0.30 0.03 0.25 0.015
TA2
Grade

In order to remove adsorbed water from the
surface, the titanium plate was kept in a
conventional oven at 130°C for 1 hour, and
immediately after, it was installed in the
tribometer where the humidity can be controlled.
The humidity was controlled for the experiments
by changing the dry air/water vapor ratio. The
tribology testing was conducted at room
temperature (26°C) in the range of 0% - 71%
RH.

In  high humidity conditions, water vapor
condenses on the surface of moving machine
elements. To investigate the effect of this water
film, the titanium plate was rinsed with distilled
water and the excess water was removed by
blowing dry air at room temperature. For this
sample, the test was conducted at a relative
humidity of 55%. All the experiments were
conducted using aluminum and steel pins against
titanium plates.



3. PIN-ON-DISK TRIBOMETER

The tribology tests were conducted using a
custom-made pin-on-disk tribometer. It consisted
of a cantilever with a pin attached at the free end.
The pin had the provision to add different weights
so that data could be collected at various loads.
Two strain gauges were attached to the lateral
faces of the cantilever to measure the
deflections. The test specimen was fixed to a
rotating platform and rotated at a constant speed.
Once the platform reached steady rotation, the
pin, without any additional weight, was placed
carefully so that the initial interaction between the
pin and the titanium plate could be measured
with the least amount of error. The entire setup is
kept in a humidity-controlled environment so that
data could be collected at various levels of
humidity.

l:—'Air Out

Wear Track Strain Gauge

= AirIn

Fig. 1. Schematic of a pin-on-disk tribometer;
The grades of aluminum and steel rods were
respectively Al 6063 and SS 301 and the
diameter of the pin 6 mm

A lateral force was exerted on the cantilever due
to the friction, which caused deflection in the
cantilever. The cantilever’s inner strain gauge
underwent compression, whereas the outer one
was subjected to tension. The piezoelectric
property of these strain gauges gave rise to a
differential voltage, which was collected via a
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data acquisition system and was interfaced with
a computer running custom LabVIEW software.
Real-time deflection and frictional force data
were collected and saved for further analysis.
The schematic of the pin-on-disk tribometer is
shown in Fig. 1 [18].

Two cylindrical pins made of aluminum and steel
with a spherical tip were used for these
experiments. The pressure exerted on the film by
the pin was calculated by measuring the
thickness of the wear tracks using an optical
microscope. The tribology tests were conducted
at 120 rpm speed and 1.285 N force. The
coefficient of friction (COF)depends on the
velocity. With increase in velocity, the COF also
increases. If the experiment is done at a higher
rpm, the effect of velocity on COF can dominate
the effect of humidity levels. Therefore, it is
difficult to capture the effect of humidity on
friction  coefficient at higher velocities.
The maximum contact pressure (Pn.x) between
the pin andthe titanium plate was
calculated using Hertz’s equation for the contact
between a sphere and a plate,as shown
in Equation (1) [19], where, w and F are the width
of the wear track and applied normal
load, respectively.

3F

2nwEw

Pmax =

(1)
Pnhax can be used to understand the wear
phenomenon of a tribological surface: higher the
P...x decreases wear of the contact surface.

4. RESULTS

4.1 Tribology Test under Dry Air (0% RH)

Figs. 2 and 3 show the variation of the friction
coefficient at 55% RH and dry air (0% RH)
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Fig. 2. Coefficient of friction values for aluminum/titanium interactions at 55% RH and dry air
(0% RH) condition



Manu et al.; CSIJ, 29(2): 1-10, 2020; Article no.CSIJ.54760

0.6

Coefficient of Friction
o
[
L B e e e i e e

———55% RH, 2.35 MPa

--------- 0% RH, 7.89 MPa

o

10 20 30
Time (s)

40 50 60 0

Fig. 3. Coefficient of friction values for steel/titanium interactions at 55% RH and dry air
(0% RH) condition
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Fig. 4. Coefficient of friction values for aluminum/titanium interactions at 55% RH and 10% RH
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Fig. 5. Coefficient of friction values for steel/titanium interactions at 55% RH and 10% RH

conditions for the aluminum and steel pins,
respectively. The friction coefficient values were
lower for dry air than at 55% RH for both
aluminum and steel pins rubbed against titanium.

4.2 Tribology Test at 10% RH

The pin-on-disk tribology test was conducted at
10% RH. The variation of the coefficient of
friction with time for both aluminum and steel

pins against titanium is shown in Figs. 4 and 5
respectively, along with the data obtained at 55%
RH for comparison. The mean coefficient of
friction values slightly decreased compared
with the experiment conducted at dry air (0%
RH).

