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HIGHLIGHTS ABSTRACT

¢ Variable applied pressure to the pin improved
the wear rate by 2% over the traditional
method in an intelligent design.

o Additional development and compression
testing were done because the operating
system and components are open-source.

o The control system used an HMI and PLC to
monitor load, temperature, rotating speed,
and friction force.

e The coefficient of friction, specific wear rate,
and temperature were determined.

This study presents the design and implementation of a control system for a Pin-
on-Disc wear testing machine using a Programmable Logic Controller (PLC). The
novel approach employed involves adjusting the applied pressure on the pin, rather
than the conventional method of altering weights, to evaluate the impact of varying
loads on the wear rate. This method enhanced the accuracy of wear results by 25%
compared to traditional techniques. The control system was developed and
implemented with a Human-Machine Interface (HMI) that interacts with the PLC
to control and monitor key parameters, including applied load, temperature,
rotational speed, sliding time, and friction force. Key wear parameters such as the
coefficient of friction (COF), wear rate, and temperature were calculated. The wear
tests were conducted under varying conditions, with rotational speeds ranging

o Wear tests varied factor.s like rotating speed from 300 to 900 rpm, applied loads from 5 to 25 N, and sliding times from 5 to 25
(300-900 rpm) and applied load (5-25 N). minutes. The results indicated that an increase in applied load led to higher wear
rates and temperatures, while the COF decreased. Conversely, an increase in

ARTICLE INFO rotational speed reduced the wear rate but increased both the COF and temperature.

Prolonged sliding time resulted in higher wear rates and temperatures, while the
COF decreased. Additionally, it was observed that the wear rate of the aluminum
alloy AA6061 was higher than that of the CK45 steel alloy. The study utilized

Handling editor: Mohammed Y. Hassan

Keywords: various software tools, including AutoCAD 2018, SoMove AC Drive Software,
Pin-on-Disc; PLC; Touch screen; AA6061 alloy; EcoStruxure Machine V1.2 VP1, Vijeo Designer 6.2, Ifs — Conf RTD, and
CK45 steel alloy. MATLAB.

1. Introduction

Wear is the gradual loss of material at solid surfaces due to damage. Wear can have two cases: mechanical (erosion) and
chemical (mechanical corrosion) [1]. Dry wear refers to various dynamics involving two sliding bodies and the resulting material
loss. Dry wear found in dry clutches, brakes, non-lubricated plain bearings, and other materials is typically categorized as either
adhesive or abrasive [2]. Pin-on-disc tests are employed to characterize friction. The pin in this study is loaded against a disc
rotating at a certain speed. There is complete control over both sliding speed and normal pressure. Various materials can be
examined in an extensive range of speeds and applied load values using very versatile pin-on-disc tests [3]. Tribological tests
involving pin-on-disc are frequently employed to study the wear behavior of materials in contact with sliding motions [4]. A pin
specimen is usually spherical or cylindrical. The diameters of typical spherical pin or cylindrical specimens vary from 2 to 10
mm. Typically, disc specimens have thicknesses between 2 and 10 mm and diameters between 30 and 100 mm. Usually using
an arm with attached weights, at a preset load, the pin specimen is pressed up against the disc [5].

Several studies dealt with the issue of designing and manufacturing the pin-on-disc wear machine such as Matteo Federici
et al. presented a model of the surface contact temperature in this sliding system to highlight the role of the different surface
conditions, i.e., coated and uncoated, on the evolution of the pin and disc temperatures during sliding [6]. Sobarad et al. [7],
designed and fabricated a pin-on-disc wear testing machine, which is used to determine the wear of a given sample. It can
determine the wear rate of materials such as Copper, Brass, and aluminum. The machine showed results that were very close to
the standard wear rates. Further, the machine can handle different load and speed levels. Gongalves et al. [8], presented the design
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and fabrication of a pin/ball on disk type tribometer, seeking to determine using experimental tests and analysis of material
properties, the coefficients of friction, and the wear volume of certain pairs of engineering materials. Ali [9] also gave information
about the design steps and manufacturing procedure for the pin-on-disc apparatus and discussed the problems following the
design and manufacturing process. The results of the wear testing obtained by the apparatus that has been designed and
manufactured show that the test sample's wear increases as the motor's speed (rpm) increases. Also, as the sliding distance
increases, the wear decreases at constant load and speed.

