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Abstract 

From the practical point of view to obtain the friction and wear characteristic of 

materials used in machinery, various types of wear testing machines have been 

developed and deployed. To obtain useful data for practical application, it is desirable 

that the investigation is carried out by a full scale wear testing apparatus having 

approximately similar contact conditions. There are two parameters in the wear testing 

machines, such as configuration of contact surface and form of the relative motion 

between test specimens. Thus, in this report, the effect of unidirectional sliding friction 

in linear sliding direction between contacting pair and friction obtained test results are 

investigated. The reciprocating pin-on-flat experimental technique of similar 

specimen’s material was modified to obtain the test results desired. The microscopic 

structures of the pin specimen were varied due to frictional and wear properties. 

Pressure distribution using selected formula during normal condition and the wear 

effect on the leading and trailing edge due to the movement of pin specimen were 

varied due to the load and number of cycles applied. Comparison between theoretical 

wear depth and experimental result been analyzed. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 PROJECT BACKGROUND   

When two solid bodies undergo relative motion while in contact for prolong 

time, the surfaces wear. The wear can be due to one or more of the various mechanisms, 

such as abrasion, adhesion, fatigue, and delamination [1]. It is important to estimate 

wear characteristics appropriately. However, it is rare for friction or wear characteristics 

of materials or machine elements to be estimated from a full scale test. To obtain useful 

data for practical applications, it is desirable that the investigation is carried out by a full 

scale wear testing apparatus having approximately similar contact conditions. 

The friction or contact modes in such model apparatuses for estimation are as 

follows [2]: pin (or ball)/disk (unidirectional friction type), pin (or ball)/flat 

(reciprocating friction type), cylinder/cylinder (contact with end surface), pin/cylinder, 

four-ball, two-parallel cylinder type. All the model apparatuses consist of three modes 

in practical contact surface which are point contact, line contact and surface contact. 

As mentioned above, there are many types of wear-testing machine and contact 

mode. Therefore, based on the combination of concepts between unidirectional friction 

and reciprocating friction type, a modified model apparatus of reciprocating pin-on-flat 

experimental technique will be developed in order to investigate the wear characteristics 

and behaviors of surface contact between two similar specimens material in linear 

motion. Compared to model apparatus of pin-on-disk (unidirectional friction type) 

where having continuous sliding contact in rotational motion and pin-on-flat 

(reciprocating friction type) where having sliding contact between a stationary pin 

against flat sample that is moved backwards and forwards in a reciprocating motion, 

this modified model apparatus of reciprocating pin-on-flat working principle is having 

two different behaviors of movement in two strokes of reciprocating motion where, one 
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stroke encounter surface contact between two specimens and the other stroke having 

non-contact movement in linear motion. 

The effect of relative motion between contacting pair of similar materials and 

friction process through obtained test results which should cover the leading and trailing 

edge, microstructure of the pin specimen, hardness value of worn area and pressure 

distribution are being investigated. Simulation of wear to obtain the pressure 

distribution during normal condition was done using selected formula. The simulation 

using selected formula has been compared with the result from the laboratory wear 

testing results. 

 

1.2 PROBLEM STATEMENT 

In the industrial wear problems, adhesive wear, phenomena of surface damage 

and material removal which can occur when two smooth surfaces rub against each 

other, which this type of wear is having approximate percentage of 26% contribution to 

the cost of wear [3]. This type of wear can occur in plain bearings and other interacting 

machine components, particularly if they are inadequately lubricated. 

Actual testing needs a huge of resources, costly and time consuming. Because of 

that, experimental technique by using test specimens and application of simulation 

studies are selected rather than actual testing. In addition, the modification of the 

established reciprocating pin-on-flat wear tester by applying different working principle 

will lead to new approach of wear modeling and the comparison of results can be 

accomplished.  

 

1.3 OBJECTIVES AND SCOPE OF STUDY 

The objectives of this research are: 

 To analyze wear mechanisms, behaviors and characteristics on the laboratory 

wear testing results. 
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 To predict the wear rate of pin-on-flat contacts and the effect on leading and 

trailing edge. 

 To simulate the stress/pressure distribution at contact area. 

The scope of research can be simplified as follows: 

 The laboratory wear test is using couple of same specimen material (pin and 

flat). 

  Surfaces slides in non-lubricated condition where the surface contact slides in 

air without a lubricant. 

 The procedures of the laboratory wear test scope within codes and standard of 

ASTM G133 - Standard Test Method for Linearly Reciprocating Pin-on-Flat 

Sliding Wear. 

 Result from the stress/pressure distribution using selected formula been 

compared to laboratory wear test result. 
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CHAPTER 2 

LITERATURE REVIEW 

 

2.1 ADHESIVE WEAR 

Sliding is the most common tribological contact condition. Adhesive wear was 

for many years thought occur when no abrasive substances can be found and where 

there is tangential sliding of one clean surface over another. Oxides and adsorbed 

species are usually ignored [3, 4]. In most practical applications sliding surfaces are 

lubricated in some way and the wear that occurs in then termed lubricated sliding wear. 

However, in laboratory investigations, surfaces slide in air without lubricant which 

called dry sliding wear [2]. 

 

2.2 CODES AND STANDARD 

The codes and standard of the laboratory wear test according to sliding wear – 

reciprocating motion, ASTM G133 [3]. 

2.2.1 Test conditions 

 Test load: up to 10 000 N 

 Frequency: 0.1 – 50 Hz 

 Stroke: 0.25 – 50 mm 

 Contact geometry: pin with 6.00 mm radius end 

 Test duration: 10
3
 – 10

6
 s 

2.2.2 Measurement modes 

 Volume of wear (measured directly by profilometry or calculated from mass 

loss and density measurements or calculated from size wear scar) 

 Examination of worn surface 
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 Wear displacement (progressive movement of the samples during wear) 

 

2.3 TABER® LINEAR ABRASER 

2.3.1 Description 

TABER® Linear Abraser uses a free floating head to follow the contours of every 

sample, permitting testing of finished products. With virtually no limit on sample size 

or shape, the TABER® Linear Abraser is ideal for testing plastics, automotive 

components, painted parts, printed graphic, optical products, rubber, leather, textiles, 

and for use in testing laboratories [5]. 

2.3.2 Specifications 

The parameters for TABER® Linear Abraser also can be altered, which enables the 

user to determine the optimal setting of each product or material [5]. The parameters are 

shown in Table 2.1. 

Table 2.1: TABER® Linear Abraser Parameters 

Parameters Description 

Load Ranging from 350 – 2100 grams with optional weight disc 

Stroke Lengths 0.5”, 1.0”, 2.0”, 3.0”, 4.0” 

Stroke Speed 2 -75 cycles per minute 

 

 

2.4 WEAR MODEL 

The wear process can be treated as a dynamic process, depending on many 

parameters and the prediction of that process as an initial value problem. The wear rate 

may then be described by a general equation given by 
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   (1) 

Where h is the wear depth (m) and s is the sliding distance (m). Many wear models are 

available in the literature. Their mathematical expressions vary from simple empirical 

relationships to complicated equations relying on physical concepts and definitions [4].  

The most frequently used model is the linear wear equation Q˜ =Kp˜, where Q˜ 

is dimensionless normalized wear rate; K is wear coefficient; p˜ is dimensionless 

normalized pressure; which the volume wear rate is proportional to the normal load. 

This model is often referred to as the Archard’s wear law; though its basic form was 

first published by Holm [6][7]. The model was based on experimental observations and 

written in the form 

   (2) 

Where V is volume wear (m
3
); s sliding distance (m); K is wear coefficient; FN is 

normal load (N); H is hardness (Pa). 

The wear coefficient K was introduced to provide agreement between theory 

and experiment. Holm treated it as a constant, representing the number of abraded 

atoms per atomic encounter. In Archard’s work it corresponds to the probability that an 

asperity interaction results in a wear particle formation [8]. However, that is not the 

only possible interpretation. Lim and Ashby [9] calculated it regarding the delamination 

or plasticity dominated wear mechanism as governing. For steels they suggested to use 

the values 

   (3) 

Where 

   (4) 
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FN is normal load (N); H is hardness (Pa); A is the apparent contact area (m
2
). 

The wear depth is preferred to determine the pin-on-flat profile evolution. For 

engineering applications the wear depth is of more interest, than wear volume. Here 

Archard proposed to divide both sides of equation (2) by the apparent contact area A 

[8], giving 

    (5) 

Where h is the wear depth (m), k is the dimensional wear coefficient (Pa
-1

) and p is the 

normal contact pressure (Pa). The wear model can then be described by a differential 

equation, which for the linear case, equation (2) can be formulated as 

    (6) 

When two nominally plane and parallel surfaces are brought gently together, 

contact will initially occur at only few points. When a rigid cylinder (pin) is pressed into 

an elastic half-space, under a normal load FN, it creates a pressure distribution described 

by Hertzian contact stress for contact between a rigid cylinder and an elastic half-space 

[10] [11]. 

  (7) 

Where a is the radius of the cylinder; p0 is the maximum contact pressure given by 

  (8) 

Where d is indentation depth; E* is equivalent modulus of elasticity given by  

  (9) 
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E1,E2 are the elastic modulus and ν1,ν2 the Poisson's ratios associated with each body. 

The relation between the indentation depth and the normal force is given by 

   (10) 
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CHAPTER 3 

METHODOLOGY 

 

Methodology section will discuss about the TABER® Linear Abraser (Abrader) 

- Model 5750 modification’s model design of the specimen mounting on Universal 

Specimen Table prior to have vertical movement thus allowing single stroke surface 

contact. After that, researches continue with the model fabrication and precede with the 

detail procedures of several laboratory tests on experimental analysis under every 

respective testing for future references. The principle of all laboratory tests involved 

were based on standard operation manual and American Society for Testing and 

Materials (ASTM) which will be discussed by the author in this section. 

 

3.1 TABLE MODEL DESIGN 

Model design been utilized as the simulation with detail dimension, requirement 

and material selection. Design of the model has been appropriately constructed based 

upon the requirement of the research to obtain one stroke contact between two surfaces. 

The design based on the mechanism of jack’s application where the table will be 

controlled manually. This design will give a clear picture on the modification of the 

specimen mounting of Universal Specimen Table of TABER® Linear Abraser 

(Abrader) - Model 5750 as shown in Figure 3.1 and been as the constraint for the 

fabrication part to be carried out.  

 

Figure 3.1: Universal Specimen Table of TABER® Linear Abraser  
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Model design consists of three stages: 

1. Dimensional conformance 

 All the dimensions and constraint will be specified according to ASTM G133 - 

Standard Test Method for Linearly Reciprocating Pin-on-Flat Sliding Wear and 

Universal Specimen Table of TABER® Linear Abraser (Abrader) - Model 5750 design 

specifications and interchangeability factors as shown in Figure 3.2. 

 

Figure 3.2: Caliper’s base dimensioning 

2. Design sketches 

 Initial rough ideas of the development of the model design to suit with the 

requirement of the research. Variation of model design has been determined to come up 

with final idea. 

3. Model simulation 

 Design software been utilized in this designing part in order to establish high 

accuracy and precision of the design as well on better illustration of the function. 

AutoCad software has been used to design the model. The design consists of isometric, 

orthographic and exploded view. See Appendix I, II and III. 
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3.2 TABLE MODEL FABRICATION 

Fabrication of the model will follow the dimensions and constraint been 

specified in the model design.  Step by step of fabrication’s procedure been clearly 

followed according to the design. All manufacturing steps been organized efficiently to 

avoid any clashing on the procedure which could affect the final fabricated model. 

Material selected in table model fabrication is aluminum alloy as per specification of 

aluminum alloy, see Appendix IV, aluminum alloy is a soft material thus material 

handling for fabrication is much easier. On the other side, aluminum alloy is non rusting 

material which applicable for long term application. 

 For preparing the modified table, conventional lathe machine and milling 

machine as shown in Figure 3.3 and Figure 3.4 has been utilized to machine 50mm 

diameter of cylindrical aluminum as mounting part for the clamper. Center drill of 

16mm diameter been performed to make a hole as attachment part to the clamper. The 

cylindrical aluminum been attached to 15mm x 16mm x 7mm aluminum plate as table’s 

base with a simple jack. Drilling machine and steered threader been utilized to make 

inner thread for the attachment’s screw as shown in Figure 3.5. 

                           

 Figure 3.3: Center Drill with 

Lathe Machine 

Figure 3.4: Milling Machine 
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Figure 3.5: Attachment’s part 

 All fabrication parts have been attached according to the design following the 

exploded view of Appendix III as shown in Figure 3.6. Grease lubricant has been 

applied at jack part in the center hole of the mounting to reduce the friction for a 

smoother movement of the caliper. 

 

Figure 3.6: Modified Specimen Table 

 

3.3 SPECIMEN PREPARATION 

 Based on the terminology of this research, both specimens of pin and flat should 

be any material as long as both of them are same material with same specifications. 

Therefore, aluminum alloy has been selected as the material for both specimens. The 

material selection was based upon the high elasticity and ductility of aluminum alloy 

which categorized as soft material thus wear mechanism can be better visualized. All 
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specimens’ preparation work was done at manufacturing lab and material lab under 

supervision of designated technicians from both labs. 

  There were six samples of pin specimen followed by six samples of flat 

specimen. Both specimens undergo different method of preparation and fabrication. 

