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ABSTRACT
In this paper, tribometric characteristics of the steel-brass and steelaluminium tribopairs were studied under different interaction parameters
through varying operating conditions. An indigenous tribometer was
developed using ASTM G77 protocol to estimate friction and wear
characteristics for steel-brass and steel-aluminium tribopairs. Results
presented here show the importance of the tribotesting of tribological
properties, namely friction and wear due to complex nature of system
induced interdependencies. Stribeck curve was plotted by varying the
speed at a constant load for a specific tribosystem using the indigenously
developed tribometer. Finally, simplified tribosystem diagram has been
proposed for a better understanding of friction and wear as a system
response in the tribotesting.

1. INTRODUCTION
Tribology is a science of concurrent studies of
three properties in a mechanical system,
namely, friction, wear, and lubrication. In order
to improve the life of entire machine, and the
efficiency of the mechanical process it is
performing, the tribology-based concepts are
applied in such a way that the friction between
components remains optimally less, and also
that negligible wear takes place of the sliding
machine components. To achieve this
lubrication is applied in various parts [1].
The journey of word tribology started when
Peter Jost reported that the giant economic
benefits could be reaped through proper
application of lubrication in order to control
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friction and wear related issues in the machines
[2]. One of the important aspects of tribology is
its interdisciplinary nature, as it deals with
interacting surfaces in relative motion, where
the possibilities of wide variety of surfaces and
multitude of influencing factors makes it a
complex phenomenon. This stronger and
complicated interplay and dependencies
between constituent components gives rise to
system approach in dealing with tribology [3].
In last five decades numerous experiments
were carried out in variety of conditions based
on this system approach or extension of it. The
complex nature of friction and wear has been
discussed by many researchers with respect to
different tribosystems in the past [4]. In one
such study, friction and wear were claimed as
tribo-system generated responses which are
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reasonably related to each other and not as the
material’s properties of tribopairs under
consideration [5]. Further, it was reported that
no universal predictive theory can be proposed
for friction due to numerous potential factors
which can influence friction in a wide spectrum
of physical situations [6]. This assumption was
found in agreement with conclusions derived by
Feynman in relation to the importance of
friction data produced in the laboratory [7].
Moreover, the importance of wear classification
of tribopairs in relative motion was discussed in
the context of system approach. Recently, it was
reported that the tribosystem is one of the
important factors which affects repeatability
and reproducibility of wear data produced at
the laboratory level [8,9].
Another prominent aspect of Tribology is
Tribotesting, which is carried out to ascertain
different parameters related to different
tribopairs for a particular tribosystem or tribomechanical system [10,11]. Friction and wear
are two crucial entities in tribotesting which are
estimated at various stages, namely, laboratory
tests,
model
tests,
component-systemmachinery bench tests to machinery field tests.
Devices used to estimate tribometric
characteristics are referred as tribometers
[6,12].
Further, transient processes involved in friction
and wear focused on interdisciplinary approach
which can help to solve problems related to
tribological properties. It was also observed
that when improved tribological data when it
applied to actual conditions resulted in failure
of the system much rapidly which again proved
the importance of data produced in the
laboratory condition must be understood
properly [13,14]. It is observed that
comparatively large amount of work is being
carried out in the area of tribotesting and huge
amount of friction and wear related studies are
being published across the globe. In most of the
analysis, tribological properties were studied by
altering different parameters of a tribosystem,
namely, tribopair, operating parameters and
various types of lubricants as interaction
parameters. After introduction of nanofluid, the
numbers of experimental analysis were
conducted
due
to
inherent
complex
characteristics of nanofluid itself. All these
studies mainly focused on understanding