The primary distinction between the proposed work and previous studies lies in the novel approach of varying the applied
load on the sample. This method involves adjusting the applied pressure, rather than the conventional technique of altering
weights, to assess the impact of load changes on the wear rate. Additionally, this design is capable of determining key parameters,
including the coefficient of friction (COF), specific wear rate, and temperature. All parameters are also controlled using an HMI
screen. Using a PLC and HMI screen resulted in ease of use and speed in wear tests on metal alloys, so the process became 75%
faster than the non-programmed wear machine used in previous studies.

The main aim of this work is the design and manufacturing of a control system with a programmable design and production
capable of handling loads up to 25 N without the user's intervention in changing the factors affecting the wear rate by changing
the values using a Human-Machine Interface (HMI) screen. This screen became the input and output for the device, which led
to ease of use and more accuracy in the results. The control system was designed and implemented using HMI, which interacts
with input/output sensors, and a Programmable Logic Controller (PLC), which controls and monitors elements such as applied
load, temperature, rotating speed, and friction force. There is an opportunity for additional development and compression testing
because the operating system and electronic components are open-source.

2. Wear parameters

The various parameters that interact and influence the wear behavior of the prepared samples are illustrated in Table 1. Every
parameter's impact is examined in this work.

Table 1: Wear test parameters with their range

Factors Range

Load (N) 5 10 15 20 25
Rotating Speed (rpm) 300 450 600 750 900
Sliding Time (min) 5 10 15 20 25

3. Wear measurement

Volume loss, weight loss, geometric measures, and wear scar depth are common methods for measuring wear. Wear
measurements can be performed using microscopy methods like Scanning Tunneling Microscopy (STM) and Scanning Electron
Microscopy (SEM) [10]. In this work, the weight loss method was used to calculate the wear rate by calculating the weight of
the sample before and after testing the device and then applying Archard's wear equations. It is widely accepted in tribology and
is arguably the most basic empirical model of wear [11].

The wear rate of each sample is measured using the weighting method, and then Archard wear Equations for abrasive wear
are applied as shown in Equations 1, 2, and 3.

WR = Aw/SD (1)
SD = 2mrnt (2)
Aw = w; —wy 3)

where WR is the wear rate (g/cm), Aw is the weight change, w, is the weight of the sample before testing (g), w, is the weight
of the sample after testing (g), SD is the sliding distance, r is the distance between the sample center and the disc center (cm), n
is the number of rotating discs (rpm), and t is the rotating time (min) [12].

4. Coefficient of friction

The force opposing the motion of the friction force (Fy) divided by the applied normal force (F,) is known as the coefficient
of friction, as shown in Equation 4 [13]. It is a dimensionless parameter, which means that the physical matter does not change
according to the direction of the force [14].

F
n= 4)

The coefficient of friction value is derived from the weight of the object and the way the two in contact surfaces interact, the
dynamic forces involved in relative movement, the surface finishes, and the kind of material in contact [15]. Normal and friction
force measurements are necessary for calculating the Coefficient of Friction (COF). Figure 1a shows where load cells measure
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the normal forces and friction. In this configuration, the orientation of the load cells is determined by the disc surface, and the
reaction forces are equal to the interfacial forces between the disc and the ball as shown in Figure 1b.

(b) Fy

(a) Fy
Ball or PinO Ball or Pilo

]
Fa

Figure 1: Coefficient of friction measurement: (a) forward sliding, (b) reverse sliding [15]

Fr

Fn

The measured coefficient of friction (u") is defined as the ratio of the load cell forces. The load cell forces and the measured

friction coefficient (u') are computed using Equations 5 to 7 utilizing a static equilibrium condition and the definition of the
interfacial friction coefficient () [16].