3.3.1 Pin Specimens 

 Pin’s size was according to ASTM G133 - Standard Test Method for Linearly 

Reciprocating Pin-on-Flat Sliding Wear. Pin specimens been produced into four units of 

cylindrical and two units of squared shape. The dimension of cylindrical pin specimen 

is 6mm diameter x 10mm height while shaped pin specimen is 6mm x 6mm x 10mm. 

The descriptions of each sample are as in Table 3.1 based on variables chosen. 

Table 3.1: Specimen’s Categorization 

Type Label Linear Wear Test 

 

Cylindrical Specimen 

(Ø6mm x 10mm) 

Specimen A 10 Cycles 

Specimen B 20 Cycles 

Specimen C 40 Cycles 

Specimen D 60 Cycles 

 

Squared Specimen 

(6mm x 6mm x 10mm) 

Specimen E 40 Cycles 

Specimen F 60 Cycles 

 

Since all of the specimens are small and required high precision in dimension, 

100mm x 100mm x 10mm aluminum alloy plate been used to produce the pin specimen 

by using Electrical Discharge Machining, EDM Wire Cut as shown in Figure 3.7. 

Figure 3.8 shows the pin specimens produced by EDM Wire Cut. 
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3.3.2 Flat Specimens 

 Flat specimen’s dimension was based on the stroke length of the TABER® 

Linear Abraser (Abrader) - Model 5750 where stroke length used in this research was 4 

inches or 101.6mm. Therefore, length of the flat specimen must be greater than the 

stroke length. Thus, the required flat specimen’s dimension is 150mm x 35mm x 7mm. 

Aluminum alloy plate with 150mm x 210mm x 7mm has been cut into six samples 

according to the required dimension with metal band saw. 

 The oxide layer or scale on the aluminum alloy surface must be removed in 

order to avoid the wear is due to the oxide layer and not the aluminum alloy itself.  

Therefore, the flat specimens were grinding and polishing to remove the oxide layer and 

obtain smooth surface. Metaserv 2000 rotating grinder machine been used to perform 

this task. Figure 3.9 shows the flat specimen before and after been grinded and polished. 

Different grid of sand paper been used to obtain smooth surface and the grinding 

procedures were as follow: 

1. Flat specimen was polished with rough sand paper to remove deposits, scale and 

oxide layer on top of the surface where the specification of the sand paper using 

aluminum oxide cloth, P: 6. 

2. Top surface been grinded using Metaserv 2000 rotating grinder machine with 

rotating speed of 350 rpm and grinding cloth from the course to smoothest cloth 

at the range of P: 60 until P: 4000. 

3. 3µ polishing cloth been used to polish the flat specimen until it looks shiny. 

Figure 3.7: EDM Wire Cut Figure 3.8: Pin Specimens 

(diameter 6mm, length 10mm) 



 

15 
 

4. Step 1 until step 3 been repeated for all six flat specimens. 

Precautions must be taken when dealing with rotating grinder by ensuring that 

water must be constantly supplied to avoid any major scratches and temperature rise 

due to friction between rotating grinder and specimens. 

 

Figure 3.9: Flat specimens (150mm x 35mm x 7mm) before and after grinded 

 

3.4 PIN ON FLAT TEST 

 The pin on flat test was conducted according to ASTM G133 - Standard Test 

Method for Linearly Reciprocating Pin-on-Flat Sliding Wear with TABER® Linear 

Abraser (Abrader) - Model 5750 as experiment apparatus.  

3.4.1 Pin on Flat Test Parameters 

 Each specimen was having different set of parameters. Test parameters were 

specified according to Table 3.2.  

Table 3.2: Pin on Flat Test Parameters 

Type Linearly Reciprocating Pin-on-Flat Sliding Wear 

Load (g) 350, 600, 850, 1100,1350 

Speed (cycle/min) 15 

Stroke length (inch) 4 

Number of cycles 10,20,40,60, 
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In this research, five sets of load been applied to the pin with constant time cycle and 

constant stroke length. Maximum stroke length of 4 inches or 101.6mm been chosen to 

have much clearer wear mechanism and more time of surface contact between two 

specimens. Each cylindrical specimen will assigned to each number of cycles with five 

sets of load while squared specimens were assigned to 40 and 60 cycles respectively. 

3.4.2 Pin on Flat Test Procedure 

1. Caliper been attached to the Modified Specimen Table. 

2. Spline shaft been tied with the stroke length to avoid any movements in vertical 

direction to have surface contact in backward stroke as shown in Figure 3.10. 

3. Two connecting links attached to Modified Specimen Table to ensure it does not 

move during testing. 

4. Stroke length been adjusted to 4 inch at Adjustable Stroke Length and Safety 

Off Switch had been closed down. 

5. TABER® Linear Abraser (Abrader) - Model 5750 been turned on and the 

testing parameters of 15 cycles/min and number of cycles been set by selecting 

ENTER button. After the data been input, CLEAR button been selected which 

mean clear to proceed with testing. 

6. Pin specimen been weigh up using Digital Weighing Scale and initial mass been 

taken as shown in Figure 3.11. 

7. After that, pin specimen been attached to Wearaser Collet. 

8. Flat specimen been mounted at Modified Specimen Table. 

9. Weigh disc (load) been applied according to parameters. 

10. Jack of Modified Specimen Table been pressed to move the flat specimen and 

have surface contact with pin specimen and START button been selected. 

11. Jack of Modified Specimen Table been released after one stroke been completed 

to complete one cycle before been pressed again for another stroke to have 

surface contact. This will be repeated until the end number of cycles. 

12. Then, pin specimen been weighing up again to measure its final mass. 

13. Step 5 to 12 been repeated with set of load as specified in parameters. 
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14. Step 5 to 13 been repeated with another specimen with different set of cycles 

with same set of load applied. 

                  

 

 

3.5 MACROSCOPIC EXAMINATION 

Macroscopic examination is carried out with unaided eye or a low power optical 

microscope with a magnification generally below 100 diameters. This methodology has 

capability to have general appreciation of the features of the wear pin specimen, in 

particular, the surface wear pattern. The purpose of this macroscopic examination in this 

inspection to reveal remarkable features on the wear pattern and predict the wear 

mechanism based on visualization of the pin specimen’s surface metallographic. The 

examination was according to ASTM E7 - 03(2009) Standard Terminology Relating to 

Metallography. 

Main focus of the examination was to clarify the wear formation mechanism of 

the leading edge, center and trailing edge of the pin specimen and to examine the effect 

of the difference in number of cycles on the experimental results, the microscopic 

structure of the pin specimen is observed by Metallurgy Optical Microscope – NIKON 

Model as shown in Figure 3.12. 

Figure 3.10: Specimen’s mounting Figure 3.11: Digital Weighing Scale 
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Figure 3.12: Macroscopic Examination 

3.5.1 Specimen Preparation Procedure 

 Before macroscopic examination been carried out, all the specimens need to be 

prepared in order to obtain clear picture of pin specimen’s surface wear metallographic 

structure. The preparation was according to ASTM E3 - 11 Standard Guide for 

Preparation of Metallographic Specimens. The specimen preparation procedure as 

follows: 

1. Precautions need to be taken to avoid grinding the pin specimen’s wear surface 

because macroscopic examination was to analyze the pattern of the wear on the 

surface. 

2. As an alternative to obtain shiny surface is by rubbing the surface gently with 3µ 

polishing cloth to avoid any disturbance to the wear scar of the pin specimen. 

Metal polish liquid had been applied as the polished media. 

3. Step 1 to 2 been repeated for all six specimens. 

3.5.2 Macroscopic Examination Procedure 

1. Before the operation had been carried out, the machine must be in good 

condition and safety first. 

2. Power supply for the microscope been switched ON. 

3. Computer data station was started up and AQCUISS program been selected. 

4. The specimen has been placed at the microscope table stage below the lens. 
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5. By turning to lowest magnification (5x objective lens), the microscope table 

stage been risen up to the lens. 

6. Through microscope eye piece, the table is turned down until get focus to 

microstructure surface. 

7. The magnification been adjusted to 500x by turning the lens and adjusting the 

focus. 

8. For AQCUISS program, new file been selected and live camera action. After 

that, the witch at microscope been pulled to BINO for see through the 

microscope or PHOTO for capture image in AQCUISS program. 

9. Capture image been clicked and file has been saved as usual. 

10. Step 4 to 9 were been repeated for different pin specimens and image been 

captured at different point of location which at leading, center and trailing edge. 

11. The computer been shut down and the microscope been switch off after used. 

12. Power has been switched off and cleaning process being done. 

 

3.6 HARDNESS TEST 

 Hardness test is conducted to determine the hardness effect at the worn surface 

area on the pin specimen. From this hardness value, the effect of worn area on the 

hardness value can be determined either worn area will decrease the hardness value of 

the material or not. Since the pin specimens were small thus microhardness test need to 

be chosen. Micro-Hardness Tester been used to determine the hardness and be 

measured by Hardness Vickers. Hardness test was according ASTM E92 Standard Test 

Method for Vickers Hardness of Metallic Materials. 

3.6.1 Hardness Test Parameters 

 The test parameters were according to the aluminum alloys material 

specifications for Hardness Vickers Test and ASTM E92 Standard Test Method for 

Vickers Hardness of Metallic Materials. Test parameters were as follows: 
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Table 3.3: Hardness Test Parameters 

Hardness Test Hardness Vickers Test (HV) 

Apparatus Micro-Hardness Testing Machine 

Load 100kgf 

Dwell time 15 seconds 

Points 5 points of location 

 

3.6.2 Hardness Specimen Reading and Orientation 

 

 

 

 

 

 

Figure 3.13: Hardness Testing Orientation 

 Hardness reading has been taken at different points of location on the surface of 

the pin specimens either cylindrical pin specimen or squared pin specimen. Five 

hardness readings were taken from each specimen based on X-axis and Y-axis 

orientation as shown in Figure 3.13. Based on that orientation, the hardness value at the 

leading (X3), center (X2) and trailing edge (X1) can be obtained and comparison can be 

made. 

3.6.3 Specimen’s Mounting Procedure 

 Since the specimens are small, thus specimens need to have hot mounting 

procedure to hold the specimen during microhardness testing. This mounting procedure 

been applied for all specimens. Hot mounting been done under the supervision of 

X - axis 

Y - axis 

X1 X2 X3 

Y2 

Y1 

X - axis 

Y - axis 

X1 X2 X3 

Y2 

Y1 
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material lab technician. Automatic Mounting Press Machine Buehler SIMPLIMET 

1000 been used to perform this hot mounting. The parameters of the hot mounting were 

as follows: 

Table 3.4: Hot Mounting Parameters 

Mounting Type Hot Mounting 

Apparatus Automatic Mounting Press Buehler Machine 

SIMPLIMET 1000 

Mounting Material Thermosetting Resin (Phenolic) 

Pressure 4000 Psi 

Heat Time 3 minutes 

Cool Time 2 minutes 

 

The procedure of hot mounting as follows: 

1. Automatic Mounting Press Machine SIMPLIMET 1000 been switched ON. 

2. Upper button been pressed at control panel to push the mold out of the heating 

closure. 

3. The mold area needs to be cleaned up first by using release agent as shown in 

Figure 3.14. 

 

Figure 3.14: Mold Cleaning 

 

4. Lower button pressed at control panel to move the mold into the heating closure. 
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5. Pin specimen been placed into the mold and thermosetting resin, the mounting 

material been placed together inside the mold until it covers the entire pin 

specimen as shown in Figure 3.15. 

 

 

Figure 3.15: Specimen and resin placement into the mold 

 

6. Insulated bayonet closure been closing down to the mold and locked up. 

7. Parameters have been input into the control panel and START button been 

pressed. 

8. Notifications been given by the machine shows the mounting process had been 

done and the insulated bayonet closure been opened up. 

9. Upper button been pressed at control panel to push the mold out of the heating 

closure and the mounting’s specimen been obtained. 

10. Step 3 to 9 been repeated and applied for all specimens. 

 

 

 

Figure 3.16: Mounting’s Specimens 
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3.6.4. Hardness Test Procedure 

1. The Microhardness machine been switched ON. 

2. The specimen is mounted on the Microhardness Tester table. 

3. The load of test and dwell time are set according to test parameters. 

4. The Microhardness Tester table stage been risen up to the lens. 

5. Through microscope eye piece, the table is turned down until get focus to 

microstructure surface and point of hardness measuring been located. 

6. After that, start button been selected and the indenter will indent the specimen to 

the specimen at the set location. 

7. Table is turned down once again to get focus until the diamond shaped to be 

visible. 

8. Both diamond diameter in X-axis and Y-axis been taken and hardness reading 

will be automatically viewed on control panel. 

9. Data is been recorded and data been reset and clear again for another 

measurement. 

10. Step 2-9 been repeated for all five points location as shown in Figure 3.13 for 

each specimen. 

