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ABSTRACT

This paper proposes a simplistic approach towards estimating incremental wear in a multi-contact scenario
using a vibrational analysis approach and in turn goes a step forward to model its associated sound.
Predicted wear depth and frictional sound are compared to the experimental values obtained using a
standardized pin-on-disc tribometer setup affixed with a free-field microphone to capture airborne noise.

The results show good conformity between the proposed analytical model values and the standardized
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experiments, hence ensuing that within certain limitations, the proposed model and the intended approach

can effectively be used as a good estimator of wear and its sound in a multi-contact scenario.

Introduction

It has been well-established that evaluation of associated parameters in a sliding contact
such as surface roughness, wear rate, wear noise, etc., can be used for efficient condition-
based monitoring (CBM) in machines and systems [1-6]. The tribological conditions
present during sliding is of great benefit for predictive maintenance (PM) in machines and
tools and can therefore be used to assess component life [7-11]. There are various
methods for diagnosing machine wear parameters to improve its life, with one of them
being acoustic and wear analysis either online or offline [12—15]. The online in-situ wear
analysis of a machine component is considered to be the better and more realistic method
to predict wear.

Various predictive models [16—20] for estimation of wear and its associated properties
have been developed in the past and validated for their efficiency through experimental
analysis. [21-25] In particular, wear due to friction between sliding contacts has attracted
greater interest of researchers due to its effectiveness in gear motion, brake application,
and other similar interactions between mechanical components. [26-28]
Correspondingly, the associated noise generated when two or more material components
interact with each other is also considered to be a valuable parameter in predicting the
failure of machines. [29,30] These models take into the consideration the equipment
conditions and wear prognosis evaluated by surface roughness estimation, incremental

analysis, Archard wear, frequency analysis, and vibration-based diagnostics. [31,32]



Conventionally, these vibration-based models predict wear progress at an advanced stage
of contact. However, an initial sliding between materials also tends to produce an elastic
penetration causing a frictional noise to generate which is directly linked to the
interaction between the materials involved. [33—35] Frictional noise can thus also be used
as a reliable indicator of the predicted damage that a component may undergo. Variation
in frictional noise and wear have been found to be directly related in various vibration-
based wear estimation models. [36—38]

Vibration models associated with the prediction of wear in terms of sound analysis are
typically based on simulation of brake squeal noise and instability analysis of a machine
using a pin-on-disc setup. [39,40] Although, most of the studies are based on one pin
contact with the disc but in order to replicate a machine environment, more than one
point of contact is also considered within a single machine component. [41,42]

Double pin model to predict the instabilities in a running machine have been previously
approximated using acoustics and vibrations confirming the presence and origination of
‘squeal’ noise in disc-brakes. [43—45] This has been further improved with the addition of
damping parameters. [46] These studies have provided an understanding of complex
vibration analysis with generalized results but have limitations in defining unstable
regions during sliding of brake-pad. A simplified simulation considering dynamic
interactions between brake pads and the calipers has also been presented using two
actuators and frictional guides, where the proposed mathematical model has been

further validated by laboratory experiments. Although these results also show conformity



between the model and the experiments, its scope is widely reserved to modeling of
contact force. [47]

To overcome these limitations, our research group has previously used sound parameters
(such as RMS of microphone voltage and cumulative amplitudes of dominant frequencies)
to evaluate wear in mechanical elements with multiple contact points under load.
Although our model shows a good correlation of wear and sound parameters for a variety
of conditions, it was widely limited to empirical analysis. [2,48]

It is therefore widely understood that limitations in wear and sound prediction when
multiple elements interact persist. However, at the same time vibration-based models
have proven to be an integral predictive technique for both wear and sound. Taking this
into consideration, we present a simplistic vibration-based model using spring-mass
system to study wear depth caused by the lateral movement of pin and its associated
frictional noise on interaction with a rotating disc. An analytical model has been presented
by considering a two-pin-on-disc setup assembled as a spring-mass system which makes
uses variable loads and pin materials to attribute for varying sliding contact conditions.
Incremental wear depth is predicted over the pre-defined sliding distance for both the
pins and consequently, frictional noise is also computed using vibration signal and
corresponding sound analysis. The model is then validated by using a conventional pin-
on-disc setup equipped with a custom-designed two-pin holder and a free-field
microphone, in order to allow two pins to slide over a single disc at the same time and

capture the corresponding frictional noise. Evaluation of results yields good conformity



with the approximations with minimal error which shows that the model can be

effectively used to estimate tool life degradation.