F = Ff )
F, = F, (6)
W= )

The path of forces during the friction analysis is shown in Figure 2. The pin is loaded (W), and the disc rotates at a constant
angular speed (). The torsion over the disc is denoted as Fgy,;,, and its rate is equal to F;. The path taken by static friction force

Fc is the opposite one. The net force Fy,; is what separates Ft from Fc. The tangential force represents the force of dynamic
friction. F;r and net force Fy,;. Equations 8 to 13 demonstrate that the net force is equal to the tangential force [16].

W

Fe

Figure 2: Forces operating in the pin-on-disc test [16]
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Fe = Fapp ®)
Fo = pW ©)
Fe —F, = Fyet (10)
Fyet = HaW (11)
Fyer = th (12)
= (13)

5. Programmable logic controllers (PLCs)

PLCs are an essential part of manufacturing and process industries for compact size, are applied to programming using
ladder logic, and permit extensive control and communication between machines and operators. The input and output
pins/terminals (digital/analog) on PLCs available today are specifically designated for communication [17].

Figure S1 as shown in the supplementary file depicts a typical PLC architecture. The three primary components of a typical
PLC are the input/output controller, memory, and Central Process Unit (CPU) as shown in Figure S2. A bus system connects
these blocks and is connected to an external network controller [18,19]. The user PLC program can be created in five different
programming languages: Ladder Logic Diagram (LAD), Function Block Diagram (FBD), Structured Control Language (SCL),
Structured Text Language (STL), CHART, and GRAPH. In this work, the Ladder Logic Diagram (LAD) language is used [18,
20].

5.1 Ladder logic diagram

An example of a programming language used with PLCs is a Ladder Logic Diagram (LAD). Ladder logic describes hard-
wired control using components that look a lot like line diagram elements. An activated left power rail is part of a LAD program,
as seen in Figure S3 in the supplementary file. Energy can pass through closed contacts and onto the next element, while open
contacts prevent this energy from passing [21].

6. Experimental work

6.1 Design materials

The test samples (pins), including choosing the type of metal. Two types of metals were chosen (AA6061 and medium
carbon CK45 steel alloy). This part also includes manufacturing samples based on the specifications of ASTM-G99 and testing
the chemical composite and mechanical properties of each metal. Ten samples (pins) were manufactured for each type of metal
because two variables will affect the wear rate. Each variable will have five cases, as shown in Table 1.

The pins are prepared with a 12 mm diameter for the upper part for sample fixing, a 10 mm diameter for the lower part for
sample testing, and a 46 mm length, as shown in Figure 3. The consideration of ferrous (CK45 steel alloy) and non-ferrous metal
(AA6061 alloy) choose the material.

Figure 3: Test pins for two types of metal alloys

The main components of the control system are the emergency switches, sensors, and proximity switches. They send a signal
to the PLC, which generates the proper output to the pulley, coupling, and direct motor based on these input signals and the
implemented code. Figure 4 provides a general overview of a closed-loop control system that controls electromechanical devices.
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Figure 4: Block diagram of the control system using PLC

6.2 Hardware design of control system

Each component was selected carefully in the hardware design to fit the requirements and limitations. This model consists
of Schneider PLC, expansion analog, network switches, and an HMI screen as shown in Figure 5. Each part of the control system
mentioned above is discussed below:

Circuit

Breaker

Inverters
AC Power
Supply
PLC Load Cell
Transmitter
Network DC Relay
Switch

Figure 5: Hardware of the control system

6.2.1 Schneider PLC

The controller PLC used in this project is the Schneider TM221CE24T/TR/ OUT source/ 24 V DC. A logic controller can
handle a broad range of applications and has many strong features, including 14 inputs (digital), 10 outputs (digital), and 2 inputs
(analog).

6.2.2 Expansion module input and output (Analog)

The expansion, in Figure S4 as shown in the supplementary file, used in this work is the Schneider TM2AMMG6HT/24 v dc.
This part was used as needed for the input and output analog to program and control the wear parameters. It includes 4 inputs
(analog), 2 outputs (analog)

6.2.3 Network switch

A network switch type Phoenix contacts automatic detection of data transmission, as shown in Figure S5 in the
supplementary file, is a device that connects between PLC, HMI, and Personal Computer (PC) by using ethernet cables for
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transferring programming commands (software programs) from the PLC to the HMI and vice versa, as well as this switch
transfers programming commands (software programs) from the PC to the HMI.