different wear mechanisms which took place
during working conditions. It is believed that
interdependency of friction and wear are
fundamentally required to part found missing in
the most of these studies carried out on
standard available tribometers.
Many researchers discussed about the
fundamental aspects of tribometer and how
different types of tribometer can be used to
satisfy their basic research needs. Different
types of tribometers can be developed and
tested based on the application where the
tribopair is to be used. Number of researchers
developed their own tribometers for friction
and wear analysis due to unavailability of the
suitable tribometer in the market for a given
tribopair [7,15]. Considering friction and wear
as system response, it was observed that variety
of tribometers customized and fabricated
depends upon user application. For example, in
the
space
and
dental
applications
environmental parameters are crucial along
with load as a operating parameter and friction
drives and brake materials as a triboelements
[16-20].
The recent trend in tribology is percolating
through macro scale systems to micro and
nanoscale systems with the advancements of
measurement techniques and miniaturization.
The Tribological effects transcend beyond
geometrical boundaries to span over
nanotribology to teratribology [21]. At nano
level, the scale effect on frictional behaviour of
different pair developed new area referred as
nanotribology where it was shown that how
friction behaviour changes at reduced
dimensions [22]. Later on, similar studies were
transformed to new era called Tribotronics
which is widely used to reduce friction and
wear related problems using electronics [23].
Recently, many researchers found improved
performance of a nanofluid based tribosystem
compared to conventional which motivate us to
fabricate inhouse tribometer for better
understanding of tribological properties in case
of nanofluid based tribosystem [24].
Thus, In the present analysis basic experiments
of friction and wear were carried out for two
metal pairs under varying interaction
parameters using indigenously fabricated
tribometer. Based on these data, tribological
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properties and their relationships are discussed
with respect to the proposed tribosystem.
Repeatability of experiments were checked
based on the G77 protocol and stribeck curve
which was plotted by varying the speed at a
constant load. At last, the simplified tribosystem
diagram has been introduced with given due
importance in top-down & bottom up
tribotesting methodology.

repeatability of the test-rig. To conduct these
experiments, the shaft made from SS410 was
taken as steel ring and the metal blocks, namely,
aluminium and brass were chosen. This
material pairs were selected in such a way that
the block materials should wear out against the
shaft either in dry or lubricated condition.

2. MATERIALS AND METHODS
2.1 Experimental Setup
Tribometers are used to estimate tribological
properties like friction and wear between
triboelements at different operating conditions.
Standard tribometers are available in the
market as well as customized tribometers are
produced based on researcher’s requirement.
Here a new tribometer was fabricated as per the
ASTM G77 standard for ranking two material
pairs at different operating conditions [9, 27].

Fig. 2. Friction Measurement Technique [12].

2.2 Methodology and Experimental
To perform experiments various tribological
parameters were selected as shown in Table 1.
Here, tribopair steel-brass (SB) and steelaluminium (SA) tested under boundary and
lubricated condition considering different
operating conditions.
Table 1. Testing Parameters using System Theory
Structral
Parameter

Fig. 1. Schematic diagram of indigenously fabricated
tribometer.

Tribometer was fabricated for block and ring
type of geometry which can operate in the range
of 20 N load to 120 N load and speed upto 1000
RPM. Schematic diagram for the same is shown
in Fig.1. Experiments were carried out in
accordance with the procedure mentioned in
ASTM G77 standard protocol which is used to
rank different metals at different operating
condition. Friction measurement was conducted
using load cell mounted in the structure.
Friction measurement concept was taken from
the literature which is as shown in Fig. 2. Initial
experiments were performed to check
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Steel-Brass and Steel-Aluminium as a
Tribopair

Operational
Parameters

20 N, 40 N, 80 N load
400 RPM and 800 RPM speed

Interaction
Parameter

1) Dry condition 2) Low and high
viscosity oil as a lubricant condition

Tribometric
charactersitics

Friction and wear

Enviormental
condition

Room Temperature

Wear loss was measured using weight loss
method on weighing machine having accuracy
of 0.1 mg. Temperature was measured by
means of digital pyrometer at starting and end
of the experiments in a lubricated testing
condition.
Friction force was estimated using load cell and
converted it in to coefficient of friction using
software as shown in Fig. 3 which is a part of
tribometer as shown in Fig. 4.
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that the data are normally distributed or not.
For that purpose, the Histogram plots of wear
loss and friction data were plotted based on
same sets of experiments which are shown in
Fig. 5 & 6.

Fig. 3. Coefficient of friction diagram.

Fig. 5. Histogram of Wear loss based on 20 sets of
Experiments.

Fig. 4. Actual photograph of Tribometer.

Repeatability of the experimental setup was
checked using steel brass material pairs at 80 N
load and 500 RPM for 600 meters sliding
distance. Here, 20 tests were carried out under
the same operating parameters to estimate the
tribometric
characteristics.
Furthermore,
sliding distance was taken 1000 m for
lubricated condition and 300 m for dry
condition.
3. RESULTS AND DISCUSSION
3.1 Repeatability of experiments
First of all, to produce technical data of
friction and wear, repeatability of the
instrument was studied using method
explained in the ASTM standard G77. Based
on that at same operating conditions,
experiments were conducted 20 times and
statistical analysis of friction and wear data
was carried out using Minitab software. First,
Anderson-Darling test (A-D test) was carried
out with 95% confidence interval to identify

Fig. 6. Histogram of Coefficient of friction based on
20 sets of Experiments.