11. Microhardness Tester table has been cleaned up and switched OFF. 

 

 

 

Figure 3.17: Vickers Hardness Testing 
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3.7 SIMULATION USING SELECTED FORMULA 

  

 

 

 

 

Figure 3.18: Pin on flat scheme 

3.7.1 Pressure distribution 

 By using the illustration of free body diagram as shown in Figure 3.18, the 

pressure distribution been calculated through contact area mark created when top of an 

elastic pin of radius, r and equivalent modulus of elasticity pressed with normal load, N 

been applied. The pin will move along its linear movement with speed, v and due to the 

normal force, linear velocity and coefficient of friction µ, reaction force will be 

occurred [12][13]. This can be shown with the formula: 

𝐹𝑛𝑒𝑡 = 𝐹𝑎𝑝𝑝 −  µ𝑁 

The contact patch between the pin specimen and flat specimen where the 

pressure distribution can be illustrated is defined as region A in xy- plane identification 

where: 

𝐴 = { 𝑥, 𝑦 : 𝑥2 + 𝑦2 ≤ 𝑟2 

The normal stress is calculated in z- direction of the xy-plane, Pz is given by: 

𝑃𝑧 𝑥, 𝑦 = 𝑃𝑜  (1 −  
𝑥

𝑟
 

2

−  
𝑦

𝑟
 

2

) 

Po is the maximum pressure which been calculated using formula: 

𝑃𝑜 = 3𝑁/2𝜋𝑟2 

N = mg 

Fapp = ma 

Fr 

Fnet  
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By using this formula the pressure distribution area at longitudinal distance, y-direction 

and latitudinal distance, x-direction along geometrical surface contact of pin specimen 

can be calculated. 

3.7.2 Wear depth prediction 

 The prediction of wear depth been calculated using the wear model on Archard’s 

law: 

 

Where V is volume wear (m
3
); s sliding distance (m); K is wear coefficient; FN is 

normal load (N); H is hardness (Pa).In this research, hardness is included as part of 

wear coefficient. 

 The wear depth been calculated from ∆z, which is at the center of the mesh 

element in pressure distribution where the pressure distribution at the maximum with 

coordinate (x,y) [12][13]. This illustrated by the formula: 

∆𝑧 = 𝑘 ∙ 𝑃𝑧 𝑥, 𝑦 ∙ 𝑠(𝑥, 𝑦)/𝐻 

Where Pz is the pressure in z-direction, s is the sliding distance. By using this formula, 

the prediction of wear depth been determined and the values been compared with the 

experimental result. 
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3.8 GANTT CHART 

Table 3.5: Gantt Chart 

Activities/Week 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

Model Design                

Model Fabrication                   

Sample Preparation                  

Pin on Flat Test                  

Macroscopic Examination                  

Hardness Test                  

Wear Simulation                   

Progress Report          X      

Poster           X     

Draft Report            X    

Dissertation (soft bound)             X   

Technical Paper             X   

Oral Presentation              X  

Project Dissertation  

(Hard Bound) 

              X 

 

 

  

 

 

 

 

 

Finish  

Submission X 
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CHAPTER 4 

RESULT AND DISCUSSION 

 

 Results of the experiment were depending on the methodology which had been 

specified earlier. Each methodology carried different result in order to verify the 

objectives of the research. From the pin flat test using TABER® Linear Abraser 

(Abrader) - Model 5750 with Modified Specimen Table, mass loss, coefficient of 

friction, and wear coefficient and wear depth of the pin specimen can be obtained. 

Based on the prediction, the wear rate will be higher when applied load been increased 

and number of cycles was added up. Then, the following result will be on the 

microscopic structure of the pin specimen worn surface area which merely focuses on 

the leading edge, center and trailing edge of surface contact. After that, hardness testing 

also had been performed to obtained result of hardness value due to wear. Lastly, the 

simulation of the surface contact between pin and flat specimen been performed.  This 

applied to all specimens and results of pin specimens and squared specimens were being 

compared. 

Note that all full experimental results, mathematical calculations and table 

results been attached in Appendix’s section. 

 

4.1 PIN ON FLAT TEST 

 Test had been carried on according to the parameters in Table 3.2. The 

categorizations of pin specimens were according to number of cycles as shown in Table 

3.1. A comparison was made to study the effect of the increment of number of cycles 

and load to the wear’s pattern of the surface contact between pin and flat specimen. 

Comparison of the wear mechanism between cylindrical pin specimen and squared 

specimen had been performed. 
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4.1.1 Worn Mass of Specimens 

The magnitudes of wear which is the worn mass are shown in Figure 4.1 and 

Figure 4.2 corresponding to the number of load applied. Worn mass calculation which 

been calculated by: 

𝑊𝑜𝑟𝑛 𝑚𝑎𝑠𝑠 =
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑎𝑠𝑠 − 𝐹𝑖𝑛𝑎𝑙 𝑚𝑎𝑠𝑠

1000
 (𝑚𝑔) 

 

Figure 4.1: Worn mass of cylindrical pin specimens  

 

Figure 4.2: Worn mass of squared pin specimens 
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 Figure 4.1 and Figure 4.2 shows the result of worn mass at the applied load for 

cylindrical and squared pin specimen at different number of cycles which specify in 

parameters which are 10 cycles, 20 cycles, 40 cycles, and 60 cycles. As shown in the 

pattern of the graph, as the loads were increasing, worn mass of the specimens were 

also relatively increasing. This means that the highest potential of wear to be happened 

when there were loads keep applied and increased on the material which was moving.  

By comparing Specimen A at highest cycles of 60 cycles and Specimen D at 

lowest cycles of 10 cycles, the gradient of the slope of both line show the wear rate at 

highest cycle was much higher compared to the lowest cycle. Therefore, this can be 

defined that although sliding velocity was constant at 15 cycles/min and sliding of 

distance was constant at 4 inch, the increment of the cycles or repetition of the sliding 

increase the percentage rate of wear.  

 

Figure 4.3: Worn mass comparison between cylindrical pin specimens and 

squared pin specimens 

 Comparison had been made between cylindrical and squared pin specimen to 

analyze the worn mass behavior between two different geometries as shown in Figure 

4.3. The comparison been made by taking two highest number of cycles used in this 
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experiment which are 40 cycles and 60 cycles as parameters with same increment of 

loads.  

Result shows that worn mass of squared specimens for both cycles were higher 

than cylindrical specimens and defined that the wear rate of squared specimens were 

higher than cylindrical specimens. The result is caused by larger contact area of the 

squared specimens than cylindrical specimens, which resulted more contact occurred 

between two surface of squared specimens. Sharp edge of the squared specimens also 

has been a factor for wear to easily occur than cylindrical specimens although pressure 

on smaller contact area of cylindrical specimens higher than squared specimens. 

4.1.2 Wear Coefficient 

 The effects of the applied normal load on the coefficient of wear for cylindrical 

and squared pin specimens are shown in Figure 4.4 and Figure 4.5 respectively. The 

worn mass is converted into the worn volume using the density. Then the coefficient of 

wear is obtained as the value of the worn volume per unit sliding distance and unit 

normal load. The calculation of the wear coefficient according to Archard’s Wear Law 

where: 

𝑉

𝑠
= 𝑘𝐹𝑛 

V is volume of wear, s = sliding distance, Fn = Normal Load, k = wear coefficient. 

Hardness is included as part of the wear coefficient. Therefore, sample calculation for 

Specimen A at 600g load was as follows: 

Worn mass (m) = 1mg, density (ρ) of Aluminum Alloy as per specifications is 

2700kg/m
3
, thus 

V = m/ ρ 

V = (1 x 10^6 kg / 2700kg/m
3
) = 3.704E-10 m

3
 

3.704E-10 m
3
/ 0.1016m= k (5.886 N) 

k = 6.193E-10 m
2
/N 
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Calculations been applied to all specimens with same set of loads.  

 

Figure 4.4: Wear coefficient of cylindrical pin specimens 

 

Figure 4.5: Wear coefficient of squared pin specimens 

 Based on Figure 4.4 and 4.5, the coefficient of wear of specimen D and 

specimen E are extremely large where the pin specimen were having 60 number of 

cycles. The contact between the specimens varies with the magnitude of the normal load 

and number of cycles. This contact is thought to have a strong influence on the wear. 
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Both figures shows that since the worn volume increase in proportion to the increase in 

the normal load and number of cycles, the coefficient of wear increases with the 

increase of the normal load and number of cycles. 

 

Figure 4.6: Comparison of wear coefficient between cylindrical pin specimens and 

squared pin specimens 

 In view of different geometries of the pin specimens, since worn volume of both 

squared specimens were greater than cylindrical specimen at respective number of 

cycles, wear coefficient of squared specimens are greater than cylindrical specimens as 

the load increases. This result shows that wear will be easily occurred when specimen 

geometry is squared shape at higher number of cycles. 

4.1.3 Wear Depth of Specimens  

 Although worn volume of specimens have already specified earlier, wear depth 

of the specimens mostly need to be taken in considerations. This applicable to the 

industrial applications where wear depth was the main concern. Through Archard’s 

Wear Law, wear depth can be calculated as follows: 

𝑉

𝑠𝐴
=

ℎ

𝑠
= 𝑘𝑃 
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Sample calculation using Specimen A with 600g load: 

h /(0.1016m)= (6.193E-10 m
2
/N) x (5.886N / π(0.006 m /2)

2
) 

h = 1.30992E-05 m 

This calculation applied for all specimens with same set of loads.  

 

Figure 4.7: Wear depth of cylindrical pin specimens 

 

Figure 4.8: Wear depth of squared pin specimens 
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 Based on Figure 4.7 and Figure 4.8, wear depth of the specimens are increasing 

as the pressure applied to the pin increase. Graph pattern of wear depth is same with 

worn mass graph pattern which shows the evidence that worn mass is linearly 

proportional to the wear depth of the pin. This result can be interpreted that when 

contact pressure is higher between two surfaces of pin and flat specimen resulted to 

larger surface contact area has been forced down to make contact. Therefore, with the 

increasing of number of cycles, more mass being worn away from the pin specimen. 

 However, by comparing Figure 4.7 and Figure 4.8, it shows that wear depth of 

squared pin specimens were smaller than cylindrical pin specimens. This is because the 

differential of contact area where the contact area of squared pin specimens were greater 

than cylindrical pin specimens whom resulted to pressure applied to cylindrical pin 

specimens was greater than squared pin specimens. This can be concluded that, the 

wear depth of squared pin specimens was lower but the worn volume was greater and 

the wear depth of cylindrical pin specimens was higher but the worn volume was lower. 

 

4.2 MACROSCOPIC EXAMINATION 

 The pattern of wear been analyzed through the pattern of microstructure of the 

pin specimen’s worn surface. As been specified in methodology, the microstructure at 

three point of locations been captured which at the leading edge, center and trailing 

edge and comparison can be made. Since there are six pin specimens involved, only 

cylindrical pin specimen and squared pin specimen which having 60 numbers of cycles 

(Specimen D and Specimen F) were selected where the wear rate of both of them based 

on previous result were the highest and will be analyzed for their microstructure of the 

worn surface. The rest of specimen’s microstructure result will be attached in the 

Appendix’s section. 
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4.2.1 Cylindrical Pin Specimen 

    

Figure 4.9: Worn Surface Area of Cylindrical Pin Specimen (Specimen D) using 500x    

magnifications at (a) Trailing Edge (b) Center and (c) Leading Edge 

 Figure 4.9 shows the pattern of wear at three different locations on the 

cylindrical pin specimen’s worn surface. At the leading edge, worn area was larger and 

clearly visible as shown by red circle. However, at the center and trailing edge, the worn 

area became smaller. The larger worn scar indicates that the worn volume at that area 

was greater which suggested that the contact pressure at that location was higher 

compared to center and trailing edge. This result also suggested that the wear depth at 

the leading edge was higher compared to other two locations.  

Therefore, it can be proven that the worn surface was not totally even along the 

pin’s surface and can be defined that as the pin specimen was moving along the surface 

contact area of the flat specimen, the pressure distribution was higher at the leading 

edge, decrease at the center, and the least at the trailing edge. 

4.2.2 Squared Pin Specimen 

   

Figure 4.10: Worn Surface Area of Squared Pin Specimen (Specimen F) using 500x    

magnifications at (a) Trailing Edge (b) Center and (c) Leading Edge 

(a) (b) (c) 

(a) (b) (c) 
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 Compared to cylindrical pin specimen’s microstructure, squared pin specimen’s 

microstructure as shown in Figure 4.10 was having much clearer visibility of worn scar. 

However, the behavior of the wear mechanism was similar where worn area at leading 

edge was the largest compare with two other regions.  It can be seen that the direction of 

the wear was linear and pointed into one direction. This had been supporting evidence 

that worn surface pattern satisfied to the modified linear wear tester which having one 

stroke of surface contact. 

 Worn scar of leading edge was larger compare to the center and trailing edge 

and also the leading edge of cylindrical pin specimen. This indicates that more worn 

volume occurred at the leading edge which should be resulted from higher contact stress 

at that area compared to other regions. In term of geometries, squared pin specimen was 

having tendency to wear quickly than cylindrical pin specimen based on the size of 

wear scar of these three regions. 

 

4.3 HARDNESS TEST 

Due to incapability of the TABER® Linear Abraser (Abrader) - Model 5750 to 

give the values of the coefficient of friction in order to simulate the tangential pressure 

distribution during the movement of the linear surface contact, the hardness 

measurements at leading edge, center and trailing edge have been taken as an alternative 

to illustrate the wear mechanism at those three locations. 