6.2.4 Human machine interface (HMI)

One of the important parts of the programming system is the HMI touchscreen, which allows a user to interact with a device
and enter the required data regarding wear test parameters to operate and control the machine [22]. This screen is an input for
entering the required variables in each case and an output for controlling the PLC and executing instructions. Harmony Standard
HMI GTOS5310 is used in this work.

6.2.5 AC Induction motor

In this work, several types of three-phase induction motors were chosen to control the speed of the motors because variable
speeds are needed in all motors. All motors were connected in a delta way to convert the voltage from 380 volts three-phase to
220 volts single-phase. Three induction motors were used, first for disc rotation and second for applying pressure to the pin to
change the applied load. The first type of motor used in this work is the AC 3¢ induction motor 2.2 kW, 220/380 V, 8.92 A, 50
Hz, 1420 rpm. This motor is responsible for the disc rotating at different speeds to test the wear rate of the sample.

The second type of motor used in pin-on-disc wear machine manufacturing is the AC 3¢ induction motor 0.37 kW, 220/380
V, 1.84 A, 50 Hz, 1420 rpm. This type has a gearbox that increases the motor torque by decreasing the motor speed to control
the motor's operation. The gearbox of this type has a capacity of 0.37 kW and a change ratio of 60/1, and it is responsible for the
motor that changes the pressure value applied to the sample. Applying load is made possible by a toothed shaft by changing the
pressure applied to the sample, as shown in Figure 6, which pushes the sample against the rotating disc. In this design, a new
method was used to change the value of the applied load to the sample, which is the method of changing the applied pressure to
the sample, unlike the previous method, which used variable value weights in each wear rate test. This method is achieved by
using an AC induction motor with a teeth shaft, where the shaft applies pressure to the sample, and the load cell reads this
pressure according to the required values programmed by a PLC program. When the pressure reaches the applied load required,
the load cell gives a directive to the plc, and then the plc sends a signal to the AC drive to stop the motor from applying pressure
to the sample. The second load cell measures the friction force generated between the disc and the sample to calculate the
coefficient of friction (i) for each metal and each case of the wear test parameters (rotating speed, applied load, applied time,
and sliding distance). This is done by dividing the friction force generated between the rotating disc and the sample by the applied
force to the sample according to Equation 4.

Figure 6: Three shafts for changing an applied
load and the load cells fixing

6.3 Software design

Software design is an important part of the design of the PLC control system for pin-on-disc wear machines. When designing
software, all kinds of situations in machines are considered. Four programs were installed on the personal computer to program
and control the device. Schneider and Phoenix Company issued these programs. It includes So Move AC Drive Software used
to program the variable speed drive, EcoStruxure machine expert-basic V1.2 VP1 Software is considered the basic software in
programming the machine because it is related to PLC programming through the inputs (digital and analog) and the outputs
(digital and analog), Vijeo designer 6.2 Software is for programming the HMI touchscreen, Ifs — Conf RTD Software is for
programming the temperature transducer to measure the temperature in each wear test parameter as shown in Figures S6, S7,
and S8 in the supplementary file.

6.4 Safety and protection devices

The emergency stop push button, proximity switch, and circuit breaker ensure the machine works correctly and is safe for
the user.
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6.5 Accessories

To complete the manufacturing of the pin-on-disc wear machine, Light Emitting Diode (LED) Light, Selector Switch,
Buzzer, and DC Relay 24 V were added to provide ease of operation for the user, and these parts are explained below:

7. Results and discussion

7.1 Influence of applied load on the wear rate of AA 6061 alloy and CK4S5 steel alloy

The proposed algorithm and the parameters affected in this case are shown in Figure 7. Increasing the applied load increases
the wear rate due to friction and the contact surface between the pin and disc. The applied load is affected by 85% at the wear
rate owing to friction, and the temperature in the AA6061 alloy tests is greater than that of the CK45 steel alloy, as shown in
Figure 8 aand b. As a result, the applied load will increase the wear rate [23, 24]. The wear rate value for AA6061 alloy is 3.2887
x10~%gm/cm at (5 N) load and increases with increasing the applied load to 11.7403 x10~5 gm/cm when the applied load is 25
N. For CK45 steel alloy, the wear rate value is 1.4094 x10~°gm/cm at (5 N) load and increases with the applied load to 9.8701
x107° at (25 N), the wear rate in the AA6061 alloy tests is greater than in the CK45 steel alloy. Figure 9 illustrates the relationship
between applied load and wear rate at a constant rotating speed (300 rpm), sliding distance is 3 cm, sliding time is 5 min, and
the range of applied load range is (5 — 25 N).

