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ABSTRACT 

The evolution of surface roughness and friction coefficient on the faying surfaces of 

2024-T3 clad aluminum sheets in a fastener joint has been investigated experimentally. The 

terminal values of the roughness and friction coefficient in fatigue cycled load transfer 

specimens were measured using a linear reciprocating tribometer. The evolution of surface 

roughness and friction due to relative sliding of the two sheets was approximated by using a 

2024-T3 bare aluminum ball on a 2024-T3 clad aluminum sheet. The repeated frictional/wear 

loads were applied using the reciprocating tribometer and the friction coefficient, roughness and 

material wear volume measured as a function of cycle count. The terminal friction values in load 

transfer specimens were found to exceed unity at locations corresponding to the fretting failure 

initiation indicating possible localized welding of the two parts.  The evolution of friction and 

surface roughness exhibited similar phases corresponding to the removal of the clad layer and 

petrification of residual particles between the abrading surfaces. The experimental results 

indicate that the friction coefficients and  wear rates must be included in future  fatigue 

simulations to account for the changes in load transfer mechanisms and the corresponding stress 

concentrations around the fastener holes. 
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CHAPTER 1 

INTRODUCTION 

 Friction plays a major role in the mechanisms leading to the failure of materials, 

especially in fastener joints [Ghods, 2011]. When two metal plates rub against each other, a 

significant amount of friction is produced which depends on the surface quality, clamping-

pressure, lubrication, etc. This friction, when it occurs in between two clamped metals (e.g., 

sheets) under certain cyclic loading which produces relative sliding, causes plastic deformation 

of the surface and the asperities[Tabor, 1959]. Depending on the room available for the debris to 

escape, this can cause either an early failure of metals or an adhesion between the debris and the 

metal and thus strengthen the material. Also, the roughness of the region around the friction area 

changes with the increasing number of cycles. 

The fatigue behavior of fastener joints for airframe applications have been widely 

investigated under both constant amplitude fatigue and spectrum loads [Keshavanarayana, 2010; 

Impellizzeri and Rich, 1976]. Different specimen geometries have been employed to simulate 

varying levels of load transfer through the fastener joint [Lee, 1986; Jarfall, 1969; 

Keshavanarayana, 2010]. The fastener clamping induced frictional load transfer and its effects on 

the fatigue failure mechanisms are well known [Ghods, 2011; Keshavanarayana, 2010]. While 

the evolution of friction at the faying surface has been attributed to the resulting fretting failures, 

no emphasis has been placed on measuring the friction coefficient itself.  Recently, Ghods 

showed through simulations that friction can significantly affect the load transferred by the 

fastener, joint rotation and stress concentration at the hole. While a constant value of friction 
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coefficient was assumed during individual simulations, this may not reflect the prevailing state in 

a fatigue loaded specimen where the surface characteristics could change with loading cycles.  

 

 

 
Figure 1. Illustration of a MLT Specimen [Keshavanarayana, 2010] 

 
As shown in Figure 1, a dog-bone specimen is clamped together with a half dog-bone 

specimen of same thickness using a Hilok fastener [Keshavanarayana, 2010]. The cyclic load is 

applied in the longitudinal direction(x-direction) and clamping force, by virtue of fasteners is 

applied in the z direction. The loading causes some deformation in the proximity of the Hilok 

fastener. As a result of which there is friction in between the two surfaces which, by general 

observation increases with the decrease in the radial distance from the center of the hole. In this 

research we shall study how the COF between two clamped surfaces evolve with loading cycles. 

1.1 Literature review 

When two metal surfaces are placed in contact, real contact occurs only at the tips of 

asperities [Tabor, 1959]. Under high pressure, plastic deformation of the asperities takes place 

until the true area of contact is large enough to support the load. The work of deforming the 

asperities in sliding gives rise to a frictional force, and the deformation itself leads to wear, and 

to metal transfer between the surfaces [Green, 1955].   

Isometric view 

Side view 
x 

z 
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According to Green [1955], friction between unlubricated metals is due to shearing of 

junctions formed by adhesion between minute asperities on the sliding surfaces, but recent 

studies done by Deuis show that adhesion does not play a significant role at the onset of sliding 

under typical sliding conditions and that the friction force is generated as a consequence of 

asperity deformation, plowing by wear particles and adhesion [Deuis, 1997].  