According to the philosophy and basic understanding of wear properties, the 

surface area which encounter high wear rate will be having less hardness value while 

other part which having low wear rate will be having high hardness value. Therefore, 

based on this philosophy, the hardness values been measured at leading edge, center and 

trailing edge  to investigate the wear behavior at those three locations and the relation 

with the mechanisms of the wear test. The hardness results were as shown as in Figure 

4.11 and Figure 4.12. 
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Figure 4.11: Hardness values at trailing, center and leading edge 

 

Figure 4.12: Average hardness values of all specimens 

 Figure 4.11 shows that the hardness values of all specimens decreased from 

trailing, center and leading edge of the specimens. These results show that the wear rate 

at the leading edge was greater, and then become much lesser at the center and the least 

at the trailing edge of the specimens. In relation with the pressure distribution, as pin 

specimens moved along the flat specimen, the frontal area of the pin were having 

greater worn surface compare at the back area of the pin specimens. These evidences 
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satisfied with the philosophy that high wear rate will reduce the hardness value of the 

location of worn area.  

 On the other side, Figure 4.12 shows the average hardness values which have 

been obtained by calculation of the mean hardness values of leading edge, center and 

trailing edge. The pattern of result shows that as the number of cycles of surface contact 

between specimens increased, the hardness values of the surface material decreased. As 

known that the hardness values of the material is inversely proportional to the wear rate, 

this can be interpreted that the wear rate of specimen increased as the number of cycles 

increased. This theory contented with the result of the pin on flat test as mentioned 

earlier. 

 By comparison of geometrical factor of the pin specimen taken at two most 

highest number of cycles, 40 cycles and 60 cycles, squared pin specimens were having 

less hardness values than cylindrical specimens. The contact area of squared pin 

specimens was higher compared to cylindrical pin specimens. This shows that the larger 

worn area of squared pin specimen’s surface where the resulted wear rate was high 

contributed to the more decrement of the hardness values compared to cylindrical pin 

specimens.  

 

4.4 SIMULATION OF PRESSURE DISTRIBUTION 

 In this analysis, the pressure distribution illustrated using selected formula as 

specified in methodology section and been focused at the highest applied load of 

13.2435N (1350g) for both specimens where the pressure is the highest. Since the 

previous results on pin on flat test shows that the wear rate was the highest and the worn 

surface area was obvious only when higher load been applied, therefore, the pressure 

distribution will illustrate the characterizations of the pressure applied around the 

surface of contact area of those pin specimens. The solution of the simulation only 

focused at normal load analysis since the incapability of the wear tester to obtain the 

coefficient of friction for simulation of tangential load analysis. 
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4.4.1 Normal Load Analysis 

 The assumption has been made that the normal load influence along the contact 

area only. There is not normal load influenced outside the contact area. It has been 

understandable that the maximum pressure applied could be at the center of the contact 

patch of the pin specimens and been distributed to the minimum pressure at the 

circumference of pin specimens. The contact pressure distribution is shown in Figure 

4.13 and Figure 4.14. 

 

Figure 4.13: Normal pressure distribution of cylindrical pin specimen at 13.2435N 

(1350g) applied load 

 

Figure 4.14: Normal pressure distribution of squared pin specimen at 13.2435N 

(1350g) applied load 
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 Both Figure 4.13 and Figure 4.14 show that the pressure distribution curve is 

parabolic. The maximum pressures are 0.703 MPa and 0.5520 MPa for cylindrical pin 

specimen and squared pin specimen respectively at maximum 13.2435N (1350g) 

applied load. The comparison between both simulation shows that the maximum 

pressure and its distribution for squared pin specimen lesser than cylindrical pin 

specimen because the larger contact patch area of its geometrical factor. However, in 

term of wear rate obtained shows that the wear rate was higher for squared specimen 

due to more contact surface along its longitudinal and latitudinal distance. 

 The comparison between the maximum pressure distribution of loads applied for 

cylindrical and squared pin specimens at 3.43N (350g), 5.89N (600g), 8.34N (850g), 

10.79N (1100g) and 13.24N (1350g) as shown in Figure 4.15 and Figure 4.16 

respectively. 

 

Figure 4.15: Maximum pressure distribution of all applied load for cylindrical 

specimen 
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Figure 4.16: Maximum pressure distribution of all applied load for squared specimen 

 

4.4.2 Prediction of tangential load analysis 

 The tangential contact problem is usually connected with friction and a solution 

is needed or surface shear stress distributions and related area of adhesion and slip in 

the contact patch. The slip stick area distributions in contact patch can be obtained if the 

value of coefficient of friction can be determined. However, due to incapability of 

machine wear tester to provide the value of coefficient of friction, the slip stick area 

distributions only can be predicted using the hardness value and macroscopic 

examination’s results. 

 From this experiment, it is understandable that in this research, the adhesion area 

is located at the leading edge of contact area as proven in the measurement of lowest 

hardness value and obvious worn scar by macroscopic examination at this area and 

decreases at the trailing edge. Therefore, it can be concluded that the slip zone could be 

at the leading edge of the specimen where the surface shear stress is high and stick zone 

could be at the trailing edge where the surface shear stress is minimal. 
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4.4.3 Comparison on experimental and prediction of depth of wear 

 The comparison been focused on Specimen D of cylindrical pin specimen and 

Specimen F of squared pin specimen since these two specimens encountered surface 

contact at the highest number of cycles. The results have been shown in Figure 4.17 and 

Figure 4.18 respectively. The rest of the results will be as per attachments in appendices 

section. 

 

Figure 4.17: Comparison of cylindrical specimen’s depth of wear between 

experimental and prediction 

 

Figure 4.18: Comparison of squared specimen’s depth of wear between experimental 

and prediction 
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 Based on these two results, the prediction was used to fit the results of the 

experiment. The value of wear of coefficient was obtained from the experiment. It can 

be seen from the both of Figure 4.17 and Figure 4.18 that predictions have a good 

agreement with the experimental results. There were errors that occurred during the 

experiment which could not lead and satisfied with the prediction that have been 

calculated. For example the surface roughness of flat specimens may be varied from 

each other and the modified specimen table which controlled manually could lead to the 

errors. 
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CHAPTER 5 

CONCLUSION AND RECOMMENDATIONS 

 

 The objectives of the investigation which to analyze wear mechanisms, 

behaviors, and characteristics of the laboratory wear testing result, to predict the wear 

rate of pin on flat contacts and the effect of leading and trailing edge and to simulate the 

pressure distribution at contact area was successfully achieved. The pin on flat wear test 

in linearly reciprocating motion has been investigated using pressure distribution study 

the wear rate have been obtained been successfully compared to the prediction result. 

 The results showed pressure distribution can be used to determine the depth of 

wear experimentally in pin on flat wear test and can be used also for the prediction at 

highest number of applied load. The pressure distribution indicated a parabolic curve 

with maximum pressure of 0.7030 MPa, 0.5720 MPa, 0.4420 Mpa, 0.3120 MPa and 

1820 MPa for 13.24N (1350g), 10.79N (1100g), 8.34N (850g), 5.89N (600g) and 3.43N 

(350g) applied load respectively of cylindrical pin specimens and 0.5520 MPa, 0.4500 

MPa, 0.3475 MPa, 0.2454 MPa and 0.1429 MPa for 13.24N (1350g), 10.79N (1100g), 

8.34N (850g), 5.89N (600g) and 3.43N (350g) applied load respectively of squared pin 

specimens. The depth of wear can be predicted from these pressure distributions and the 

experimental results have a good agreement with the predictions. 

 Although the incapability of the wear tester machine to produce the value of 

coefficient of friction in order to perform tangential load analysis, the effect of leading 

edge and trailing edge of pin specimens have been successfully determined using the 

hardness values and macroscopic examination of the worn surface. The results indicate 

the evidences for all specimens that the hardness values were the lowest at the leading 

edge area and the highest at the trailing edge area while supported by the results of 

macroscopic examinations where the worn scar was most obvious at the leading edge 

and less obvious at the trailing edge. These evidences concluded that the wear rate was 

the highest at the leading and the lowest at the trailing edge of pin specimens. 
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 The recommendations to improve these researches by obtaining the value of 

coefficient of friction of surface contact. This can be done by using pin on disc wear 

tester to obtain the values by using same materials of aluminum tested in this research. 

Therefore, the tangential load analysis can be done to analyze the slip-stick area 

distribution and surface shear stress. The research work could be expanded by using the 

specimens consist of two different materials where the properties of both materials 

should be varied thus the wear behavior and mechanisms should be different. 

 In addition to that, further research can be implemented where the experiment 

can be planned to be carried out with the lubrication effect. The behavior of the result of 

wear mechanisms could be different as this research was dry sliding type where there 

were non-lubrication effects. Same goes to other varied parameters, such operating the 

experiment in high temperature with low humidity or the experiment been carried out 

with the effect of acidic additives to the test, as relation to the industrial application, 

where high acidity of environment always been a concern. 
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APPENDIX V 

Specimen A 

Distance (m) 0.1016 0.1016 0.1016 0.1016 0.1016 

Load (g) 350 600 850 1100 1350 

Load (N) 3.4335 5.886 8.3385 10.791 13.2435 

V (m^3) 0.000E+00 3.704E-10 1.481E-09 2.222E-09 2.593E-09 

Worn Mass (mg) 0 1 4 6 7 

Wear coefficient (k)(m^2/N) 0 6.193E-10 1.749E-09 2.027E-09 1.9268E-09 

Contact area(m^2) 2.82743E-05 2.82743E-05 2.82743E-05 2.82743E-05 2.82743E-05 

Contact Pressure (Pa) 121435.2216 208174.6656 294914.1096 381653.5535 468392.9975 

Wear depth (m) 0 1.30992E-05 5.23967E-05 7.8595E-05 9.16942E-05 

 

Final mass (mg) Initial mass (mg) Worn mass (mg) 

753 753 0 

752 753 1 

748 752 4 

742 748 6 

735 742 7 

 

Specimen B 

Distance (m) 0.1016 0.1016 0.1016 0.1016 0.1016 

Load (g) 350 600 850 1100 1350 

Load (N) 3.4335 5.886 8.3385 10.791 13.2435 

V (m^3) 3.704E-10 1.111E-09 2.593E-09 3.704E-09 4.444E-09 

Worn Mass (mg) 1 3 7 10 12 

Wear coefficient (k)(m^2/N) 1.06171E-09 1.858E-09 3.060E-09 3.378E-09 3.3031E-09 

Contact area(m^2) 2.82743E-05 2.82743E-05 2.82743E-05 2.82743E-05 2.82743E-05 

Contact Pressure (Pa) 121435.2216 208174.6656 294914.1096 381653.5535 468392.9975 

Wear depth (m) 1.30992E-05 3.92975E-05 9.16942E-05 0.000130992 0.00015719 

 

Final mass (mg) Initial mass (mg) Worn mass (mg) 

752 753 1 

749 752 3 

742 749 7 

732 742 10 

720 732 12 
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Specimen C 

Distance (m) 0.1016 0.1016 0.1016 0.1016 0.1016 

Load (g) 350 600 850 1100 1350 

Load (N) 3.4335 5.886 8.3385 10.791 13.2435 

V (m^3) 1.111E-09 2.222E-09 4.074E-09 5.926E-09 8.148E-09 

Worn Mass (mg) 3 6 11 16 22 

Wear coefficient (k)(m^2/N) 3.18513E-09 3.716E-09 4.809E-09 5.405E-09 6.0557E-09 

Contact area(m^2) 2.82743E-05 2.82743E-05 2.82743E-05 2.82743E-05 2.82743E-05 

Contact Pressure (Pa) 121435.2216 208174.6656 294914.1096 381653.5535 468392.9975 

Wear depth (m) 3.92975E-05 7.8595E-05 0.000144091 0.000209587 0.000288182 

 

Final mass (mg) Initial mass (mg) Worn mass (mg) 

750 753 3 

744 750 6 

733 744 11 

717 733 16 

695 717 22 

 

Specimen D 

Distance (m) 0.1016 0.1016 0.1016 0.1016 0.1016 

Load (g) 350 600 850 1100 1350 

Load (N) 3.4335 5.886 8.3385 10.791 13.2435 

V (m^3) 1.852E-09 3.333E-09 5.185E-09 7.778E-09 1.037E-08 

Worn Mass (mg) 5 9 14 21 28 

Wear coefficient (k)(m^2/N) 5.30854E-09 5.574E-09 6.120E-09 7.094E-09 7.7072E-09 

Contact area(m^2) 2.82743E-05 2.82743E-05 2.82743E-05 2.82743E-05 2.82743E-05 

Contact Pressure (Pa) 121435.2216 208174.6656 294914.1096 381653.5535 468392.9975 

Wear depth (m) 6.54959E-05 0.000117893 0.000183388 0.000275083 0.000366777 

 

 

 

Final mass (mg) Initial mass (mg) Worn mass (mg) 

748 753 5 

739 748 9 

725 739 14 

704 725 21 

676 704 28 
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Specimen E 

Distance (m) 0.1016 0.1016 0.1016 0.1016 0.1016 

Load (g) 350 600 850 1100 1350 

Load (N) 3.4335 5.886 8.3385 10.791 13.2435 

V (m^3) 1.481E-09 2.593E-09 4.815E-09 6.667E-09 9.259E-09 

Worn Mass (mg) 4 7 13 18 25 

Wear coefficient (k)(m^2/N) 4.24684E-09 4.335E-09 5.683E-09 6.081E-09 6.8814E-09 

Contact area(m^2) 0.0036 0.0036 0.0036 0.0036 0.0036 

Contact Pressure (Pa) 953.75 1635 2316.25 2997.5 3678.75 

Wear depth (m) 4.11523E-07 7.20165E-07 1.33745E-06 1.85185E-06 2.57202E-06 

 