For both the aluminum and steel pin interaction
with titanium, the coefficient of friction was
smaller than the one obtained at 55% relative



humidity. This gave evidence that
dehumidification decreased the coefficient of
friction. The wear track analysis of the
experiment with dry air showed that the wear rate
was also higher for the atmospheric condition.
Fewer grooves were formed with a decrease in
contact pressure. Wear between aluminum pin
and titanium plate was more as aluminum is
much softer than steel. Figs. 6 and 7
show the optical microscopic photograph of the

wear track at 750 x magnification for
both aluminum/ titanium and steel/titanium
interaction.
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Liu et al. [20] reported the effect of trace amounts
of moisture on a silicon surface. The molecular
dynamics simulation at the interfacial surface of
water and silicon showed that since oxygen is
highly electronegative, the hydroxyl ion formed
by dissociation of the water molecules formed a
hydrogen bond with hydrogen ions, which
increased the surface energy. Since friction is
determined by the surface energy interaction
between the sliding surfaces, this increased the
friction coefficient. Our experiment also showed
that a trace amount of moisture increased the
friction coefficient.

120 rpm, 10.95 MPa Load

120 rpm,8.99 MPa Load

Fig. 6. Optical microscope photograph (750x magnification) of the wear track for
aluminum/titanium interaction at 10% RH

120 rpm, 8.99 MPa Load

120 rpm,6.37 MPa Load

Fig. 7. Optical microscope photograph (750x m
interaction

agnification) of the wear track of steel/titanium
at 10% RH

120 rpm,6.37 MPa Load

120 rpm,5.75 MPa Load

Fig. 8. Optical microscope photograph (

750x magnification) of the wear track of

aluminum/titanium interaction at 55% RH



Manu et al.; CSIJ, 29(2): 1-10, 2020; Article no.CSIJ.54760

" VA L A

120 rpm,3.28 MPa Load

Fig. 9. Optical microscope photograph (750x magnification) of the wear track of steel/titanium
interaction at 55% RH
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Fig. 10. Variation of the coefficient of friction with relative humidity for both aluminum and

steel pins against titanium; O/m represent friction coefficient values for aluminum and steel
with the presence of a water film

4.3 Tribology Test at 55% RH

The pin-on-disk tribology test was conducted at
atmospheric conditions to calculate the friction
coefficient for aluminum/titanium and
steel/titanium interfaces. A humidity level of 55%
was maintained during this test. A mean
coefficient of friction of 0.36 for
aluminum/titanium interaction and 0.41 for
steel/titanium was observed during the tests at
atmospheric conditions. These data were
comparable (+ 5%) to the data already published
[21,22]. The wear tracks for aluminum/titanium
and steel/titanium are shown in Figs. 8 and 9,
respectively.

Similar to the case of 10% relative humidity, the
wear tracks appeared to be smooth with a
gradual decrease in pressure for both the
aluminum and steel pins’ interaction with
titanium. The reduction in pressure was due to
the increase in the contact area between the
plate and the pin. This increase in contact area

caused additional wear. The grooves were
flattened with time, creating a smooth wear track.

4.4 Variation of the Coefficient of

Friction with Relative Humidity

The pin on disk tribology test was conducted at
different humidity levels from dry air (0% RH) to
71% RH. Fig. 10 shows the mean coefficient of
friction as a function of relative humidity for both
the aluminum and steel pins interacting with the
titanium plate.

For the aluminum and steel pins, the coefficient
of friction increased with an increase in humidity
at low humidity levels, reached a maximum
value, and then decreased. The maximum
coefficient of friction of 0.49 was recorded at a
relative humidity of 65% for aluminum/titanium
and a maximum coefficient of friction of 0.45 at
55% relative humidity for steelftitanium. The
coefficient of friction was slightly higher at 0% RH
than 10% RH.



4.5 Effect of Water Film

At high humidity conditions, water vapor can
condense on the surface of interacting machine
elements. An experiment was conducted to
understand the effect of water layers on the
friction coefficient. To mimic this interaction, the
samples were dipped in distilled water for 30 min
followed by blowing dry air at a room
temperature of 26°C. The experiment was
conducted at 55% RH. The graphs for these test
results are shown in Figs. 11 and 12.

For steel/titanium interaction in the presence of a
water film at 55% RH, the wear tracks were not
visible through the microscope. For both
aluminum and steel pins’ interaction at this
condition, the coefficient of friction decreased. In
the case of steel, the wear tracks were not
formed though the test was conducted for more
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cycles. Chen et al. [7] reported that the friction
coefficient and wear decreased for steel and
brass as humidity was increased [2]. In our study
also, the friction decreased for both
aluminum/titanium and steel/titanium interactions
at very high humidity levels. A possible
explanation for this behavior is that the water
molecules adhere to the interface of the
interacting surfaces and restrict the formation of
a metal-metal contact tribo-film. This would lead
to reduced fricion and wear. The mean
coefficient of friction of 0.36 was observed for
both aluminum and steel pin experiments. This
gives more credibility for the above explanation.