Figure 7: Flow chart represent the effect of the applied load on the wear rate of
AA6061alloy and CK45 steel alloys
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Figure 8: The applied load for AA 6061 alloy and CK4S5 steel alloy: (a) vs. temperature (b) vs. wear rate

7.2 Influence of the applied load on the COF of AA 6061 alloy and CK4S5 steel alloy

Figure 9 demonstrates how a rise in the normal load caused a decrease in the coefficient of friction. Increased load on the
sample resulted in compression and a comparatively flattened surface, which decreased the friction coefficient [25]. The
generation of a continuous oxide film on the friction surface effectively avoided direct metal-to-metal contact between the friction
pairs and reduced the occurrence of adhesive wear. This is mainly because when the pulsed current was passed into the metal
during the process, the current easily produced an oxide layer on the aluminum alloy surface, and the current improved the
oxidation properties of the sliding surface through surface polarity. The increased temperature effect of the pulsed current on the
metal and the heat from the friction process also made the aluminum alloy surface more susceptible to oxidation. In contrast, the
friction coefficient gradually decreased [26]. For AA6061 alloy, the C.O.F value is 0.6867 and decreased with increased applied
load to 0.5886. For CK45 steel alloy, the C.O.F value is 0.5493 and decreased with increased applied load to 0.3727. Therefore,
the AA6061 alloy coefficient of friction is more than the CK45 steel alloy coefficient of friction.
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Figure 9: The applied load vs COF for AA 6061 alloy and CK45 steel alloy
7.3 Effect of rotating speed on the wear rate of AA6061

The proposed algorithm and the parameters affected by this case are shown in Figure 10. Increasing the rotating speed leads
to minimizing wear rate owing to increasing the temperature at the surface where the pin and rotating disc make contact, as seen
in Figure 11a. As a result of the increasing friction between them. Increasing the temperature between two contact surfaces will
lead to the transmission of the material from one of them to another and create an oxidation layer, which minimizes the wear
rate. The heat dissipation for higher rotating Speeds is lower than for lower rotating Speeds and, in turn, leads to the softening
of asperities and minimizes the loads required to shear the welded points. Hence, the wear rate will be reduced [25,27]. In
AA6061 and CK45 alloy, the temperature was 67 °C at (300 rpm) and increased with increasing the rotating speed. The
temperature in the AA6061 alloy tests is greater than in the CK45 steel alloy. The wear rate is proportionately inverse to the
change in rotating speed. The wear rate value for AA6061 alloy is 3.2887x10™> gm/cm at (300 rpm) and decreases with
increasing the rotating speed to 2.7979x10~5 gm/cm when the rotating speed is (900 rpm). For CK45 steel alloy, the wear rate
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value is 1.4094 x10~5gm/cm at (300 rpm) and decreases with increasing the rotating speed to 0.8678x10~>gm/cm at (900 rpm).
Figure 11b shows the rotating speed and wear rate relationship. In this instance, the sliding distance range is 3 cm, the applied
load is 5 N, the rotation speed ranges from (300 — 900 rpm), and the sliding time is 5 minutes.

R
s

—
-

Figure 10: Flow chart represented the effect of the rotating speed on the wear rate of
AA 6061 alloy and CK45 steel alloys
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Figure 11: The rotating Speed for AA 6061 alloy and CK45 steel alloy: (a) vs. temperature (b) vs. wear rate

7.4 Influence of the rotating Speed on the coefficient of friction

The highest rotating speed values were found to have the highest friction coefficient. As seen in Figure 12, the differences
in friction coefficient levels under dry sliding conditions can be understood as a temperature rise in the steel surface brought on
by frictional power. This leads to the weakening the bond and loosening of the alloy atomic chains. Consequently, the bonds
break into pieces and create debris, increasing the coefficient of friction [25].