 

 

 

Specimen F 

Distance (m) 0.1016 0.1016 0.1016 0.1016 0.1016 

Load (g) 350 600 850 1100 1350 

Load (N) 3.4335 5.886 8.3385 10.791 13.2435 

V (m^3) 2.593E-09 4.074E-09 6.296E-09 8.889E-09 1.111E-08 

Worn Mass (mg) 7 11 17 24 30 

Wear coefficient (k)(m^2/N) 7.43196E-09 6.813E-09 7.432E-09 8.108E-09 8.2577E-09 

Contact area 0.0036 0.0036 0.0036 0.0036 0.0036 

Contact Pressure (Pa) 953.75 1635 2316.25 2997.5 3678.75 

Wear depth (m) 7.20165E-07 1.13169E-06 1.74897E-06 2.46914E-06 3.08642E-06 

 

Final mass (mg) Initial mass (mg) Worn mass (mg) 

876 883 7 

865 876 11 

848 865 17 

824 848 24 

794 824 30 

 

 

Final mass (mg) Initial mass (mg) Worn mass (mg) 

879 883 4 

872 879 7 

859 872 13 

841 859 18 

816 841 25 
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APPENDIX VI 

(a) Trailing Edge 

(b)Center 

(c) Leading Edge 

 

Specimen A 

  

 

Specimen B 

   

 

 

 

 

 

(a) (b) (c) 

(a) (b) (c) 
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Specimen C 

  

 

Specimen E  

   

 

 

 

 

(a) (b) (c) 

(a) (b) (c) 
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APPENDIX VII 

Longitudinal 

 

-3.0 -2.8 -2.6 -2.4 -2.2 -2.0 -1.8 -1.6 -1.4 -1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0

-3.0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

-2.8 0 0 0 0 0 0 0 0 0 0 0.093733 0.16898 0.209594 0.234333 0.247995 0.252385 0.247995 0.234333 0.209594 0.16898 0.093733 0 0 0 0 0 0 0 0 0 0

-2.6 0 0 0 0 0 0 0 0 0.123998 0.209594 0.260943 0.296411 0.321302 0.33796 0.347573 0.350718 0.347573 0.33796 0.321302 0.296411 0.260943 0.209594 0.123998 0 0 0 0 0 0 0 0

-2.4 0 0 0 0 0 0 7.40731E-09 0.193236 0.265118 0.314391 0.350718 0.377851 0.397677 0.411253 0.419188 0.4218 0.419188 0.411253 0.397677 0.377851 0.350718 0.314391 0.265118 0.193236 7.41E-09 0 0 0 0 0 0

-2.2 0 0 0 0 0 0.093733 0.224764637 0.296411 0.347573 0.386472 0.41656 0.439648 0.4568 0.468667 0.475645 0.477948 0.475645 0.468667 0.4568 0.439648 0.41656 0.386472 0.347573 0.296411 0.224765 0.093733 0 0 0 0 0

-2.0 0 0 0 0 0.093733 0.234333 0.310878297 0.36604 0.408574 0.442139 0.468667 0.489302 0.504769 0.515533 0.521885 0.523985 0.521885 0.515533 0.504769 0.489302 0.468667 0.442139 0.408574 0.36604 0.310878 0.234333 0.093733 0 0 0 0

-1.8 0 0 0 7.40731E-09 0.224765 0.310878 0.371992634 0.419188 0.4568 0.487053 0.511255 0.530236 0.544541 0.554534 0.560444 0.5624 0.560444 0.554534 0.544541 0.530236 0.511255 0.487053 0.4568 0.419188 0.371993 0.310878 0.224765 7.41E-09 0 0 0

-1.6 0 0 0.132559 0.193236217 0.296411 0.36604 0.41918821 0.461583 0.49599 0.523985 0.546555 0.564349 0.577811 0.587238 0.592822 0.594671 0.592822 0.587238 0.577811 0.564349 0.546555 0.523985 0.49599 0.461583 0.419188 0.36604 0.296411 0.193236 0.132559 0 0

-1.4 0 0 0.123998 0.265117902 0.347573 0.408574 0.456799762 0.49599 0.528161 0.554534 0.575907 0.592822 0.605651 0.614651 0.619988 0.621757 0.619988 0.614651 0.605651 0.592822 0.575907 0.554534 0.528161 0.49599 0.4568 0.408574 0.347573 0.265118 0.123998 0 0
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-1.0 0 0.0937333 0.260943 0.350718019 0.41656 0.468667 0.511254974 0.546555 0.575907 0.600186 0.619988 0.63573 0.64771 0.656133 0.661136 0.662795 0.661136 0.656133 0.64771 0.63573 0.619988 0.600186 0.575907 0.546555 0.511255 0.468667 0.41656 0.350718 0.260943 0.093733 0

-0.8 0 0.1689802 0.296411 0.377851146 0.439648 0.489302 0.530235805 0.564349 0.592822 0.616435 0.63573 0.651093 0.662795 0.671029 0.675921 0.677544 0.675921 0.671029 0.662795 0.651093 0.63573 0.616435 0.592822 0.564349 0.530236 0.489302 0.439648 0.377851 0.296411 0.16898 0

-0.6 0 0.2095941 0.321302 0.397676854 0.4568 0.504769 0.544541458 0.577811 0.605651 0.628782 0.64771 0.662795 0.674294 0.682389 0.6872 0.688797 0.6872 0.682389 0.674294 0.662795 0.64771 0.628782 0.605651 0.577811 0.544541 0.504769 0.4568 0.397677 0.321302 0.209594 0

-0.4 0 0.2343333 0.33796 0.411253331 0.468667 0.515533 0.554533878 0.587238 0.614651 0.637456 0.656133 0.671029 0.682389 0.690389 0.695145 0.696723 0.695145 0.690389 0.682389 0.671029 0.656133 0.637456 0.614651 0.587238 0.554534 0.515533 0.468667 0.411253 0.33796 0.234333 0

-0.2 0 0.2479951 0.347573 0.41918821 0.475645 0.521885 0.56044382 0.592822 0.619988 0.642603 0.661136 0.675921 0.6872 0.695145 0.699869 0.701436 0.699869 0.695145 0.6872 0.675921 0.661136 0.642603 0.619988 0.592822 0.560444 0.521885 0.475645 0.419188 0.347573 0.247995 0

0.0 0 0.2523847 0.350718 0.4218 0.477948 0.523985 0.5624 0.594671 0.621757 0.64431 0.662795 0.677544 0.688797 0.696723 0.701436 0.703 0.701436 0.696723 0.688797 0.677544 0.662795 0.64431 0.621757 0.594671 0.5624 0.523985 0.477948 0.4218 0.350718 0.252385 0

0.2 0 0.2479951 0.347573 0.41918821 0.475645 0.521885 0.56044382 0.592822 0.619988 0.642603 0.661136 0.675921 0.6872 0.695145 0.699869 0.701436 0.699869 0.695145 0.6872 0.675921 0.661136 0.642603 0.619988 0.592822 0.560444 0.521885 0.475645 0.419188 0.347573 0.247995 0

0.4 0 0.2343333 0.33796 0.411253331 0.468667 0.515533 0.554533878 0.587238 0.614651 0.637456 0.656133 0.671029 0.682389 0.690389 0.695145 0.696723 0.695145 0.690389 0.682389 0.671029 0.656133 0.637456 0.614651 0.587238 0.554534 0.515533 0.468667 0.411253 0.33796 0.234333 0

0.6 0 0.2095941 0.321302 0.397676854 0.4568 0.504769 0.544541458 0.577811 0.605651 0.628782 0.64771 0.662795 0.674294 0.682389 0.6872 0.688797 0.6872 0.682389 0.674294 0.662795 0.64771 0.628782 0.605651 0.577811 0.544541 0.504769 0.4568 0.397677 0.321302 0.209594 0

0.8 0 0.1689802 0.296411 0.377851146 0.439648 0.489302 0.530235805 0.564349 0.592822 0.616435 0.63573 0.651093 0.662795 0.671029 0.675921 0.677544 0.675921 0.671029 0.662795 0.651093 0.63573 0.616435 0.592822 0.564349 0.530236 0.489302 0.439648 0.377851 0.296411 0.16898 0

1.0 0 0.0937333 0.260943 0.350718019 0.41656 0.468667 0.511254974 0.546555 0.575907 0.600186 0.619988 0.63573 0.64771 0.656133 0.661136 0.662795 0.661136 0.656133 0.64771 0.63573 0.619988 0.600186 0.575907 0.546555 0.511255 0.468667 0.41656 0.350718 0.260943 0.093733 0

1.2 0 0 0.209594 0.314391158 0.386472 0.442139 0.487052687 0.523985 0.554534 0.579709 0.600186 0.616435 0.628782 0.637456 0.642603 0.64431 0.642603 0.637456 0.628782 0.616435 0.600186 0.579709 0.554534 0.523985 0.487053 0.442139 0.386472 0.314391 0.209594 0 0

1.4 0 0 0.123998 0.265117902 0.347573 0.408574 0.456799762 0.49599 0.528161 0.554534 0.575907 0.592822 0.605651 0.614651 0.619988 0.621757 0.619988 0.614651 0.605651 0.592822 0.575907 0.554534 0.528161 0.49599 0.4568 0.408574 0.347573 0.265118 0.123998 0 0

1.6 0 0 0.132559 0.193236217 0.296411 0.36604 0.41918821 0.461583 0.49599 0.523985 0.546555 0.564349 0.577811 0.587238 0.592822 0.594671 0.592822 0.587238 0.577811 0.564349 0.546555 0.523985 0.49599 0.461583 0.419188 0.36604 0.296411 0.193236 0.132559 0 0

1.8 0 0 0 7.40731E-09 0.224765 0.310878 0.371992634 0.419188 0.4568 0.487053 0.511255 0.530236 0.544541 0.554534 0.560444 0.5624 0.560444 0.554534 0.544541 0.530236 0.511255 0.487053 0.4568 0.419188 0.371993 0.310878 0.224765 7.41E-09 0 0 0

2.0 0 0 0 0 0.093733 0.234333 0.310878297 0.36604 0.408574 0.442139 0.468667 0.489302 0.504769 0.515533 0.521885 0.523985 0.521885 0.515533 0.504769 0.489302 0.468667 0.442139 0.408574 0.36604 0.310878 0.234333 0.093733 0 0 0 0

2.2 0 0 0 0 0 0.093733 0.224764637 0.296411 0.347573 0.386472 0.41656 0.439648 0.4568 0.468667 0.475645 0.477948 0.475645 0.468667 0.4568 0.439648 0.41656 0.386472 0.347573 0.296411 0.224765 0.093733 0 0 0 0 0

2.4 0 0 0 0 0 0 7.40731E-09 0.193236 0.265118 0.314391 0.350718 0.377851 0.397677 0.411253 0.419188 0.4218 0.419188 0.411253 0.397677 0.377851 0.350718 0.314391 0.265118 0.193236 7.41E-09 0 0 0 0 0 0

2.6 0 0 0 0 0 0 0 0 0.123998 0.209594 0.260943 0.296411 0.321302 0.33796 0.347573 0.350718 0.347573 0.33796 0.321302 0.296411 0.260943 0.209594 0.123998 0 0 0 0 0 0 0 0

2.8 0 0 0 0 0 0 0 0 0 0 0.093733 0.16898 0.209594 0.234333 0.247995 0.252385 0.247995 0.234333 0.209594 0.16898 0.093733 0 0 0 0 0 0 0 0 0 0

3.0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0



 

57 
 

Latitudinal 

 

-3 -2.8 -2.6 -2.4 -2.2 -2 -1.8 -1.6 -1.4 -1.2 -1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3

-3.0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

-2.8 0 0 0 0 0 0 0 0 0 0 0.093733 0.16898 0.209594 0.234333 0.247995 0.252385 0.247995 0.234333 0.209594 0.16898 0.093733 0 0 0 0 0 0 0 0 0 0

-2.6 0 0 0 0 0 0 0 0.132559 0.123998 0.209594 0.260943 0.296411 0.321302 0.33796 0.347573 0.350718 0.347573 0.33796 0.321302 0.296411 0.260943 0.209594 0.123998 0.132559 0 0 0 0 0 0 0

-2.4 0 0 0 0 0 0 7.41E-09 0.193236 0.265118 0.314391 0.350718 0.377851 0.397677 0.411253 0.419188 0.4218 0.419188 0.411253 0.397677 0.377851 0.350718 0.314391 0.265118 0.193236 7.41E-09 0 0 0 0 0 0

-2.2 0 0 0 0 0 0.093733 0.224765 0.296411 0.347573 0.386472 0.41656 0.439648 0.4568 0.468667 0.475645 0.477948 0.475645 0.468667 0.4568 0.439648 0.41656 0.386472 0.347573 0.296411 0.224765 0.093733 0 0 0 0 0

-2.0 0 0 0 0 0.093733 0.234333 0.310878 0.36604 0.408574 0.442139 0.468667 0.489302 0.504769 0.515533 0.521885 0.523985 0.521885 0.515533 0.504769 0.489302 0.468667 0.442139 0.408574 0.36604 0.310878 0.234333 0.093733 0 0 0 0