Fretting occurs when two solid surfaces in contact are in relative motion. Fretting wear of 

metals occur due to a small oscillatory movement between two solid surfaces in contact. Fretting 

can lead to seizure or increased clearance depending on the ease with which the debris can 

escape from the contact region. Fatigue failure originates from fretting [Jiang, 1995]. Fretting 

wear occurs most severely in the area of the contact zone undergoing slip (quantified as mass or 

volume loss). Also, exclusion of air or space in the fretting region can increase the strength of the 

material by up to 15% [Hutchings, 1992].  In addition to that, as sliding progresses, after a 

defined sliding time, the surface was attributed to the formation of a stable compacted layer 

called tribolayer which consists of a mixture of components from the two sliding surfaces. The 

composition is same as that of the debris that is formed in the friction process [Deuis, 1997]. 

Furthermore, under high pressure, exclusion of any space and high vibration, heat will be 

generated between the surfaces resulting in stronger adhesion with the two surfaces being welded 

to each other at that location. This will increase the strength of the material/joint by a huge 

margin [Fletcher, 1972].  

COF is not a material property; it rather depends on contact geometry and material 

properties [Soom, 2014], relative hardness being one of them. The friction is maximum when the 

two surfaces have exactly the same hardness [Suh and Sin, 1980]. The coefficient of friction 

decreases linearly with the hardness or yield pressure. Also, friction decreases linearly with 
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hardness only when the slider is harder than the sample, but when the slider is softer than the 

sample, the friction is erratic and there is no such relationship [Zhou, 2002]. 

Tests were conducted by Suh and Sin [1980] on 1045 steel specimen using the same 

material as indenter.  According to the tests, the COF changes as a function of the distance slid, 

especially in the early stages of sliding. It usually has a low initial value and gradually increases 

until reaching a steady state value. After it reaches maximum value the friction coefficient 

sometimes drops if the stationary slider is much harder than the moving specimen. The same two 

materials do not show the drop in COF when their role are reversed. The steady state COF and 

the wear rates are higher when identical metals are slid against each other than when a harder 

stationary is slid against a softer moving specimen. However when a harder stationary indenter is 

slid against a softer moving specimen, the steady state coefficient of friction is the same as that 

of the identical metals sliding against each other[Suh and Sin,1980]. 

  Experimental studies were done by Zhou [2002] on a TiN coated 2024 aluminum alloy 

using 12.65 mm diameter, Polycrystalline alumina balls for normal loads of 2.5 and 5N. At a 

normal load of 2.5N, in the early stages of sliding, the friction coefficients increased rapidly, 

reaching maximum values of approximately 0.35–0.42. After that, the friction coefficients 

decreased with further sliding and eventually reached steady values, usually in the range of 0.31 

to 0.42 for TiN-coated 2024 Al. When the normal load was 5N, the friction coefficient of TiN-

coated 2024 Al reached a steady value in the range of 0.15 to 0.18 [Zhou, 2002]. 

It has been shown that the real area of contact is almost independent of the apparent area 

of the surfaces and is determined primarily by the applied load [Popov, 2010]. The friction and 

deformation due to a steel slider on aluminum are very similar to that of aluminum sliding on 
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aluminum [Whitehead, 1950]. In addition, tests conducted on steel sliding on aluminum show 

that COF decreases with increase in normal load [Behesti, 2010]. At low loads, the friction 

coefficient becomes nearly constant, independent of load. In low load range, a type of coulomb 

friction seems to apply. Also, according to the tests done by Whitehead, COF is observed to be 

independent of normal load for aluminum slider on aluminum sample from 10-2 g to 103 g of 

normal load, as it stayed in the range of 1.05 to 1.35 [Whitehead, 1950]. Thus, implying that 

Amonton’s first law, where friction force is directly proportional to the normal load [Popov, 

2010] is held true, as COF is independent of normal load. 

The friction force needed to initiate sliding so as to overcome the creep due to rest is 

usually greater than that necessary to maintain it and hence that the coefficient of static friction is 

greater than that of dynamic friction [Soom, 2014]. As given by Coulombs law, the COF is 

independent of sliding velocity, once sliding is established [Popov, 2010], although at high 

sliding speeds, of the order of tens or hundreds of meters per second for metals, μd falls with 

increasing velocity[Mate, 2008]. 