Analytical Model

It is important to evaluate the expected efficient life of a machine component in order to

increase or maintain productivity. An analytical model helps in estimation of threshold

(critical) parameters to avoid abrupt failure in machines. The proposed model is

developed by considering two pins sliding on a single disc. The pin-on-disc mechanism is

considered to be a simplistic undamped spring-mass system, where the disc has torsional

stiffness due to rotation while the pins have a lateral stiffness since they are affixed from

the top.

Figure 1 shows the proposed spring-mass system where two pins with stiffness, k; and

k, respectively, slide over a disc. The disc has a torsional stiffness denoted by k;; and k;,

with respect Pin 1 and Pin 2 respectively.

To specify the model constraints, the following assumptions are set at the starting stage.

1. Thediscis considered to be a thin circular plate (t<6 mm) therefore deflection due to
shear maybe neglected.

2. Thecontactis considered to be a point contact at indentation therefore Hertz contact
theory is applicable.

3. The pin initially comes in contact with the disc and then slides over it for a small
period of time (elastic deformation) finally wearing out the disc (wearing out phase).

4. The pinis considered to move downward only, i.e., no lateral movement or rotation.



5. The disc is supposed to rotate and consequently wear occurs as pin(s) penetrate
inside the thickness of the disc.

6. Wear on pin is negligible

This results in the system’s behavior being classified as undamped with free vibration and

defined by Equation 1.[49]

X
x(t) = xgcoswy,t + —Osinwnt
(‘)n

Where, x(t) is the pin’s displacement with time t, w,, is the natural frequency of the
system and x, is the pin’s initial starting position and x, it’s first derivative. The detailed
solution for the evaluation of these parameters is provided in S1.

Wearing out Phase

When wear occurs, pins slide over a solid thin disc of mild steel on a number of contact
points. Wear depth defined as L; and L, for the two pins can be approximated at each
point where the summation of wear depth at all points in accordance with Hertz contact
model [50] and the classic wear theory proposed by Jia et al. [51] which is a modified form
of Archard wear model [52] for macro-level analysis then leads to the evaluation of
cumulative wear depth for a pre-defined sliding distance. At each point, it is assumed that
the contact is that of a sphere-on-flat surface type as the pins have a spherical contact
end, and therefore, Hertz contact model for similar configuration can be adopted.

The stiffness equation 2 below for the rotating disc as specified in S1 assumes that G,

shear modulus of the disc and D, diameter of the disc remains constant, therefore



equation 2 can be re-written as equation 3 which shows that the contact depth varies
with time.
Kin = GJ/Ln (2)

Where K;,, is the time-dependent stiffness, J is the polar moment of inertia and L,, is the
contact depth which is equal to the ball’s diameter, acting as a pin.

K. = (nGD*)/32h; 4, (3)
Where h; 4 is the incremental wear depth corresponding to L,,.
The modified Archard wear model, equation 4 can now be used to quantify wear on the
disc. The original model proposed by Archard is the most common wear prediction tool
based on the theory of asperities contact, whereas the modified version takes into

consideration macro-level parameters as shown below.

Where V is the wear volume, s is the sliding distance, k is a dimensionless wear constant,
F is the normal force and H is the hardness factor.
For a Hertzian contact [53], the contact radius, a, with an effective radius R is defined by

equation 5.

3|3FR

= 12K

Where F is the normal force and E is the effective Young’s Modulus at the contact defined

by equation 6.



Here E}, and E; are the Young’s Modulus of pin and disc respectively, while 9, and 9, are
the Poisson’s ratio of the pin and disc respectively. The effective radius R is also
dependent on the pin (R,,) and disc (Ry) radius as shown in equation 7.

1 1 1

R R, Re
To evaluate wear depth as a function of sliding force and the initial elastic deformation
we now make use of the Global Increment Wear Model (GIWM) [54]. The GIWM for
predicting wear on disc is based on the assumption that the contact area evolves in shape
of an ellipse and therefore, the contact length (minor axis of the contact ellipse), 2ay
decreases with progressive sliding while the wear track width (major axis of the contact

ellipse), 2a increases over sliding as shown by the dotted ellipse in Figure 2. The

initial elastic deformation can then be evaluated using equation 8.

h¢ = F/2Ea,

Where, h¢ is the initial elastic deformation, F is the normal force, E is the effective

Young’s Modulus and 2a,, is the initial track width.