-1.8 0 0 0 7.41E-09 0.224765 0.310878 0.371993 0.419188 0.4568 0.487053 0.511255 0.530236 0.544541 0.554534 0.560444 0.5624 0.560444 0.554534 0.544541 0.530236 0.511255 0.487053 0.4568 0.419188 0.371993 0.310878 0.224765 7.41E-09 0 0 0

-1.6 0 0 0 0.193236 0.296411 0.36604 0.419188 0.461583 0.49599 0.523985 0.546555 0.564349 0.577811 0.587238 0.592822 0.594671 0.592822 0.587238 0.577811 0.564349 0.546555 0.523985 0.49599 0.461583 0.419188 0.36604 0.296411 0.193236 0 0 0

-1.4 0 0 0.123998 0.265118 0.347573 0.408574 0.4568 0.49599 0.528161 0.554534 0.575907 0.592822 0.605651 0.614651 0.619988 0.621757 0.619988 0.614651 0.605651 0.592822 0.575907 0.554534 0.528161 0.49599 0.4568 0.408574 0.347573 0.265118 0.123998 0 0

-1.2 0 0 0.209594 0.314391 0.386472 0.442139 0.487053 0.523985 0.554534 0.579709 0.600186 0.616435 0.628782 0.637456 0.642603 0.64431 0.642603 0.637456 0.628782 0.616435 0.600186 0.579709 0.554534 0.523985 0.487053 0.442139 0.386472 0.314391 0.209594 0 0

-1.0 0 0.093733 0.260943 0.350718 0.41656 0.468667 0.511255 0.546555 0.575907 0.600186 0.619988 0.63573 0.64771 0.656133 0.661136 0.662795 0.661136 0.656133 0.64771 0.63573 0.619988 0.600186 0.575907 0.546555 0.511255 0.468667 0.41656 0.350718 0.260943 0.093733 0

-0.8 0 0.16898 0.296411 0.377851 0.439648 0.489302 0.530236 0.564349 0.592822 0.616435 0.63573 0.651093 0.662795 0.671029 0.675921 0.677544 0.675921 0.671029 0.662795 0.651093 0.63573 0.616435 0.592822 0.564349 0.530236 0.489302 0.439648 0.377851 0.296411 0.16898 0

-0.6 0 0.209594 0.321302 0.397677 0.4568 0.504769 0.544541 0.577811 0.605651 0.628782 0.64771 0.662795 0.674294 0.682389 0.6872 0.688797 0.6872 0.682389 0.674294 0.662795 0.64771 0.628782 0.605651 0.577811 0.544541 0.504769 0.4568 0.397677 0.321302 0.209594 0

-0.4 0 0.234333 0.33796 0.411253 0.468667 0.515533 0.554534 0.587238 0.614651 0.637456 0.656133 0.671029 0.682389 0.690389 0.695145 0.696723 0.695145 0.690389 0.682389 0.671029 0.656133 0.637456 0.614651 0.587238 0.554534 0.515533 0.468667 0.411253 0.33796 0.234333 0

-0.2 0 0.247995 0.347573 0.419188 0.475645 0.521885 0.560444 0.592822 0.619988 0.642603 0.661136 0.675921 0.6872 0.695145 0.699869 0.701436 0.699869 0.695145 0.6872 0.675921 0.661136 0.642603 0.619988 0.592822 0.560444 0.521885 0.475645 0.419188 0.347573 0.247995 0

0.0 0 0.252385 0.350718 0.4218 0.477948 0.523985 0.5624 0.594671 0.621757 0.64431 0.662795 0.677544 0.688797 0.696723 0.701436 0.703 0.701436 0.696723 0.688797 0.677544 0.662795 0.64431 0.621757 0.594671 0.5624 0.523985 0.477948 0.4218 0.350718 0.252385 0

0.2 0 0.247995 0.347573 0.419188 0.475645 0.521885 0.560444 0.592822 0.619988 0.642603 0.661136 0.675921 0.6872 0.695145 0.699869 0.701436 0.699869 0.695145 0.6872 0.675921 0.661136 0.642603 0.619988 0.592822 0.560444 0.521885 0.475645 0.419188 0.347573 0.247995 0

0.4 0 0.234333 0.33796 0.411253 0.468667 0.515533 0.554534 0.587238 0.614651 0.637456 0.656133 0.671029 0.682389 0.690389 0.695145 0.696723 0.695145 0.690389 0.682389 0.671029 0.656133 0.637456 0.614651 0.587238 0.554534 0.515533 0.468667 0.411253 0.33796 0.234333 0

0.6 0 0.209594 0.321302 0.397677 0.4568 0.504769 0.544541 0.577811 0.605651 0.628782 0.64771 0.662795 0.674294 0.682389 0.6872 0.688797 0.6872 0.682389 0.674294 0.662795 0.64771 0.628782 0.605651 0.577811 0.544541 0.504769 0.4568 0.397677 0.321302 0.209594 0

0.8 0 0.16898 0.296411 0.377851 0.439648 0.489302 0.530236 0.564349 0.592822 0.616435 0.63573 0.651093 0.662795 0.671029 0.675921 0.677544 0.675921 0.671029 0.662795 0.651093 0.63573 0.616435 0.592822 0.564349 0.530236 0.489302 0.439648 0.377851 0.296411 0.16898 0

1.0 0 0.093733 0.260943 0.350718 0.41656 0.468667 0.511255 0.546555 0.575907 0.600186 0.619988 0.63573 0.64771 0.656133 0.661136 0.662795 0.661136 0.656133 0.64771 0.63573 0.619988 0.600186 0.575907 0.546555 0.511255 0.468667 0.41656 0.350718 0.260943 0.093733 0

1.2 0 0 0.209594 0.314391 0.386472 0.442139 0.487053 0.523985 0.554534 0.579709 0.600186 0.616435 0.628782 0.637456 0.642603 0.64431 0.642603 0.637456 0.628782 0.616435 0.600186 0.579709 0.554534 0.523985 0.487053 0.442139 0.386472 0.314391 0.209594 0 0

1.4 0 0 0.123998 0.265118 0.347573 0.408574 0.4568 0.49599 0.528161 0.554534 0.575907 0.592822 0.605651 0.614651 0.619988 0.621757 0.619988 0.614651 0.605651 0.592822 0.575907 0.554534 0.528161 0.49599 0.4568 0.408574 0.347573 0.265118 0.123998 0 0

1.6 0 0 0 0.193236 0.296411 0.36604 0.419188 0.461583 0.49599 0.523985 0.546555 0.564349 0.577811 0.587238 0.592822 0.594671 0.592822 0.587238 0.577811 0.564349 0.546555 0.523985 0.49599 0.461583 0.419188 0.36604 0.296411 0.193236 0 0 0

1.8 0 0 0 7.41E-09 0.224765 0.310878 0.371993 0.419188 0.4568 0.487053 0.511255 0.530236 0.544541 0.554534 0.560444 0.5624 0.560444 0.554534 0.544541 0.530236 0.511255 0.487053 0.4568 0.419188 0.371993 0.310878 0.224765 7.41E-09 0 0 0

2.0 0 0 0 0 0.093733 0.234333 0.310878 0.36604 0.408574 0.442139 0.468667 0.489302 0.504769 0.515533 0.521885 0.523985 0.521885 0.515533 0.504769 0.489302 0.468667 0.442139 0.408574 0.36604 0.310878 0.234333 0.093733 0 0 0 0

2.2 0 0 0 0 0 0.093733 0.224765 0.296411 0.347573 0.386472 0.41656 0.439648 0.4568 0.468667 0.475645 0.477948 0.475645 0.468667 0.4568 0.439648 0.41656 0.386472 0.347573 0.296411 0.224765 0.093733 0 0 0 0 0

2.4 0 0 0 0 0 0 7.41E-09 0.193236 0.265118 0.314391 0.350718 0.377851 0.397677 0.411253 0.419188 0.4218 0.419188 0.411253 0.397677 0.377851 0.350718 0.314391 0.265118 0.193236 7.41E-09 0 0 0 0 0 0

2.6 0 0 0 0 0 0 0 0.132559 0.123998 0.209594 0.260943 0.296411 0.321302 0.33796 0.347573 0.350718 0.347573 0.33796 0.321302 0.296411 0.260943 0.209594 0.123998 0.132559 0 0 0 0 0 0 0

2.8 0 0 0 0 0 0 0 0 0 0 0.093733 0.16898 0.209594 0.234333 0.247995 0.252385 0.247995 0.234333 0.209594 0.16898 0.093733 0 0 0 0 0 0 0 0 0 0

3.0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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APPENDIX VIII 

Longitudinal 

 

-3.0 -2.8 -2.6 -2.4 -2.2 -2.0 -1.8 -1.6 -1.4 -1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0

-3.0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

-2.8 0 0 0 0 0 0 0 0 0 0 0.0736 0.132684 0.164575 0.184 0.194727 0.198174 0.194727 0.184 0.164575 0.132684 0.0736 0 0 0 0 0 0 0 0 0 0

-2.6 0 0 0 0 0 0 0 0 0.097364 0.164575 0.204894 0.232744 0.252288 0.265369 0.272916 0.275386 0.272916 0.265369 0.252288 0.232744 0.204894 0.164575 0.097364 0 0 0 0 0 0 0 0

-2.4 0 0 0 0 0 0 5.82E-09 0.15173 0.208172 0.246862 0.275386 0.296691 0.312258 0.322919 0.329149 0.3312 0.329149 0.322919 0.312258 0.296691 0.275386 0.246862 0.208172 0.15173 5.82E-09 0 0 0 0 0 0

-2.2 0 0 0 0 0 0.0736 0.176487 0.232744 0.272916 0.303461 0.327086 0.345215 0.358682 0.368 0.373479 0.375288 0.373479 0.368 0.358682 0.345215 0.327086 0.303461 0.272916 0.232744 0.176487 0.0736 0 0 0 0 0

-2.0 0 0 0 0 0.0736 0.184 0.244104 0.287417 0.320815 0.347171 0.368 0.384203 0.396348 0.4048 0.409787 0.411437 0.409787 0.4048 0.396348 0.384203 0.368 0.347171 0.320815 0.287417 0.244104 0.184 0.0736 0 0 0 0

-1.8 0 0 0 5.82E-09 0.176487 0.244104 0.292091 0.329149 0.358682 0.382437 0.401441 0.416344 0.427577 0.435423 0.440064 0.4416 0.440064 0.435423 0.427577 0.416344 0.401441 0.382437 0.358682 0.329149 0.292091 0.244104 0.176487 5.82E-09 0 0 0

-1.6 0 0 0 0.15173 0.232744 0.287417 0.329149 0.362438 0.389455 0.411437 0.429158 0.443131 0.453701 0.461103 0.465487 0.46694 0.465487 0.461103 0.453701 0.443131 0.429158 0.411437 0.389455 0.362438 0.329149 0.287417 0.232744 0.15173 0 0 0

-1.4 0 0 0.097364 0.208172 0.272916 0.320815 0.358682 0.389455 0.414715 0.435423 0.452206 0.465487 0.475561 0.482627 0.486818 0.488207 0.486818 0.482627 0.475561 0.465487 0.452206 0.435423 0.414715 0.389455 0.358682 0.320815 0.272916 0.208172 0.097364 0 0

-1.2 0 0 0.164575 0.246862 0.303461 0.347171 0.382437 0.411437 0.435423 0.455191 0.47127 0.484028 0.493724 0.500534 0.504576 0.505916 0.504576 0.500534 0.493724 0.484028 0.47127 0.455191 0.435423 0.411437 0.382437 0.347171 0.303461 0.246862 0.164575 0 0

-1.0 0 0.0736 0.204894 0.275386 0.327086 0.368 0.401441 0.429158 0.452206 0.47127 0.486818 0.499179 0.508586 0.5152 0.519128 0.520431 0.519128 0.5152 0.508586 0.499179 0.486818 0.47127 0.452206 0.429158 0.401441 0.368 0.327086 0.275386 0.204894 0.0736 0

-0.8 0 0.132684 0.232744 0.296691 0.345215 0.384203 0.416344 0.443131 0.465487 0.484028 0.499179 0.511242 0.520431 0.526896 0.530737 0.532011 0.530737 0.526896 0.520431 0.511242 0.499179 0.484028 0.465487 0.443131 0.416344 0.384203 0.345215 0.296691 0.232744 0.132684 0

-0.6 0 0.164575 0.252288 0.312258 0.358682 0.396348 0.427577 0.453701 0.475561 0.493724 0.508586 0.520431 0.52946 0.535816 0.539594 0.540847 0.539594 0.535816 0.52946 0.520431 0.508586 0.493724 0.475561 0.453701 0.427577 0.396348 0.358682 0.312258 0.252288 0.164575 0

-0.4 0 0.184 0.265369 0.322919 0.368 0.4048 0.435423 0.461103 0.482627 0.500534 0.5152 0.526896 0.535816 0.542098 0.545832 0.547071 0.545832 0.542098 0.535816 0.526896 0.5152 0.500534 0.482627 0.461103 0.435423 0.4048 0.368 0.322919 0.265369 0.184 0

-0.2 0 0.194727 0.272916 0.329149 0.373479 0.409787 0.440064 0.465487 0.486818 0.504576 0.519128 0.530737 0.539594 0.545832 0.549541 0.550772 0.549541 0.545832 0.539594 0.530737 0.519128 0.504576 0.486818 0.465487 0.440064 0.409787 0.373479 0.329149 0.272916 0.194727 0