Surveys show that when equilibrium surface conditions are attained, the wear rates of 

materials are independent of the apparent area of contact and suggest that the wear rate is 

proportional to the applied load unless a change in the load causes the surface conditions to 

change [Moore, 1952]. In other words, wear rate is directly proportional to the load only for a 

limited number of combinations, thus small deviation from direct proportionality can be 

expected. In addition, volume of material removed is directly proportional to the sliding distance 

[Archard, 1956]. 
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When friction changes with normal load the value of the fluctuating friction coefficient is 

difficult to interpret and generally not meaningful. The average COF can be obtained but still, it 

can change, usually decrease, with increasing normal vibrations. Therefore, when frictional force 

fluctuates over time during tests, one should either ignore the temporary fluctuations and only 

retaining average values, or one must measure them with sufficient bandwidth and fidelity to 

capture the quantities to be measured [Soom, 2014]. Thus after the reduction, when average COF 

changes with time, it is most likely to be due to changes in the shear strength. 

 

1.2 Research Objectives 

The present research is focused on obtaining the evolution of the surface characteristics 

such as COF and Roughness (Ra) at different ranges of normal stress (maximum Hertzian stress). 

The coefficient of friction is measured on the faying surfaces of load transfer specimen at various 

locations using a tribometer at a standard normal load of 5N. Also, the surface roughness is 

measured using a surface roughness tester on the test specimen. In order to understand the 

evolution of surface properties, multiple-lap friction tests are performed on the as received metal 

sheets at variable loads. Also, the roughness is measured on these samples. The whole research 

objective is summarized below. 

1. Obtain the COF evolution between two 2024-T3 clad aluminum faying surfaces around 

the fastener hole in load transfer specimen 

2. Observe the dependence of COF on the surface roughness such as to understand how the 

surface roughness behaves with the variation in COF in similar surface conditions. 
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3. Investigate the variation of COF and roughness upon application of variable loads on the 

clad and bare aluminum samples in accordance with their load cycles.  
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CHAPTER 2 

EXPERIMENTATION 

2.1 Experimentation Approach 

 The main focus of the research is to obtain the evolution of COF of faying surfaces on 

load transfer specimen. Thus tests are to be performed on various fresh 2024-T3 clad aluminum 

samples at various load levels. Furthermore, we need to obtain the COF values for the tested load 

transfer specimen and compare to the array of data that we shall find with the fresh aluminum 

clad samples so as to understand the evolution of the coefficient of friction.   

The initial challenge that we face is that, it is not possible to exactly simulate a friction 

test between two clad surfaces. Even though the sample that we have is a 2024-T3 clad 

aluminum, the ball that we can find in the market is not a clad. Therefore, in order to simulate a 

similar environment, or in order to estimate the approximate behavior of the COF, we shall run 

multiple tests on clad aluminum samples (2024-T3), using ¼” diameter aluminum (2024-T3 

grade 200*) balls. From these tests, we shall also deduce the variation in the COF due to a clad 

layer as tests shall also be performed on a 2024-T3 bare aluminum samples. Furthermore, the 

surface roughness parameters also shall be examined in order to study the evolution of the 

surface contour with the increasing number of cycles and loads. 

In order to further the research on the surface properties and friction, instruments are 

required to read the surface features and the coefficients of friction. We are thus obtaining values 

for dynamic COF, static COF and surface roughness using various instruments that shall be 

discussed further. 

 
* Grade 200 Specifications [Hoover, 2014] 
   Deviation from spherical form:       0.005 mm 
   Nominal Ball Diameter tolerance: ±0.025 mm 
   Ra :                                                   0.203 µm 
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2.2 Test Apparatus 

2.2.1 Kinetic Coefficient Of Friction  

Kinetic COF is the ratio of kinetic friction force to the normal force keeping the two 

bodies in contact. Kinetic friction force on the other hand is defined as the friction force required 

to sustain sliding between two bodies. The Kinetic COF is an important parameter for this 

research. As per the resources available, Tribometer seems to be the best fit for the research. It 

measures the coefficient of friction between two bodies, spherical object and a plane, where the 

normal load acts on the static spherical object and the plane is in linear reciprocating motion.  