Initially, the contact radius, a, is calculated using Hertz contact theory as per equation 5.
At this point the contact area is considered to be circular therefore, the major axis is equal
to the minor axis. However, as wear progresses the contact area increases thereby

decreasing the contact pressure over the sliding distance.



Through iterative computations, wear and deformation can then be evaluated for each
revolution of the pins on the disc till the maximum sliding distance is reached as shown
by the GIWM flowchart in S1. The first step to this process is the calculation of incremental
wear using integral of the linear wear from GIWM, as shown in equation 9.
h‘iAil = h‘iN + 2kpp;ay; (9)

Where, h}, ; incremental wear depth at point ‘i + 1’ with respect to sliding distance, h;*
is the wear depth at point ‘i’ with respect to sliding distance. k, is the stiffness of the disc
and p; is the average contact pressure based on the applied normal load which can be

evaluated using equation 10.

F

pp = —— (10)
' ma;+1Aagh;

The elastic deformation normal to the contact can then be evaluated using Oliver and

Pharr relationship [55] used in the GIWM as given by equation 11.

F
hipg = ——— (11)
2E\/a;s1ap;
For elliptical contact, the initial contact length ay; then takes the form of equation 12.
FR
ay; =2 |[——— (12)
ma; .1 E
Where mis a correction factor.
The total wear depth then becomes a function of k¢, initial elastic deformation and A ;,
incremental wear depth as shown in equation 13.
hivy = h{ + hi}y (13)



By substituting h;,, the total wear depth in equation 3, the time dependent stiffness of
the disc (torsional stiffness) simplifies to equation 14.

nGD*

- 14
32(h? + hY,, (14)

Kin

The natural frequency of the system which is function of disc and pin stiffness as discussed
in S1 can now be evaluated by assigning an estimated value for mass. The outputs of these
equations are then substituted back in equation 1 to evaluate pin displacement as a

function of time. The initial displacement x, can be evaluated using equation 15 [54,55].

F

- 15
Xo = 5r ( )

The first derivative of x, X, the angular velocity of the disc is assumed to be a constant

due to fixed revolutions per minute and for our use, we assume a value of 250 rpm.

The equation 1 now simplifies to equation 16:

(t) = o t4—250 nwy,t (16 )
x(t) = S coswn o sinwy

Frictional Noise
To calculate frictional noise, we make use of the acoustic power formulation [56] as given
in equation 17.
P = pycSaV? (17)
Where py= air density, ¢ = speed of sound in air, S = cross sectional surface area, ¢ =

radiation efficiency (can be taken as 1), and V = vibrational velocity. The vibrational
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velocity is calculated by taking a time derivative of equation 16, which leads to the

formation of equation 18 below.

Fw, .
V(t) = —fgsmwnt + 250coswpt (18)

The sound power level is given by equation 19:

P
L, =10 logo (F) (19)
r

Where, P. is the reference power equal to 10712 W. The sound pressure level is then

given by equation 20.

Lyy = Ly + 10 logs, (%) (20)

Where, Q is the directivity factor equal to either 1 (full sphere propagation), 2 (half sphere
propagation), 4 (quarter sphere propagation) or 8 (eighth sphere propagation). The sound

pressure then simplifies to equation 21.

1
P = P, * 102071 (21)
Where, P, is the reference pressure equal to 20x10°® Pa.

To validate that our assumptions hold, an experimental scheme was developed to
compare the analytical and experimental results of total wear depth, (equation 13) and

the sound pressure (equation 21).

Experimental Scheme
To investigate wear depth and the sound pressure experimentally, a standardized pin-on-

disc tribometer, TRB? by Anton Paar is utilized with a specialized free-field microphone,
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GRAS 40PP (sensitivity 47.46 mV/Pa @ 250 Hz). The microphone is mounted at a fixed
distance of 50 mm from the pin/disc assembly.

The tribometer has a cantilever arm which allows direct measurement of the combined
wear depth (penetration depth) and associated friction parameters. For the purpose of
multi-contact, we use a custom designed pin-holder capable of holding 2 balls in contact
with the disc as shown in Figure 3. The design is inspired from the single ball holder
provided with the Tribometer. There are two hollow cylinders for holding two balls at the
same time, with threads on the top so that it can be fixed by a steel rod. The disc rotates
with a constant velocity of 250 rpm while the balls slide over it, causing wear and frictional
noise.

The pin holder is calibrated prior to the setup to show that the results obtained from the
one-ball holder configuration are an approximate average of the wear results obtained
from the two-ball holder [2].