An optical micrograph of the wear track for
aluminum/titanium interaction is shown in Fig. 13.
With a decrease in contact pressure, the wear
tracks became less grooved as the contact area
increased.
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Fig. 13. Optical microscope photograph of the wear track of the aluminum/titanium interaction
in the presence of water film at 55% RH
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Fig. 14. Dependence of friction coefficient on humidity: Three regions were marked in different
colors to explain the effect better

5. DISCUSSION

Titanium and its alloys have gained a great deal
of attention in the spacecraft, marine and
automobile industries as a substitute for steel
and aluminum for machine elements operating
under a variety of conditions. Most of these
applications require titanium to work under
different humidity levels ranging from dry air to
high humidity and water lubrications [23-26]. The
effect of humidity on thin solid lubricant coatings
such as molybdenum disulfide, graphene, and
DNC were investigated in the past [5,7,27],
however, detailed investigations were not
reported on the effect of humidity on the
tribological performance of titanium and its
alloys.

The variation of the friction coefficient as a
function of relative humidity for steel and
aluminum pins against titanium is shown in Fig.
10. Also, Fig. 14 shows that dependence of
friction coefficient on humidity with marked

regions in different colors to explain the effect

better. Under dry conditions (0% RH), the
coefficient of fricion was higher, and it
decreased as the humidity was increased

(region-1) Beyond a relative humidity of 10%, the
friction coefficient increased with relative
humidity and reached a maximum value (region-
2). Once the humidity level reached this critical
value where the friction coefficient was maximum
(region-3), further increases in relative humidity
decreased the coefficient of friction. Iwabuchi et
al. [28] conducted experiments on the effect of
atmospheric pressure on friction and wear of
carbon steel. Under vacuum pressure the
coefficient of friction increased as the adsorbed
gas molecules evaporated. This removal of
surface molecules increased the friction due to
an increase in adhesive forces between the
interacting surfaces. In our experiment, initially
dry air caused the evaporation of adsorbed water
molecules which increased the surface energy
and hence the friction coefficient. As the humidity
was increased from a dry atmospheric condition,



the surface energy decreased for the titanium
plate due to adsorption of water molecules at
lower humidity levels. The coefficient of friction
decreased from a dry air condition to 10% RH.
Increasing the humidity beyond this point
increased the coefficient of friction. This is
because as the humidity levels are increased,
the thickness of the adsorbed water molecular
layer increases. Liquid films in the order of 5-10
molecular diameters exhibit unusual properties
such as having a critical shear stress and stick-
slip motion which cannot be explained by the
concept of fluid friction. Hence, this liquid film
acts as an induced solid film which increases the
surface energy of the metal surface during
motion [29]. The formation of a hydrogen bond
between the H and OH molecules of the
adsorbed water molecules also increases the
surface energy and, therefore, friction [30]. The
coefficient of friction increased until 56% RH for
steel/titanium and 63% RH for aluminum/titanium
interactions. With further increases in humidity
levels, the thickness of the adsorbed water level
also increases. After a critical thickness of the
water film, the solid like behavior of the water film
breaks and acts as a boundary lubricant which
reduces the friction coefficient [20].

6. CONCLUSION

Pin-on-disk tribology tests were conducted from
dry air (0% RH) to 71% RH. The experiments
show that the friction of titanium/metal-pin
interactions depends on the levels of humidity. A
trace amount of moisture decreased the friction
compared to dry air (0% RH) but increases in
humidity of more than 10% resulted in an
increase of friction to a maximum value. Further
increases in humidity reduced the friction
coefficient due to the reduced interaction
between metals from a water interface layer. A
maximum coefficient of friction of 0.49 at 65%
RH for aluminum/titanium and of 0.45 for
steel/titanium at 55% RH were recorded. The
width of wear track also followed the same trend
as the coefficient of friction with a change in
humidity levels. An optical micrograph of the
wear tracks showed that with a decrease in
contact pressure, the wear tracks became
flattened because of an increase in the metal-
metal contact area. However, when the
experiment was conducted in the presence of a
water film on the surface, for steel/titanium
interaction, the wear track was not visible, even
under an optical microscope. The authors expect
this research is very useful in designing of
moving mechanical components in aerospace
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vehicles such as NASA and the Indian Space
Research Organization (ISRO). The research is
underway to improve the rotating and sliding
devices that operate outdoor conditions utilizing
these findings.
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