2.2.1.1 Testing Background 

The primary function of a tribometer is to obtain the coefficient of friction between two 

given materials. To create friction, two bodies in contact need to be in relative motion. The CSM 

pin on disk tribometer [CSM Instruments, 2011] obtains the coefficient of friction between a 

stationary ball and a linearly oscillating surface.  In order to obtain the coefficient of friction, the 

two parameters required are the normal load and the friction force. The normal load is user fed 

and the friction force is obtained from the displacement of the ball holding arm.  

Figure 2 is a free body diagram of a friction test on a tribometer.  Here, Fn is the normal 

force acting on the ball, Fapplied is the force applied on the sample to sustain motion and Ff is the 

friction force that acts as a resistance to the Fapplied. Also the mass of the ball is assumed to be 

negligible. In order to analyze the test a bit in detail, a free body diagram of the sample and the 

ball can be considered very helpful.  
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Figure 2.Free body diagram of the sample and the ball during the Friction test 

 

As it is said earlier that, the ball is not in motion, the sample which slides under the ball 

creates some friction force in positive x-direction, as a result there is reaction force in the 

negative x-direction which tends to keep the ball in same position. This reaction force must come 

from the portion of the apparatus that holds the ball. 

2.2.1.2 Test Apparatus- The Tribometer 

Tribometer provides a firm platform for a friction test mentioned earlier. It is a tool with 

the help of which we can study the friction and wear of different material parts under different 

contact condition.  

The tribometer consists of numerous parts. These parts play a vital role in order to run a 

perfect friction test and thus satisfying conditions that need to be met. The sample is secured 

such that it does not move from its location during the test, especially as the platform that holds 

the sample is in constant motion. The normal load acting on the sample is maintained such that 

no additional load is acting on the sample including the mass of the ball.  

 

FR 

x 

y 
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Figure 3. The CSM Pin on disk Tribometer [CSM Instruments, 2011] 

 

 Ball holder is used to hold the ball rigidly at a spot without allowing the ball to roll so as 

to create point friction. There is a 2N load concentric to the ball holder so as to provide a normal 

load on the specimen. The load can be varied as per the requirement to expand the range of the 

data. The ball is in contact with the sample where the sample is held firmly by the sample holder 

attached to the linear module. 
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Figure 4. View of the Tribometer showing the test location[CSM Instruments, 2011] 

. 

Figure 4 is a clear representation of the sample holder. The sample holder is used to avoid 

the specimen from sliding during the tests. The sample holder consists of two pressure screws on 

either sides of it, two customized holding blocks where the sample actually sits, two aligned rods 

that makes sure that the two blocks are aligned and a base plate which acts as a support to all the 

parts of the sample holder and a mode to attach to the linear module.  
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Figure 5. Detail engineering drawing of the sample holder base plate 

Numerous holes are drilled into the base plate so as to provide a wide range of location 

on a linear module and thus to fit complex specimen of various sizes. Figure 5 is a detail 

engineering drawing of the base plate of the sample holder. 

 

Figure 6. Expanded view of the Tribometer’s dynamic parts showing the conversion of 
spindles rotatory motion into linear oscillatory motion [CSM Instruments, 2011] 
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The tribometer is used to read the coefficient of friction of a specific normal load on a 

surface (specimen). The specimen is placed on a sample holder which sits on a linear module. 

The linear module is placed over the spindle with a cam which rotates at various angular 

velocities. The function of the linear module is to convert the rotatory motion of the spindle into 

oscillatory motion with the help of cam. The cam sits on the spindle with the help of an 

adjustable cam holder. The location of the cam on the adjustable cam hold specifies the 

amplitude of the oscillatory motion of the linear module. It can be seen in figure 6 as a lightly 

disassembled view of the tribometer’s moving parts. 

 

 

Figure 7. View of tribometer showing the counter weight application [CSM Instruments, 2011] 

 

 The counterweights are used to assure that appropriate loads (exactly 2N in this case) is 

applied on the specimen, i.e., load due to the weight of the ball, ball holder and arm are nullified. 

 

Counter Weight 

Eccentric latch 

Blocking lever 

Knob 

Millimeter scale 
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The micrometer knob is used to position the ball holder, in other words, the location of the test. 