The microphone records the frictional noise in the form of sound pressure. The
microphone is connected to NI SignalExpress using NI 9234 DAQ card affixed on a NI 9174
chassis for in-situ recording at synchronized fixed time intervals. The complete
experimental setup is shown in Figure 4.

A zoomed version of the experimental and analytical setups is shown in Figure 5 for
comparison. Table 1 lists the physical specifications of the pin-and-disc materials used in

our investigations.
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The specifications of the experiments performed for validation of the proposed analytical
model based on spring-mass system are described in Table 2. A range of loads and
materials were varied to study the efficiency of the model over a wider spectrum of
varying parameters. Some of the proposed models in the past have performed well at low
loads while there have been discrepancies and large error associated when load on each
disc-pin pair is increased. Therefore, it is imperative to validate the model at high loads
as well as low loads. However, due to the operational limitations in our experimental
setup, we were not able to increase the load beyond 30 N without triggering the
equipment safety limit. Disc materials used were Mild Steel (MS) and Aluminum (Al) as
both are widely available in academic as well as industrial setting for contact analysis and
are extensively used for machine elements manufacturing.

MS disc experiments were performed at a fixed 250 rpm speed while for Al the speed was
increased to 400 rpm as Al is a slightly brittle material and it wears out at a higher rate as
compared to MS, thus, reaching the threshold coefficient of friction (COF) values
incorporated by the Tribometer software causing the experiment to stop prematurely as
a safety precaution.

Wear tracks on the sample were then analyzed using Taylor Hobson CCl Optical 3D Profiler
with white light filter using 20x magnification lens to obtain track profiles (width and
depth) and average them over the track length to generate a general wear profile. Tests

were repeated 3-4 times to confirm repeatability of results.
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Comparison of Results

The proposed analytical model is validated with the experimental results. Figure 6 shows
the comparison total wear depths (penetration depths), while Figure 7 shows the
variation in sound pressure between analytical and experimental models based on the
parameters specified in Table 2.

It can be seen from Figure 6 and Figure 7 that experimental and analytical results are in
good correlation with each other over the specified range of loads. Measurements were
recorded for three incremental loads on each pin. It is pertinent to mention that a
conventional increase in wear depth is observed with addition of load. Similarly, for sound
results, sound pressure increases with an increase in loads on each pin. When a 10 N load
is applied, wear rate is measured to be under 25 microns, however, once load is increased
to 20 N, a sudden increase in wear depth is observed. At 20 N, wear depth goes up to
about 50 microns which is almost double the measurements at 10 N. However, when the
load increases to 30 N, the wear depth increases slightly more than 20 N measurements
to about 60 microns. Experimental wear graphs can be seen to be good in conformance
with the analytical wear. For additional validation of the experimental wear, the samples
are also observed under a 3D optical profiler as shown in Figure 8 where the wear depth
results obtained are in close conformance to those obtained from the tribometer.
Towards the end of the measurement cycle, it can be observed that individual
instantaneous wear depth decreases. The maximum wear therefore occurs during the
first 2 minutes of the experiment for mild steel as per the hardness of the material. As the

pins continue to slide over the mild steel disc, a very small amount of wear generates at
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each point, however, incremental wear is always increasing. Thus, a clear discrepancy is
observed at the end of high load cycles because a very small amount of point wear is
added to the incremental wear towards the end of the cycle.

Sound pressure was recorded using a microphone and the data was extracted from
SignalExpress project file and imported to MATLAB for further analysis. The sound
measurements recorded were considered to be averaged sound pressure with respect to
both the pins. Anomalous high pressure values were filtered out and the graphs were
replotted for comparison with the analytical sound pressure. A clear increase in sound
pressure is observed with load. At the same time, it showed conformance with the
analytical/projected sound. Sound pressure measurements at 10 N, almost doubles when
the load is increased to 20 N, similar to what appears in the wear results. The error is
recorded under 20% for all loads, with the maximum error at 10 N readings as shown in
Figure 9.