For AA6061 alloy, the C.O.F value is 0.6867 and increased with increased rotating speed to 0.7848. For CK45 steel alloy,
the C.O.F value is 0.5493 and increased with increased rotating speed to 0.5984, therefore, the AA6061 alloy coefficient of

friction is more than CK45 steel alloy coefficient of friction.
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Figure 12: The rotating Speed vs. COF for AA6061 alloy and CK45 steel alloy

7.5 Effect of sliding time on the wear rate of AA 6061 and CK45 steel alloys

The proposed algorithm and the parameters affected in this case are shown in Figure 13. Increasing the sliding time will
increase the contact time between the rotating disc and sample, increasing the temperature between two contact surfaces, as
shown in Figure 14a. Owing to the increase in temperature at the contact surfaces, severe wear is created. Therefore, the wear
rate affects the sliding time [23,27]. The wear rate value for AA6061 alloy is 3.2887x107° gm/cm and increased with increased
the sliding time to 5.2083x10~° gm/cm, for CK45 steel alloy the wear rate value is 1.4094 x10™°gm/cm and increased with
increased the sliding time to 1.8820 x10~°gm/cm. Figure 14b explains the influence of increasing sliding time on the wear rate
value, with sliding time ranging from (5 — 25 min). Another parameter is constant: the rotating speed is 300 rpm, the applied
load is 5 N, and the sliding distance is 3 cm.

7.6 Influence of the sliding time on the COF of AA 6061 and CK45 steel alloys

Figure 15 demonstrates that a rise in sliding time caused a decrease in the coefficient of friction. A rise in sliding time
resulted in compression and a relative flattening of the surface, decreasing the friction coefficient [27]. As the friction time gets
longer, the friction depth increases. This implies a larger contact area between the AA6061 alloy and CK45 steel alloy and the
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disc, inducing larger variation ranges for the friction force (Ft) and the applied load (Fn). Moreover, both the friction coefficient
and the two forces (Fn and Ft) change periodically with the sliding time [28]. For AA6061 alloy, the C.O.F value is 0.6867 and
decreased with increased sliding time to 0.5199. For CK45 steel alloy, the C.O.F value is 0.5493 and decreased with increased
sliding time to 0.3598; therefore, the AA6061 alloy coefficient of friction more than the CK45 steel alloy coefficient of friction.

Figure 13: Flow chart of influence of sliding time on the wear rate of
AA 6061 alloy and CK45 steel alloy
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Figure 15: The sliding Time vs. COF for AA 6061 alloy and CK45 steel alloy

8. Conclusion

Depending on the results obtained through the PLC, changing the wear parameters became easier and more accurate in the
results obtained by 25%. The use of the PLC programming system was very successful in controlling the operation of the three
motors in terms of controlling the disc rotation speed, the load applied to the sample, and changing the distance between the disc
center and the sample center to obtain different sliding distances, as well as controlling the sliding Time. Using the HMI screen
and programming it with a PLC system led to the machine being programmed so that the user could enter the required data
through the touch screen, obtain the outputs, and continuously monitor the device's performance through the graphics on the
screen, which led to the ease of conducting tests on metal alloys and changing several parameters by the user, unlike other wear
machines in which the user is forced to change the parameters affecting the wear rate every time manually. For AA6061 and
CK45 alloys, the COF value increases with increased applied load, and the AA6061 alloy coefficient of friction is greater than
the CK45 steel alloy coefficient of friction. The wear rate in the AA6061 alloy tests is greater than in the CK45 steel alloy. For
AA6061 and CK45 alloy, the COF value increases with increasing rotating speed. The AA6061 alloy coefficient of friction is
more than the CK45 steel alloy coefficient of friction. The wear rate in the AA6061 alloy tests is greater than that of the CK45
steel alloy. For AA6061 and CK45 alloy, the COF value is decreased with increased sliding time, and the AA6061 alloy
coefficient of friction is more than the CK45 steel alloy coefficient of friction.
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