The location of the ball can be read through the micrometer scale. The application of the 

blocking lever is to secure the position of the ball holder, i.e. it locks the position of the 

micrometer knob. The eccentric latch is used to define the vertical location of the ball in order to 

run the test. 

 

Figure 8. View of tribometer showing the sensors relating to the arm [CSM Instruments, 2011] 

 

On a tribometer, the sample is in motion and the ball is static. As a result of the friction, 

the arm holding the ball undergoes elastic deformation (strain) which is read by the sensor 

connected to the arm. Thus, the friction force is obtained. And from the relation above, the 

coefficient of friction can be obtained 
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2.2.1.3 Test Software 

The test is performed using a software named InstrumX.  In this software, parameters like 

normal load, number of cycles, amplitude of test (oscillatory motion), data acquisition rate and 

lap frequency are fed into the system in order to obtain desirable output. Figure 9 is the test input 

panel of the software where the above mentioned parameters are fed. And so Figure 10 is the test 

execution screen, where the output is visually obtained.  

 

Figure 9. InstrumX software parameters input panel [CSM Instruments, 2011] 

The input in the input panel is filled as shown in table 1. 
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TABLE 1 
INPUT PARAMETERS FOR INSTRUMX [CSM Instruments, 2011] 

 
 
 
 

Tribometer parameters 

Acquisition   linear mode 
Trajectory  Sinus 
1/2 Amplitude  1 [mm] 
Max Lin. Speed   .63 [cm/s] 
Normal Load 1N/ 2N/ 5N/10N 
Frequency   1 [Hz] 
 Stop condition   1/10/100/1000/2000/3000/ 

5000/ 10000  [cycle] 
 Acquisition rate   200/50 [Hz] 

         
 

Sample 

Coating  Clad/ Bare 
Substrate   Al 
Cleaning Acetone 
 Supplier   WSU 

 
Static partner (Ball) 

 
Static partner (Ball) 

Coating  Steel/ Al/Brass 
Cleaning  Acetone 
Supplier  WSU 
Dimension   6.00 [mm] 
Geometry   Ball 

 
Environment 

 Temperature  26.00<deg>C] 
 Humidity  0.00 [%] 

 

Tribometer parameters window consists of all the parameters that are fed in to the 

InstrumX for the desired output as seen in the parameters input panel. In the material properties 

window we can either select or manually enter the material properties of the sample and the 

static friction partner so as to obtain the wear rate for the sample and the friction partner (ball) 

and also the Hertzian stress. 

In the test overview window we can see the coefficient of friction of the test as the test is 

in progress. The parameters can be altered as per the requirement. For an instance, we can also 

add the penetration curve, linear position curve and speed curve as a function of time to the 

graph. 
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In the single lap overview window we can examine each lap independently and graph 

them in functions of time, linear position, coefficient of friction, normal load, friction force, 

speed and additional user added parameters 

The test summary parameters display the starting, minimum, maximum, mean and 

standard deviation values for coefficient of friction of the test. 

Throughout this research there are two types of tests that are being performed on the 

tribometer. Single stroke tests, i.e., on the fretted specimen, the aluminum ball is run just once 

without any overlapping of the wear track and a lap test, where tests are done on perfect 

rectangular samples for multiple laps and a small range of loads. 

The output results for the test are exported into a text file and which in turn can be 

reduced into an excel file for better vision of the test. The procedure for reducing data for a 

single stroke friction test and a lap test are a bit different. 

 

Figure 10. InstrumX software test execution screen [CSM Instruments, 2011] 
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2.2.2 Static Coefficient of Friction 

  Static coefficient of friction is the ratio of static friction force to the normal load keeping 

those two bodies in contact. Static friction force on the other hand is defined as the friction force 

required to initiate sliding. Since the force required to initiate sliding is always greater than that 

required to sustain sliding, static COF is therefore always greater than kinetic COF. As per the 

limitations of the Tribometer, the static coefficient of friction cannot be accurately obtained as 

the instrument is displacement controlled. Furthermore, the requirement to slow down the tests in 

order to obtain the static COF exceeds the limitation of the tribometer. Thus, in order to obtain 

that, we needed to setup a different apparatus. An apparatus with the same principle as the 

tribometer and also a feature that supports delay in load application is setup.  Figure 11 is an 

illustration of setup for static COF test. 