A significant increase in wear depth is observed for aluminum discs in Figure 10. It is
because, Al is more prone to wear and degradation as compared to harder material like
MS or any other steel component. Furthermore, the pins used are made of Stainless Steel,
which has a much higher hardness than aluminum alloys. For Al discs, it was observed
that maximum wear occurs in the first 20 seconds of the experiment due to its brittleness,
contrary to 2 minutes in the case of mild steel discs. Additionally, the incremental wear
depth increases only slightly with addition of loads. Consequently, the sound pressure
also increases with load. Error associated with Al and SS pin-disc combinations for load

conditions is illustrated in Figure 11.
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Further Validation

The model was initially formulated for MS-SS316-SS316 contact condition and replicated
over Al-S§5316-55316 as shown in Figure 6, Figure 7 and Figure 10 previously. To validate
the model further, we replaced one of the pin (ball) with S$52100 to make the two
combinations of MS-S5316-5552100 and Al-SS316-5552100 respectively. S$52100 has
higher mechanical strength as opposed to the other pin made of SS316.

As can be seen from Figure 12 and Figure 13, the analytical results are still good
representative of the experimental wear and sound because of the use of effective values
instead of individual material constants in our base model. However, at the same time it
can also be observed that the percentage error has now increased which means that the
unequal wear generated by the contact of different material combinations is now being

captured by the tribometer and the average wear progresses at a faster rate.

Conclusion

A solution towards evaluating incremental wear in a multi-contact sliding friction
mechanism has been presented in the form of a vibrational analysis model. The model’s
constants are derived from existing wear models for single pin-on-disc combinations
whereas the model variables are being driven by the system’s assumed or actual
parameters. Figure 14 presents a quick summary of the model presented in this paper.
The proposed work is clear evidence that by using a more simplified vibrational analysis
approach, it is possible to model incremental wear and its associated sound in a multi-
contact sliding friction mechanism. Furthermore, through experimentation, it is also
shown that that the use of expensive contact sensors for machine life diagnosis can be

16



replaced by using inexpensive predictive maintenance tools which use air-borne noise as
a parameter for precision diagnosis in a continuously operating machine.

In this article an incremental model for computing wear on disc and its corresponding
sound at contact in a multiple pin-on-disc setup has been presented. The foundation of
the model is based on spring-mass systems associated with each pin and disc
combination. Tribological tests to validate the proposed analytical model show
conformity in terms of analytical and empirical results for both wear and frictional sound.
Wear and sound increase drastically in low hardness material, like Al, over the pre-set
period of experiment due to their vulnerability to wear out quickly as compared to
relatively hard material, like Mild Steel. In addition, a combination of different pins yields
close results but with increased error percentage.

Therefore, following are some key contributions that have been identified in our work
and can be used for further studies on multi-contact sliding friction setups.

1. In a first, this paper presents a possibility for evaluating incremental wear and its
associated sound during multi-contact sliding friction system (two pins-on-disc
system) by modeling it as a simple undamped spring-mass system.

2. The proposed vibrational analysis model takes into consideration the GIWM,
Archard’s principle and Hertzian contact models which are commonly used in a
single-pin (ball) systems to evaluate equation constants. For variable quantities,
the model effectively makes use of actual/ assumed system parameters to provide
solution for incremental wear depth and its associated sound pressure as shown

in Figure 14.
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3. The analytical results are then validated experimentally using a custom designed

pin-on-disc setup on a standardized tribometer affixed with a microphone for

recording airborne noise. Following are the summarized observations from the

experiments:

a.

Wear depth and sound pressure for all experiments are in close correlation to
the analytical/predicted wear and sound.

For all experiments, incremental wear depth increases with the addition of
load and consequently, sound pressure also increases.

An average wear depth of maximum 60 microns (for 30 N load) was recorded
for MS disc and SS316 pins configuration

However, with a change in one of the pins materials to $552100, it was
observed that the maximum wear depth is below 60 microns (for 30 N load)
due to one of the pins having higher hardness property as compared to the
other. Similar results were obtained for sound pressure.

For an Aluminum disc, maximum wear depth is achieved much quicker than
MS due to material properties

However, for different hardness pins sliding on an aluminum disc, the
maximum wear depth is recorded only slightly less than that of two same
material pins configuration.

Similarly, the sound pressure recorded is lesser for two different material pins

configuration.

18



h. A second validation of the experimental wear depth is carried out using a 3D
optical profiler which effectively shows that the wear depth obtained directly
from the tribometer penetration depth sensor and that from the 3D optical
profile are in good congruence with each other.

4. Using the vibration model, it is possible to evaluate wear on higher load values (in
the range of N) as compared to the existing wear models such as GIWM which

only considers small loads in the range of mN.