0.0 0 0.198174 0.275386 0.3312 0.375288 0.411437 0.4416 0.46694 0.488207 0.505916 0.520431 0.532011 0.540847 0.547071 0.550772 0.552 0.550772 0.547071 0.540847 0.532011 0.520431 0.505916 0.488207 0.46694 0.4416 0.411437 0.375288 0.3312 0.275386 0.198174 0

0.2 0 0.194727 0.272916 0.329149 0.373479 0.409787 0.440064 0.465487 0.486818 0.504576 0.519128 0.530737 0.539594 0.545832 0.549541 0.550772 0.549541 0.545832 0.539594 0.530737 0.519128 0.504576 0.486818 0.465487 0.440064 0.409787 0.373479 0.329149 0.272916 0.194727 0

0.4 0 0.184 0.265369 0.322919 0.368 0.4048 0.435423 0.461103 0.482627 0.500534 0.5152 0.526896 0.535816 0.542098 0.545832 0.547071 0.545832 0.542098 0.535816 0.526896 0.5152 0.500534 0.482627 0.461103 0.435423 0.4048 0.368 0.322919 0.265369 0.184 0

0.6 0 0.164575 0.252288 0.312258 0.358682 0.396348 0.427577 0.453701 0.475561 0.493724 0.508586 0.520431 0.52946 0.535816 0.539594 0.540847 0.539594 0.535816 0.52946 0.520431 0.508586 0.493724 0.475561 0.453701 0.427577 0.396348 0.358682 0.312258 0.252288 0.164575 0

0.8 0 0.132684 0.232744 0.296691 0.345215 0.384203 0.416344 0.443131 0.465487 0.484028 0.499179 0.511242 0.520431 0.526896 0.530737 0.532011 0.530737 0.526896 0.520431 0.511242 0.499179 0.484028 0.465487 0.443131 0.416344 0.384203 0.345215 0.296691 0.232744 0.132684 0

1.0 0 0.0736 0.204894 0.275386 0.327086 0.368 0.401441 0.429158 0.452206 0.47127 0.486818 0.499179 0.508586 0.5152 0.519128 0.520431 0.519128 0.5152 0.508586 0.499179 0.486818 0.47127 0.452206 0.429158 0.401441 0.368 0.327086 0.275386 0.204894 0.0736 0

1.2 0 0 0.164575 0.246862 0.303461 0.347171 0.382437 0.411437 0.435423 0.455191 0.47127 0.484028 0.493724 0.500534 0.504576 0.505916 0.504576 0.500534 0.493724 0.484028 0.47127 0.455191 0.435423 0.411437 0.382437 0.347171 0.303461 0.246862 0.164575 0 0

1.4 0 0 0.097364 0.208172 0.272916 0.320815 0.358682 0.389455 0.414715 0.435423 0.452206 0.465487 0.475561 0.482627 0.486818 0.488207 0.486818 0.482627 0.475561 0.465487 0.452206 0.435423 0.414715 0.389455 0.358682 0.320815 0.272916 0.208172 0.097364 0 0

1.6 0 0 0 0.15173 0.232744 0.287417 0.329149 0.362438 0.389455 0.411437 0.429158 0.443131 0.453701 0.461103 0.465487 0.46694 0.465487 0.461103 0.453701 0.443131 0.429158 0.411437 0.389455 0.362438 0.329149 0.287417 0.232744 0.15173 0 0 0

1.8 0 0 0 5.82E-09 0.176487 0.244104 0.292091 0.329149 0.358682 0.382437 0.401441 0.416344 0.427577 0.435423 0.440064 0.4416 0.440064 0.435423 0.427577 0.416344 0.401441 0.382437 0.358682 0.329149 0.292091 0.244104 0.176487 5.82E-09 0 0 0

2.0 0 0 0 0 0.0736 0.184 0.244104 0.287417 0.320815 0.347171 0.368 0.384203 0.396348 0.4048 0.409787 0.411437 0.409787 0.4048 0.396348 0.384203 0.368 0.347171 0.320815 0.287417 0.244104 0.184 0.0736 0 0 0 0

2.2 0 0 0 0 0 0.0736 0.176487 0.232744 0.272916 0.303461 0.327086 0.345215 0.358682 0.368 0.373479 0.375288 0.373479 0.368 0.358682 0.345215 0.327086 0.303461 0.272916 0.232744 0.176487 0.0736 0 0 0 0 0

2.4 0 0 0 0 0 0 5.82E-09 0.15173 0.208172 0.246862 0.275386 0.296691 0.312258 0.322919 0.329149 0.3312 0.329149 0.322919 0.312258 0.296691 0.275386 0.246862 0.208172 0.15173 5.82E-09 0 0 0 0 0 0

2.6 0 0 0 0 0 0 0 0 0.097364 0.164575 0.204894 0.232744 0.252288 0.265369 0.272916 0.275386 0.272916 0.265369 0.252288 0.232744 0.204894 0.164575 0.097364 0 0 0 0 0 0 0 0

2.8 0 0 0 0 0 0 0 0 0 0 0.0736 0.132684 0.164575 0.184 0.194727 0.198174 0.194727 0.184 0.164575 0.132684 0.0736 0 0 0 0 0 0 0 0 0 0

3.0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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Latitudinal 

 

-3.0 -2.8 -2.6 -2.4 -2.2 -2.0 -1.8 -1.6 -1.4 -1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0

-3.0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

-2.8 0 0 0 0 0 0 0 0 0 0 0.0736 0.132684 0.164575 0.184 0.194727 0.198174 0.194727 0.184 0.164575 0.132684 0.0736 0 0 0 0 0 0 0 0 0 0

-2.6 0 0 0 0 0 0 0 0 0.097364 0.164575 0.204894 0.232744 0.252288 0.265369 0.272916 0.275386 0.272916 0.265369 0.252288 0.232744 0.204894 0.164575 0.097364 0 0 0 0 0 0 0 0

-2.4 0 0 0 0 0 0 5.82E-09 0.15173 0.208172 0.246862 0.275386 0.296691 0.312258 0.322919 0.329149 0.3312 0.329149 0.322919 0.312258 0.296691 0.275386 0.246862 0.208172 0.15173 5.82E-09 0 0 0 0 0 0

-2.2 0 0 0 0 0 0.0736 0.176487 0.232744 0.272916 0.303461 0.327086 0.345215 0.358682 0.368 0.373479 0.375288 0.373479 0.368 0.358682 0.345215 0.327086 0.303461 0.272916 0.232744 0.176487 0.0736 0 0 0 0 0

-2.0 0 0 0 0 0.0736 0.184 0.244104 0.287417 0.320815 0.347171 0.368 0.384203 0.396348 0.4048 0.409787 0.411437 0.409787 0.4048 0.396348 0.384203 0.368 0.347171 0.320815 0.287417 0.244104 0.184 0.0736 0 0 0 0

-1.8 0 0 0 5.82E-09 0.176487 0.244104 0.292091 0.329149 0.358682 0.382437 0.401441 0.416344 0.427577 0.435423 0.440064 0.4416 0.440064 0.435423 0.427577 0.416344 0.401441 0.382437 0.358682 0.329149 0.292091 0.244104 0.176487 5.82E-09 0 0 0

-1.6 0 0 0 0.15173 0.232744 0.287417 0.329149 0.362438 0.389455 0.411437 0.429158 0.443131 0.453701 0.461103 0.465487 0.46694 0.465487 0.461103 0.453701 0.443131 0.429158 0.411437 0.389455 0.362438 0.329149 0.287417 0.232744 0.15173 0 0 0

-1.4 0 0 0.097364 0.208172 0.272916 0.320815 0.358682 0.389455 0.414715 0.435423 0.452206 0.465487 0.475561 0.482627 0.486818 0.488207 0.486818 0.482627 0.475561 0.465487 0.452206 0.435423 0.414715 0.389455 0.358682 0.320815 0.272916 0.208172 0.097364 0 0

-1.2 0 0 0.164575 0.246862 0.303461 0.347171 0.382437 0.411437 0.435423 0.455191 0.47127 0.484028 0.493724 0.500534 0.504576 0.505916 0.504576 0.500534 0.493724 0.484028 0.47127 0.455191 0.435423 0.411437 0.382437 0.347171 0.303461 0.246862 0.164575 0 0

-1.0 0 0.0736 0.204894 0.275386 0.327086 0.368 0.401441 0.429158 0.452206 0.47127 0.486818 0.499179 0.508586 0.5152 0.519128 0.520431 0.519128 0.5152 0.508586 0.499179 0.486818 0.47127 0.452206 0.429158 0.401441 0.368 0.327086 0.275386 0.204894 0.0736 0

-0.8 0 0.132684 0.232744 0.296691 0.345215 0.384203 0.416344 0.443131 0.465487 0.484028 0.499179 0.511242 0.520431 0.526896 0.530737 0.532011 0.530737 0.526896 0.520431 0.511242 0.499179 0.484028 0.465487 0.443131 0.416344 0.384203 0.345215 0.296691 0.232744 0.132684 0

-0.6 0 0.164575 0.252288 0.312258 0.358682 0.396348 0.427577 0.453701 0.475561 0.493724 0.508586 0.520431 0.52946 0.535816 0.539594 0.540847 0.539594 0.535816 0.52946 0.520431 0.508586 0.493724 0.475561 0.453701 0.427577 0.396348 0.358682 0.312258 0.252288 0.164575 0

-0.4 0 0.184 0.265369 0.322919 0.368 0.4048 0.435423 0.461103 0.482627 0.500534 0.5152 0.526896 0.535816 0.542098 0.545832 0.547071 0.545832 0.542098 0.535816 0.526896 0.5152 0.500534 0.482627 0.461103 0.435423 0.4048 0.368 0.322919 0.265369 0.184 0

-0.2 0 0.194727 0.272916 0.329149 0.373479 0.409787 0.440064 0.465487 0.486818 0.504576 0.519128 0.530737 0.539594 0.545832 0.549541 0.550772 0.549541 0.545832 0.539594 0.530737 0.519128 0.504576 0.486818 0.465487 0.440064 0.409787 0.373479 0.329149 0.272916 0.194727 0

0.0 0 0.198174 0.275386 0.3312 0.375288 0.411437 0.4416 0.46694 0.488207 0.505916 0.520431 0.532011 0.540847 0.547071 0.550772 0.552 0.550772 0.547071 0.540847 0.532011 0.520431 0.505916 0.488207 0.46694 0.4416 0.411437 0.375288 0.3312 0.275386 0.198174 0

0.2 0 0.194727 0.272916 0.329149 0.373479 0.409787 0.440064 0.465487 0.486818 0.504576 0.519128 0.530737 0.539594 0.545832 0.549541 0.550772 0.549541 0.545832 0.539594 0.530737 0.519128 0.504576 0.486818 0.465487 0.440064 0.409787 0.373479 0.329149 0.272916 0.194727 0

0.4 0 0.184 0.265369 0.322919 0.368 0.4048 0.435423 0.461103 0.482627 0.500534 0.5152 0.526896 0.535816 0.542098 0.545832 0.547071 0.545832 0.542098 0.535816 0.526896 0.5152 0.500534 0.482627 0.461103 0.435423 0.4048 0.368 0.322919 0.265369 0.184 0

0.6 0 0.164575 0.252288 0.312258 0.358682 0.396348 0.427577 0.453701 0.475561 0.493724 0.508586 0.520431 0.52946 0.535816 0.539594 0.540847 0.539594 0.535816 0.52946 0.520431 0.508586 0.493724 0.475561 0.453701 0.427577 0.396348 0.358682 0.312258 0.252288 0.164575 0

0.8 0 0.132684 0.232744 0.296691 0.345215 0.384203 0.416344 0.443131 0.465487 0.484028 0.499179 0.511242 0.520431 0.526896 0.530737 0.532011 0.530737 0.526896 0.520431 0.511242 0.499179 0.484028 0.465487 0.443131 0.416344 0.384203 0.345215 0.296691 0.232744 0.132684 0

1.0 0 0.0736 0.204894 0.275386 0.327086 0.368 0.401441 0.429158 0.452206 0.47127 0.486818 0.499179 0.508586 0.5152 0.519128 0.520431 0.519128 0.5152 0.508586 0.499179 0.486818 0.47127 0.452206 0.429158 0.401441 0.368 0.327086 0.275386 0.204894 0.0736 0

1.2 0 0 0.164575 0.246862 0.303461 0.347171 0.382437 0.411437 0.435423 0.455191 0.47127 0.484028 0.493724 0.500534 0.504576 0.505916 0.504576 0.500534 0.493724 0.484028 0.47127 0.455191 0.435423 0.411437 0.382437 0.347171 0.303461 0.246862 0.164575 0 0

1.4 0 0 0.097364 0.208172 0.272916 0.320815 0.358682 0.389455 0.414715 0.435423 0.452206 0.465487 0.475561 0.482627 0.486818 0.488207 0.486818 0.482627 0.475561 0.465487 0.452206 0.435423 0.414715 0.389455 0.358682 0.320815 0.272916 0.208172 0.097364 0 0

1.6 0 0 0 0.15173 0.232744 0.287417 0.329149 0.362438 0.389455 0.411437 0.429158 0.443131 0.453701 0.461103 0.465487 0.46694 0.465487 0.461103 0.453701 0.443131 0.429158 0.411437 0.389455 0.362438 0.329149 0.287417 0.232744 0.15173 0 0 0