Figure 11. Illustration of a static COF test setup 
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2.2.2.1   Test Set up  

The setup consists of a frictionless slider which holds the specimen, springs, load-cell 

attached to the uni-slide, ball holder, aluminum ball, standard weights, a laser extensometer and a 

pin holder.  

The frictionless slider consists of two parts. The base is a static part which is attached to 

the table, whereas the top part slides freely. The specimen is thus attached to the top part with the 

help of a double-sided tape. The uni-slide is used to apply friction load on the frictionless slider 

through the spring.  The springs help to delay the application of friction force on the slider such 

as to capture the smallest load that causes any translation of the slider. 

In order to measure the load applied, a 1.1lbf load cell is attached to the uni-slide. Also, 

the load is applied through a spring to apply the friction load slowly on the frictionless slider. 

Furthermore, since the uni-slide is manually operated, the load can be applied as sought 

adequate. On the other side, the normal load is applied on the specimen thorough a ball. The ball 

is glued to a hollow cylinder, which in turn is slid through a port which assures that the load that 

is applied on the sample is perfectly normal to the surface.   

Furthermore, as per the requirement of the laser extensometer, the face of laser 

extensometer has to be stationed at an exact distance of 12 inches from the reflector strip. The 

reflector strip is actually glued to the movable top of the frictionless slider and henceforth the 

laser extensometer is able to read any change in location of the frictionless slider. Identifying the 

load at which the frictionless slider undergoes abrupt motion helps to calculate the static friction 

coefficient at that given load for the given ball and the sample. 
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Figure 12. Static Friction Test Setup 

 Figure 12 is an actual representation of the setup excluding the laser extensometer. In this 

figure, we can also see the load cell signal conditioner that reads the friction loads from the load 

cell. We shall now discuss about the test software used in the static friction tests. 

2.2.2.2   Test Software 

Since the test is done manually, in order to visualize the test more precisely, we only need 

a data recording software. In this test, we shall use testworks 4.0 that is mostly used with the 

MTS electromechanical machine. The data that shall be recorded will be the time of test 

initiation, the load applied though the 1.1lbf load cell and any motion of the frictionless slider. 

Figure 13 is a screenshot of the active testworks 4.0 software. 
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Figure 13. Screen-shot of the Testworks4.0 execution screen for static COF test [MTS 
Systems, 2014] 

 

As seen in figure 13, testworks 4.0 software execution screen consists of input panel and 

output panel. The data acquisition rate is set at 50 Hz whereas the test speed is set to 0 as we are 

only using this software to record the data. In the input panel, we obtain the information like 

laser extensometer displacement, time elapsed and load on the load-cell, which is the friction 

force applied.  

2.2.3 Surface Profiles 

In this research, two types of surface profiles are used. Namely, Surface roughness profile 

and surface contour profile. Given that rough surfaces are a deviation from an ideal smooth 

surface, the deviation is thus measured using the roughness profile with the help of parameters 

like Ra and Rq that shall be discussed in latter sections. Surface contour on the other hand gives 

the exact cross-section profile of the surface. Mitutoyo Surface roughness tester [Mitutoyo Inc., 

2014] is used for these measurements.  

Input 

Panel 

Output 

Panel 
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2.2.3.1   Test Apparatus 

 The tribometer comes with some limitations like inability to accurately calculate the wear rate, 

amount of material lost, Hertzian stress and so on. The purpose of surface roughness tester in this 

research is not only to measure the roughness parameters but also to eliminate that gap. 

As it can be seen in figure14, the surface roughness tester consists of a drive unit and a 

display unit connected by an extension cable. The display unit is actually also connected to the 

computer so as to use the computer for data exports and reduction. 

 

Figure 14. Surface Roughness tester in an expanded form [Mitutoyo Inc., 2014] 
  

The test specimen is of a non-negligible thickness, thus a platform is placed under the 

drive unit so as to have both specimen surface and the drive unit at same height. Figure 15 is an 

expanded view of the drive unit in contact with the test specimen. 