The results of A-D tests are presented in the
tabular form as shown in Table 2. The pvalues for coefficient of friction and wear loss
are 0.111 (>0.005) and 0.399 (>0.005)
respectively. Therefore, the null hypothesis
i.e. the distribution of data follows normal
distribution is accepted. Now confidence
interval for mean values of coefficient of
friction and wear loss can be calculated using
formula given for normal data. The 95%
confidence interval for mean value of wear
loss is 1.176 mg to 2.073 mg. The mean value
of 20 sets of observations for wear loss is
1.607 mg which falls within the interval limit.
Similarly, 95% confidence interval for mean
value of coefficient of friction is 0.064 to
0.079 and the mean value of 20 sets of
observations for coefficient of friction is 0.072
which is also well within the interval limit.
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Table 2. Confidence Interval for mean value of Coefficient of Friction and Wear Loss
Results

Observations

p-value of
(AndersonDarling Test)

Sample mean
( )

Standard dev.
of sample (s)

COF
Wear Loss
(in mg)

20

0.111

0.072

0.0160

20

0.399

1.607

0.9199

Hence, it is manifested that the instrument has
very little inherent variability and capable to
demonstrate high repeatability [26].
3.2 Tribotesting
After verifying the test-rig as per the ASTM
standards, the experiments were conducted to
measure the friction and wear. The testing was
carried out on two different tribo-pairs, namely,
steel-aluminium and steel-brass pairs at
different speeds and loads in the presence of
various interaction parameters. Here, three
different types of tribo contacts were chosen to
vary the interaction parameters, namely, dry
contact and lubricated contact using low
viscosity oil and high viscosity oil. Initially, the
tribometric characteristics analyses were
performed for both the pairs under dry
conditions considering specific sliding distance.
As can be seen from Table 3, it is clear that for
steel-brass pair the coefficient of friction found
to be decreased with increase in load and speed,
whereas the wear loss found to be increased
under the similar conditions. On the other hand,
in the steel-aluminium pair the changes in the
tribometric characteristics are found almost
opposite to that of the steel-brass pair under
dry condition.
Once the results obtained from dry
conditions,
further
experiments
were
conducted for both steel-aluminium and steelbrass pair under the presence of low viscosity
oil. Interestingly, the variation in friction and
wear were found again different than the dry
contacts as can be seen in table 3. Here, it is
seen that with increase in load from 20N to 40
N at 400 RPM, friction and wear both
increased whereas at 800 RPM contradiction
was found in the behaviour of friction and
wear characteristics. Moreover, friction was
increased when speed increased from 400
RPM to 800 RPM at 20 N load.
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Confidence Interval
Upper
Lower bound
bound
0.064
0.079
1.176

2.073

However, at the same conditions the wear loss
was decreased. In addition, this trend was not
remained same at 40 N load when speed
increased from 400 RPM to 800 RPM where
both friction and wear found to be decreased.
Table 3. Results of Friction and wear for different
interaction parameter
Tribo
pair

Interaction
Parameter

Dry

SteelBrass

Lubricated
Low
Viscosity of
oil
Lubricated
High
Viscosity oil
Dry

SteelAlumi
nium

Lubricated
Low
Viscosity of
oil
Lubricated
High
Viscosity oil

Load in
Tribometric
N and
Characteristics
Speed Coefficie
Wear
in RPM
nt Of
Loss
Friction In (mg)
40-300

0.3206

11.33

40-600
80-300
80-600
20-400
20-800
40-400
40-800
20-400

0.2648
0.246
0.209
0.085
0.12
0.1076
0.0857
0.0975

19.82
15.1
21.64
1.13
1.22
4.54
2.36
0.01

20-800

0.092

0.1

40-300
40-600
80-300
80-600
20-400
20-800
40-400
40-800
20-400

0.3888
0.4136
0.3983
0.4738
0.05
0.055
0.1239
0.1214
0.1645

0.96
2.35
1.11
0.74
0.94
0.88
5.63
1.9
0.64

20-800

0.18

0.67

To further check these highly unpredictable
tribometric characteristics, the experiments
were performed in the presence of highly
viscous oil. Surprisingly, the changes in friction
and wear were found different than the dry
condition and lubricated condition using low
viscous oil which can further be observed in the
Table 4-7. The different behaviour of friction
and wear may be probably due to the presence
of different interaction parameters present in
each tribo-pair.
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Table 4. Relation between friction and wear for two
tribopair under dry condition
Under Dry
Condition
Friction
Wear