The vibration analysis route for evaluating incremental wear and its associated sound for
a multi-contact sliding friction system has been reported for the first time which
overcomes the limitation presented by earlier models such as those based on asperity
contacts [57]. The work therefore addresses an important knowledge gap for
investigation of wear parameters in more realistic multi-contact system and subsequent
work is required for optimizing the model further with the aim to reduce the overall
system error which is directly linked to the specific materials in contact and their surface
properties.
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Figure Captions List

Figure 1 - Analytical model of spring-mass system
Figure 2: Evolution of wear track in the form of an ellipse. [54]

Figure 3: (A) Multi-contact custom pin (ball) holder and (B) shows the eccentric mounting
of the pin holder on the disc to obtain visibly different wear tracks at 2 contact points [2].

Figure 4: The experimental pin-on-disc setup for recording wear depth and sound pressure.
Figure 5: Comparison between the experimental (left) and analytical (right) setups.

Figure 6: Comparison of analytical and experimental total wear depth results plotted
against time based on the experimental scheme defined in Table 2.
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Figure 7: Comparison of analytical and experimental sound pressure results plotted
against time based on the experimental scheme defined in Table 2.

Figure 8: Validation of total wear depth parameter using the Taylor Hobson CCl Optical
3D profiler (Laser Interferometer) to cross-reference values with experimental values
obtained from the tribometer with MS-55316-55316 where (A) 10 N, (B) 20 N and (C) 30
N.

Figure 9: Error percentage between analytical and empirical results in (A) Total wear
depth, and (B) Sound pressure for MS-55316-55316.

Figure 10: Comparison of analytical and empirical results of Total Wear Depth (Left) and
Sound Pressure (Right) obtained for Al-S5316-55316 combination for (A) 10 N, (B) 20 N and
(C) 30 N.

Figure 11: Error percentage between analytical and empirical results in (A) Total wear
depth, and (B) Sound pressure for Al-S5316-55316.

Figure 12: Comparison of analytical and empirical results of Total Wear Depth (Left) and
Sound Pressure (Right) obtained for MS-55316-5552100 combination for (A) 10 N, (B) 20
N and (C) 30 N.

Figure 13: Comparison of analytical and empirical results of Total Wear Depth (Left) and
Sound Pressure (Right) obtained for AlI-S5316-5552100 combination for (A) 10 N, (B) 20 N
and (C) 30 N.

Figure 14: Flowchart of Vibrational Analysis model for incremental wear and sound during
multi-contact sliding in undamped condition
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Table Caption List

Table 1: Standard pin and disc configurations used in the investigation.

Table 2: Experimental setup for validation of the analytical model
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Figure 1 - Analytical model of spring-mass system
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Figure 2: Evolution of wear track in the form of an ellipse. [54]
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Figure 3: (A) Multi-contact custom pin (ball) holder and (B) shows the eccentric mounting
of the pin holder on the disc to obtain visibly different wear tracks at 2 contact points [2].
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Figure 4: The experimental pin-on-disc setup for recording wear depth and sound
pressure.
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Figure 5: Comparison between the experimental (left) and analytical (right) setups.
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Figure 6: Comparison of analytical and experimental total wear depth results plotted against time based on
the experimental scheme defined in Table 2.
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Figure 7: Comparison of analytical and experimental sound pressure results plotted against time based on
the experimental scheme defined in Table 2.
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Figure 8: Validation of total wear depth parameter using the Taylor Hobson CCI Optical 3D profiler (Laser
Interferometer) to cross-reference values with experimental values obtained from the tribometer with MS-
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Figure 9: Error percentage between analytical and empirical results in (A) Total wear depth, and (B) Sound
pressure for MS-55316-55316.
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Figure 11: Error percentage between analytical and empirical results in (A) Total wear depth, and (B)
Sound pressure for Al-S5316-55316.
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Figure 12: Comparison of analytical and empirical results of Total Wear Depth (Left) and Sound Pressure
(Right) obtained for MS-55316-5552100 combination for (A) 10 N, (B) 20 N and (C) 30 N.
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Figure 13: Comparison of analytical and empirical results of Total Wear Depth (Left) and Sound Pressure
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Table 1: Standard pin and disc configurations used in the investigation.

Item Material ler:::;er Speed (rpm)
Pin 1 Stainless Steel (SS 316/SS 52100) 6 0 (Fixed)
Pin 2 Stainless Steel (SS 316/SS 52100) 6 0 (Fixed)
Disc Mild Steel (MS) 50 250
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Table 2: Experimental setup for validation of the analytical model

Speed (rpm)

Pin Material

External Load (N)

Disc Material

250

Pin 1:SS 316

400

Pin 2: 5SS 316

10

20

30

MS

10

20

30

Al
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