24 
 

 

Figure 15. Drive unit on a test platform [Mitutoyo Inc., 2014] 

The detector is a moving part protruding outside the drive unit. It can only move back 

and forth along one axis, i.e. either towards the drive unit or away from the drive unit. The test 

platform is helpful in aligning the specimen with the test direction as it is a rectangular piece of 

metal similar to the specimen. Aligning the drive unit with the platform secures the test direction. 

Figure 16 is a closer view of the detector on the sample. 

 
Figure 16. A close view of the detector on the sample [Mitutoyo Inc., 2014] 

The detector is a part of the drive unit which moves in a linear path, yet the change in the 

contour is actually detected by a small delicate and retractable piece of the detector called the 



25 
 

stylus. In the above figure, the stylus is not visible as it is in a retracted position. Thus, the drive 

unit is now rotated sideways in figure 17 so as to see the stylus more clearly. 

 
Figure 17. A close view of the stylus [Mitutoyo Inc., 2014] 

There are two types of tests that shall be done throughout this research by a roughness 

tester. First test would be a roughness test, where the detector is slid on the tested rough surface 

(wear track) in the same direction as that of the tribometer test to determine the roughness 

parameters like Ra and Rq. The second one is a wear test where the detector is slid across the 

wear track, perpendicular to the direction of the tribometer test so as to gather the surface 

contour profile which is used to calculate the parameters such as surface area of wear, wear rate, 

volume of material lost, and apparent Hertzian stress.  

2.2.3.2 Test Software 

The roughness tester can be operated through a software named surftest SJ-210 USB 

communication ver 4.001. This software allows the user to define the test and it also facilitates 

the data transportation and reduction. Figure 18 is a screenshot of the software’s home screen. 
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Here we shall see the various options of testing provided by the software including the data filter 

methods used. 

 
Figure 18. Screenshot of the surftest SJ-210 USB communication ver 4.001 home screen 

[Mitutoyo Inc., 2014] 

 Various options can be selected from this home screen for the execution of the test 

including the data output layout. Evaluation condition displays evaluation conditions such as 

standard and profile of loaded data. Calculation Result displays calculation results of loaded 

data. Measurement data loads the measurement conditions, calculation results, and evaluation 

profile data of a profile selected from the control unit. Print prints an inspection certificate 

according to a specified print method. Print preview displays the print image of an inspection 

certificate. Export enables an inspection certificate (test data) to be saved as a Microsoft excel 

file. Start measurement executes the test through the roughness tester as per the requirements 

fed. In this research we shall use the roughness tester in two modes, namely with an R profile and 

an R-Motif profile. This selection can be made through the measurement conditions screen. 

Figure 19 is a screenshot of the measurement condition screen. 
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Figure 19. Measurement Conditions Screenshot [Mitutoyo Inc., 2014] 

 The measurement conditions such as standard, profile, and filter can be set through 

measurements conditions. Selecting R in the profile window enables the data to be filtered, i.e. 

discarding the waviness and the slope of the profile and thus displays the profile with respect to 

the mean value of the depth. We obtain the surface roughness parameter like Ra, Rq and Rz from 

this option and are thus used in the roughness tests. On the other hand selecting R-Motif does not 

filter the data and gives the exact profile contour. Using this option we can evaluate the wear 

surface area, wear rate, Hertzian stress and volume of material lost in a simpler manner and thus 

is used in a wear test. 
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2.3 Data Reduction Methodology 

The data obtained from the tests need to be reduced in order to explicitly view the result 

of the tests. Furthermore, since there is more than one type of test, the methodology of data 

reduction varies. 

2.3.1 Kinetic COF 

As we are dealing with two types of tests, the methodology of data reduction differs from 

one another. In the sections below, we shall discuss about those two methodologies in detail. 

2.3.1.1 Single stroke tests 

The load transfer (LT) specimens that are tested under cyclic loading are run for a COF 

test using the tribometer. As discussed earlier, single stroke tests are performed on these 

specimen which include tested Medium Load Transfer (MLT), Intermediate Load Transfer (ILT) 

and Low Load Transfer (LLT) specimen in the proximity of the hole, where the fretting is seen 

the most. Two parallel lines are etched on either side of the hole at a distance of 0.625 inches 

from the hole perpendicular to the fatigue loading direction as seen in figure 20.   