SteelAluminium
Higher
Less

Steel-Brass
Less
Higher

From Stribeck curve it is observed that the
coefficient of friction initially at low speed is
found to be high and with increase in speed at
one stage it reaches minimum value.

Table 5. Effect of speed and load on Friction and
wear on steel aluminium pair
SteelAluminium
Pair
Load increases
(20 N to 40 N)

SA

Friction

Wear

↑

↑

↑

↑

At 400
RPM
At 800
RPM

Speed increases

At 20 N

(400 to 800
RPM)

At 40 N

Negligible
effect
Negligible
effect

↓
↓

Table 6. Effect of speed and load on Friction and
wear on steel Brass pair
Steel-Brass
Pair
Load increases
(20 N to 40 N)
Speed increases
(400 to 800
RPM)

SB

Friction

Wear

↑

↑

↓

↑

↑

↓

↓

↓

At 400
RPM
At 800
RPM
At 20 N
At 40 N

Table 7. Effect of friction and wear for steel-brass
and steel aluminium pair under viscous condition
Under Viscous
Condition
Friction
Wear

SteelBrass
Less
Less

Steel-Aluminium
Higher
Higher

In order to further analyse the behaviour of
friction and wear, the Stribeck curve was
plotted. As can be seen in Fig. 7, the Stribeck
curve was plotted four times for steel-brass
pair by varying the speed from 0 to 600 RPM
at 60N load. It is revealed from Fig. 7 that the
coefficient of friction initially found to be
higher. It can also be observed further from
Fig.7 that the coefficient of friction decreased
as the sliding speed increased. At one stage
the coefficient of friction reached the
minimum value and after that it increased
with increase in speed. This variation of
friction shows that the overall trend of the
Stribeck curve is in well agreement with the
theoretical one.

Fig. 7. Nature of Stribeck curve plotted for from
varying speed from 0 to 600 RPM at 60 N load under
22 Cst viscosity of oil.

This kind of changes in friction particularly
happens when the system is in boundary or
near to mixed film lubrication region. After
reaching the minimum level, the friction value
increased continuously with increase in speed
in hydrodynamic region. This shows that the
alteration in friction depends on the regime in
which the system runs. It can also be
understood from the experiments that there is
no direct relationship between friction and
wear phenomenon. This makes it clear that the
wear estimation along with the friction is very
crucial from better understanding of the system
behaviour [27]. Table 8 shows the wear
coefficient range for different interaction
parameters gives the tentative indication of the
wear regime in which the system ran during
experimentation. The combine information of
stribeck curve and wear regime may give an
additional degree of freedom from systems
design point of view.
Table 8. Range of wear coefficient for different
interaction parameter
Interaction
Parameter
Dry
Low viscosity
oil
High Viscosity
Oil

Wear Coefficient
Range
2.19E-05 to 7.13E04
1.56E-07 to 1.32E05
1.74E-05 to 5.56E05

Wear Regime
[28]
Boundary and
Mild
Boundary
Boundary
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3.3 Proposed Simplified Tribosystem
Based on the analysis of experimental results, it
is evident that the friction and wear are system
response. Moreover, each system may behave in
a
different
manner from
tribometric
characteristics point of view. Any tribosystem
itself consists of various other smaller
tribosystem and entire product’s performance
depends on all individual tribosystem through
which entire product is produced. Therefore,
one needs to be cautious while implementing
the friction and wear data generated at the
laboratory level experiments into the larger
scale system design. Due to the inherent
interdependency the improper tribological
design of any of the components may lead to the
failure of entire product. To explain this failure
and inefficiencies or losses for a tribosystem, in
a machine Fig 8. depicts simplified illustration.
Wherein, in working condition the friction
between triboelements causes energy losses
and that may result in structural changes called
wear. This wear causes the changes in
topography of the surfaces in contact which will
further alter the friction. This process continues
until the steady state condition is achieved and
at one stage severe wear takes place which can
result in catastrophic failure [4,12].