1.8 0 0 0 5.82E-09 0.176487 0.244104 0.292091 0.329149 0.358682 0.382437 0.401441 0.416344 0.427577 0.435423 0.440064 0.4416 0.440064 0.435423 0.427577 0.416344 0.401441 0.382437 0.358682 0.329149 0.292091 0.244104 0.176487 5.82E-09 0 0 0

2.0 0 0 0 0 0.0736 0.184 0.244104 0.287417 0.320815 0.347171 0.368 0.384203 0.396348 0.4048 0.409787 0.411437 0.409787 0.4048 0.396348 0.384203 0.368 0.347171 0.320815 0.287417 0.244104 0.184 0.0736 0 0 0 0

2.2 0 0 0 0 0 0.0736 0.176487 0.232744 0.272916 0.303461 0.327086 0.345215 0.358682 0.368 0.373479 0.375288 0.373479 0.368 0.358682 0.345215 0.327086 0.303461 0.272916 0.232744 0.176487 0.0736 0 0 0 0 0

2.4 0 0 0 0 0 0 5.82E-09 0.15173 0.208172 0.246862 0.275386 0.296691 0.312258 0.322919 0.329149 0.3312 0.329149 0.322919 0.312258 0.296691 0.275386 0.246862 0.208172 0.15173 5.82E-09 0 0 0 0 0 0

2.6 0 0 0 0 0 0 0 0 0.097364 0.164575 0.204894 0.232744 0.252288 0.265369 0.272916 0.275386 0.272916 0.265369 0.252288 0.232744 0.204894 0.164575 0.097364 0 0 0 0 0 0 0 0

2.8 0 0 0 0 0 0 0 0 0 0 0.0736 0.132684 0.164575 0.184 0.194727 0.198174 0.194727 0.184 0.164575 0.132684 0.0736 0 0 0 0 0 0 0 0 0 0

3.0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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APPENDIX IX 

Cylindrical Specimen Squared Specimen

Distance/Load 13.24N (1350g) 10.79N(1100g) 8.34N(850g) 5.89N(600g) 3.43N(350g) 13.24N (1350g) 10.79N(1100g) 8.34N(850g) 5.89N(600g) 3.43N(350g)

-3 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

-2.8 0.2524 0.2054 0.1587 0.1120 0.0653 0.1982 0.1616 0.1248 0.0881 0.0513

-2.6 0.3507 0.2854 0.2205 0.1557 0.0908 0.2754 0.2245 0.1734 0.1224 0.0713

-2.4 0.4218 0.3432 0.2652 0.1872 0.1092 0.3312 0.2700 0.2085 0.1472 0.0857

-2.2 0.4779 0.3889 0.3005 0.2121 0.1237 0.3753 0.3059 0.2363 0.1668 0.0972

-2 0.5240 0.4263 0.3294 0.2326 0.1357 0.4114 0.3354 0.2590 0.1829 0.1065

-1.8 0.5624 0.4576 0.3536 0.2496 0.1456 0.4416 0.3600 0.2780 0.1963 0.1143

-1.6 0.5947 0.4839 0.3739 0.2639 0.1540 0.4669 0.3807 0.2940 0.2076 0.1209

-1.4 0.6218 0.5059 0.3909 0.2759 0.1610 0.4882 0.3980 0.3073 0.2170 0.1264

-1.2 0.6443 0.5242 0.4051 0.2860 0.1668 0.5059 0.4124 0.3185 0.2249 0.1310

-1 0.6628 0.5393 0.4167 0.2942 0.1716 0.5204 0.4243 0.3276 0.2314 0.1347

-0.8 0.6775 0.5513 0.4260 0.3007 0.1754 0.5320 0.4337 0.3349 0.2365 0.1377

-0.6 0.6888 0.5604 0.4331 0.3057 0.1783 0.5408 0.4409 0.3405 0.2404 0.1400

-0.4 0.6967 0.5669 0.4381 0.3092 0.1804 0.5471 0.4460 0.3444 0.2432 0.1416

-0.2 0.7014 0.5707 0.4410 0.3113 0.1816 0.5508 0.4490 0.3467 0.2449 0.1426

0 0.7030 0.5720 0.4420 0.3120 0.1820 0.5520 0.4500 0.3475 0.2454 0.1429

0.2 0.7014 0.5707 0.4410 0.3113 0.1816 0.5508 0.4490 0.3467 0.2449 0.1426

0.4 0.6967 0.5669 0.4381 0.3092 0.1804 0.5471 0.4460 0.3444 0.2432 0.1416

0.6 0.6888 0.5604 0.4331 0.3057 0.1783 0.5408 0.4409 0.3405 0.2404 0.1400

0.8 0.6775 0.5513 0.4260 0.3007 0.1754 0.5320 0.4337 0.3349 0.2365 0.1377

1 0.6628 0.5393 0.4167 0.2942 0.1716 0.5204 0.4243 0.3276 0.2314 0.1347

1.2 0.6443 0.5242 0.4051 0.2860 0.1668 0.5059 0.4124 0.3185 0.2249 0.1310

1.4 0.6218 0.5059 0.3909 0.2759 0.1610 0.4882 0.3980 0.3073 0.2170 0.1264

1.6 0.5947 0.4839 0.3739 0.2639 0.1540 0.4669 0.3807 0.2940 0.2076 0.1209

1.8 0.5624 0.4576 0.3536 0.2496 0.1456 0.4416 0.3600 0.2780 0.1963 0.1143

2 0.5240 0.4263 0.3294 0.2326 0.1357 0.4114 0.3354 0.2590 0.1829 0.1065

2.2 0.4779 0.3889 0.3005 0.2121 0.1237 0.3753 0.3059 0.2363 0.1668 0.0972

2.4 0.4218 0.3432 0.2652 0.1872 0.1092 0.3312 0.2700 0.2085 0.1472 0.0857

2.6 0.3507 0.2854 0.2205 0.1557 0.0908 0.2754 0.2245 0.1734 0.1224 0.0713

2.8 0.2524 0.2054 0.1587 0.1120 0.0653 0.1982 0.1616 0.1248 0.0881 0.0513

3 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
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APPENDIX X 

Specimen D 

Specimen D(exp) 
     Distance (m) 0.1016 

    Load (N) 3.4335 5.886 8.3385 10.791 13.2435 

Wear coefficient (k)(m^2/N) 5.31E-09 5.57E-09 6.12E-09 7.09E-09 7.71E-09 

Wear depth (m) 9.82E-05 0.000177 0.000275 0.000413 0.00055 

 

Prediction 
     

      Contact Pressure (Pa) 1.82E+05 3.12E+05 4.42E+05 5.72E+05 7.03E+05 

Wear coefficient (k)(m^2/N) 6.36E-09 6.36E-09 6.36E-09 6.36E-09 6.36E-09 

Wear depth (m) 1.18E-04 2.02E-04 2.86E-04 3.70E-04 4.54E-04 

 

 

Specimen F 

Specimen F(exp) 
     Load (N) 3.4335 5.886 8.3385 10.791 13.2435 

Wear coefficient (k)(m^2/N) 7.43E-09 6.81E-09 7.43E-09 8.11E-09 8.26E-09 

Wear depth (m) 0.000108 0.00017 0.000262 0.00037 0.000463 

 

Prediction 
     Contact Pressure (Pa) 1.43E+05 2.45E+05 3.48E+05 4.50E+05 5.52E+05 

Wear coefficient (k)(m^2/N) 7.61E-09 7.61E-09 7.61E-09 7.61E-09 7.61E-09 

Wear depth (m) 1.10E-04 1.90E-04 2.69E-04 3.48E-04 4.27E-04 
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Specimen A 

 

Specimen A (exp) 
     Load (N) 3.4335 5.886 8.3385 10.791 13.2435 

Wear coefficient (k)(m^2/N) 0 6.19E-10 1.75E-09 2.03E-09 1.93E-09 

Wear depth (m) 0 1.96E-05 7.86E-05 0.000118 0.000138 

 

Prediction 
     Contact Pressure (Pa) 1.82E+05 3.12E+05 4.42E+05 5.72E+05 7.03E+05 

Wear coefficient (k)(m^2/N) 1.26E-09 1.26E-09 1.26E-09 1.26E-09 1.26E-09 

Wear depth (m) 2.34E-05 4.01E-05 5.68E-05 7.35E-05 9.03E-05 

 

 

 

 

 

 

 

 

0.00E+00
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4.00E-05

6.00E-05

8.00E-05
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Specimen B 

 

Specimen B (exp) 
     Load (N) 3.4335 5.886 8.3385 10.791 13.2435 

Wear coefficient (k)(m^2/N) 1.06E-09 1.86E-09 3.06E-09 3.38E-09 3.3E-09 
Wear depth (m) 1.96E-05 5.89E-05 0.000138 0.000196 0.000236 

 

Prediction 
     Contact Pressure (Pa) 1.82E+05 3.12E+05 4.42E+05 5.72E+05 7.03E+05 

Wear coefficient (k)(m^2/N) 2.53E-09 2.53E-09 2.53E-09 2.53E-09 2.53E-09 

Wear depth (m) 4.68E-05 8.03E-05 1.14E-04 1.47E-04 1.81E-04 

 

 

 

 

 

 

 

 

0.00E+00

5.00E-05

1.00E-04
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Specimen C 

 

Specimen C (exp) 
     Load (N) 3.4335 5.886 8.3385 10.791 13.2435 

Wear coefficient (k)(m^2/N) 3.19E-09 3.72E-09 4.81E-09 5.41E-09 6.06E-09 
Wear depth (m) 5.89E-05 0.000118 0.000216 0.000314 0.000432 

 

Prediction 
     Contact Pressure (Pa) 1.82E+05 3.12E+05 4.42E+05 5.72E+05 7.03E+05 

Wear coefficient (k)(m^2/N) 4.63E-09 4.63E-09 4.63E-09 4.63E-09 4.63E-09 

Wear depth (m) 8.57E-05 1.47E-04 2.08E-04 2.69E-04 3.31E-04 

 

 

 

 

 

 

 

 

0.00E+00

5.00E-05

1.00E-04

1.50E-04

2.00E-04

2.50E-04

3.00E-04
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4.00E-04

4.50E-04
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Specimen E 

 

Specimen E (exp) 
     Load (N) 3.4335 5.886 8.3385 10.791 13.2435 

Wear coefficient (k)(m^2/N) 4.25E-09 4.34E-09 5.68E-09 6.08E-09 6.88E-09 
Wear depth (m) 6.17E-05 0.000108 0.000201 0.000278 0.000386 

 

Prediction 
     Contact Pressure (Pa) 143062.5 245250 347437.5 449625 551812.5 

Wear coefficient (k)(m^2/N) 5.45E-09 5.45E-09 5.45E-09 5.45E-09 5.45E-09 
Wear depth (m) 7.92E-05 1.36E-04 1.92E-04 2.49E-04 3.05E-04 
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APPENDIX XI 
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APPENDIX XII 

Specimen A 

Edge Specimen A d1 d2 Hv 
 Trailing x1 29.1 29.29 217.5 
 

 
y1 30.31 29.04 210.5 

Avg. Center 
(Hv) 

Center x2 31.2 30.52 194.7 203.6 

 
y2 30.2 29.87 205.5 

 Leading  x3 33.23 29.98 185.6 
 Average 

   
202.2 

  

Specimen B 

Edge Specimen B d1 d2 Hv 
 Trailing x1 29.67 29.02 215.3 
 

 
y1 31.04 28.89 206.5 

Avg. Center 
(Hv) 

Center x2 32.33 29.67 192.9 202.1 

 
y2 34.87 25.01 206.8 

 Leading  x3 33.24 32.17 173.3 
 Average 

   
196.9 

  

Specimen C 

Edge Specimen C d1 d2 Hv 
 Trailing x1 28.76 30.35 212.3 
 

 
y1 31.22 28.42 208.5 

Avg. Center 
(Hv) 

Center x2 31.55 30.33 193.7 198.5 

 
y2 27.34 34.6 193.3 

 Leading  x3 32.65 33.32 170.4 
 Average 

   
193.7 
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Specimen D 

Edge Specimen D d1 d2 Hv 
 Trailing x1 27.56 31.99 209.1 
 

 
y1 26.75 34.87 195.3 Avg. Center (Hv) 

Center x2 32.54 30.01 189.5 194.5 

 
y2 30.88 30.24 198.5 

 Leading  x3 33.55 33.97 162.7 
 Average 

   
188.8 

  

Specimen E 

Edge Specimen E d1 d2 Hv 
 Trailing x1 28.43 30.42 214.1 
 

 
y1 32.35 27.65 206.0 Avg. Center (Hv) 

Center x2 33.21 28.04 197.7 193.9 

 
y2 35.08 29.44 178.1 

 Leading  x3 31.75 34.65 168.2 
 Average 

   
192.1 

  

Specimen F 

Edge Specimen F d1 d2 Hv 
 Trailing x1 30.13 32.45 189.4 
 

 
y1 33.65 28.54 191.7 Avg. Center (Hv) 

Center x2 29.85 33.21 186.5 184.3 

 
y2 31.43 33.72 174.7 

 Leading  x3 35.09 32.89 160.5 
 Average 

   
178.1 

  