[3,4]. The general tribosystem diagram can be
shown as Fig. 9 (a) which indicates basics of any
tribosystem in simplistic manner but does not
throw light on how various components of the
tribosystems are inter-related. This simplified
tribosystem diagram needs to be updated by
incorporating various elements in apt tier.
Tribotesting system designed based on such
diagram shall provide wholesome data analysis.

(a)

(b)
Fig. 9. (a) Existing tribosystem diagram [3,12], b)
Level based simplified tribosystem diagram

Fig. 8. Interdependency of Friction and wear based
on system theory

From the present experimental analysis, it is
observed that friction and wear are system
response and based on the system theory it is
referred as basic tribometric characteristics
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Previously, various science and technology
community studied the concept and application
of tribology in design. But, the use of system
theory was rarely applied in tribological
characteristics analysis. So, in order to
understand the system theory in effective way,
the simplified tribosystem diagram has been
introduced. Recently, it was also observed that
the many researcher published research articles
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related to nanofluid based system to study the
tribological properties. In some of these study,
different nanoparticle based tribological
properties
were
compared
where
understanding and application of system in all
those studies were missing [29-31]. So
tribotesting must be designed in such a way that
the tribological data produced in laboratory can
effectively be used for further application.
Thus, the novel simplified tribosystem diagram
(STD) has been proposed here as shown in Fig. 9
(b). The suggested simplified diagram gives the
idea about how various components of
tribosystems are inter-related. This simplified
hierarchical diagram suggests that the any change
in lower level will result in the change at upper
level. This means that the alteration at any level
from environmental conditions to interaction
parameters will affect the results of tribometric
characteristics. The performance of any
mechanical system will be directly affected by its
environmental
condition
like
vacuum,
temperature, magnetic field, seawater etc.
Equipment designed at atmospheric condition
may not work properly when used at higher
temperatures. Thus, from design of experiments
perspective point of view, the environmental
condition (level 1) has to be fixed first. After fixing
up the environmental conditions (level 1), the
operating parameters like speeds and loads are to
be selected. Thereafter, based on operational
parameters (level 2) structural parameters (level
3) like tribopairs should be selected. Lastly, to
achieve better performance for prolong period of
time, tribosystem should be designed considering
appropriate interaction parameters (level 4).
After finalizing all these parameters, tribometric
characteristics (level 5) are to be evaluated by
tribotesting of them. In the suggested simplified
diagram level 1 is kept broader with respect to
level 2 and so on. The reason behind to do so is
that any change in lower level can affect the
selection procedure of the next level and
ultimately it affects the parameter of level 5 which
are tribometric characteristics. So, the level-based
approach in this fashion gives an idea about the
importance of tribological properties with respect
to other parameters. It must be remembered that
friction and wear are only two basic and widely
studied tribometric characteristics. Apart from
these characteristics, noise, vibration and so many
other parameters are there which can be studied
for effective working of the tribosystem [3].

Fig. 10. Scales of Tribotest [4,12].

The extensive research on nanofluids and its
applications makes it possible to use nanofluid
either in a nano system or in a macro system. In
both the cases understanding of this simplified
tribosystem diagram helps researcher in
designing tribotesting which may help to
produce useful data. Moreover, to translate
results obtain in the laboratory researchers
normally follow bottom-up model for
tribotesting. However, in many cases top-down
approach for tribotesting successfully applied.
Fig.10 illustrate hierarchy of tribotesting with
top down and bottom-up approaches. [12, 32].
4. CONCLUSION
From the present experimental analysis using
indigenously developed tribometer and past
studies, the following conclusions can be drawn:
Tribotesting is carried out in order to
check/evaluate compatibility of triboelements
for specific tribosystem under different
operating conditions based on product’s service
conditions.
And
when
such
different
tribosystems are successfully tested, entire
product’s life cycle improves based on
tribological design.
The experimental analysis of friction and wear
underlines the importance of fundamentals of
tribosystems based on tribotesting.
The proposed tribometer meets the ASTM
standard G77 protocol of 95% confidence level
as shown by A-D tests and is capable to carry
out comparative ranking of tribopairs based on
friction and wear analysis.
449
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Further studies will be focused on experimental
analysis of nanofluid based tribosystem using
indigenously developed instrument where the
level-based system theory will be given due
importance while designing the experiments.
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