 
Figure 20. Single stroke test schematic 
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Figure 21, 22 and 23 correspond to the data reduction process for a single stroke test on a 

fretted AFS120-P3-MLT-HL-1812-F-01 specimen with a normal load of 5N and quarter inch 

diameter 2024-T3 bare aluminum grade 200 ball as the friction partner.   

During the test, these two etched lines correspond to two peaks as shown in Figure 22. 

So, the wear track can now be traced to the coefficient of friction. The first peak can be defined 

to be the beginning of the test and the second peak can be defined to be the end of the test. 

Deducting 0.625 inches (15.875mm) from the displacement will normalize the wear track to 

have origin at the center of the hole as shown in figure 23.  

 
Figure 21. Raw data chart for a single stroke test 

 

Figure 22. Single stroke test data chart with corresponding location 

Distance from the center of the hole (mm) 
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Since the two peaks are not significant, the final data excludes those peaks in order to obtain a 

desired form as can be seen in figure 24.  

 

Figure 23. Reduced Single stroke data chart 
 

In such a manner, the tests are performed on the entire load transfer specimen which can 

be found in Appendix J. In addition to that, roughness tests are also done on those load transfer 

specimen using a roughness tester. In order to analyze in a better mode, average of both 

coefficient of friction and surface Roughness (Ra) is taken and plotted as per their test duration in 

test cycles till failure. 

2.3.1.2 Lap tests 

A test in which the ball reciprocates over the sample once or more than once is called a 

lap test. Tests are done using 1/4" diameter grade 200 2024-T3 bare aluminum balls on 2024-T3 

clad and bare aluminum sheets. Tests of 1, 10, 100, 1000, 2000, 3000, 5000 and 10000 cycles are 

run with an amplitude of 2mm and varying normal loads of 1, 2, 4and 8 Newton at a test 

Distance from the center of the hole (mm) 
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frequency of 1 Hz. Figure 25 is an example of a lap test where 2024-T3 clad aluminum is used as 

a substrate with grade 200 2024-T3 bare aluminum ball for 1000 laps with 1N of normal load.    

 

 

 
In the given Figure 24, the number of cycles is represented in a logarithmic format in 

order to view the data a bit more clearly. But the coefficient of friction is seen in negative form. 

This is a result of the change in test direction as the test reciprocates. In terms of representing 

data for lap tests, the presentation of data seems a bit vague as the number of cycles increase. 

Also, it is more appropriate when the test is seen as a linear rather than a cyclic test. As a result 

representing the graph in the average coefficient of friction format is seen to be more 

appropriate. Figure 25 is an expanded view of this test from 10 to 12 cycles. 

Figure 24. Coefficient of friction behavior of a 1000 cycles lap test performed on a clad 
aluminum sample with a bare aluminum ball and 1N normal load 
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There are numerous data points in a single test. So, in the process of reduction, the 

average of the every half cycle is obtained excluding the paths from a crest to trough and trough 

to crest and represented as a single point. Also the values obtained for every half cycle average is 

made absolute so as to represent the test as linear rather than reciprocating. Figure 26 is the 

average coefficient of friction for the 10-12 cycles that has been obtained through this reduction 

process. 

Figure 25. Coefficient of friction behavior for 10 to 12 cycles of a 1000cycles lap test performed 
on a clad aluminum sample with a bare aluminum ball and 1N normal load 

Truncated Data Points 
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Figure 26. Average coefficient of friction behavior for 10 to 12 cycles of a 1000 cycles lap test 
performed on a clad aluminum sample with a bare aluminum ball and 1N normal load 

 

Thus, as a result of the reduction process, the average coefficient of friction behavior for 

the whole 1000 cycles test can thus be visualized and is shown in figure 27.  
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Figure 27. Average coefficient of friction behavior of a 1000 cycle lap test performed on a clad 
aluminum sample with a bare aluminum ball and 1N normal load 

  

In the manner represented above, the tests on the tribometer and data reductions have 

thus been done throughout this research. As the number of test increase, more graphs will be 

introduced and represented almost in a single chart to visualize the overall test results within 

common parameters. 
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2.3.2 Static COF 

  As said earlier, data for a static COF tests are obtained from testworks 4.0 software. The 

data obtained is thus plotted in microsoft excel for further scrutinization.  An example of the test 

graph is shown in figure 28. 

 

Figure 28. Test Result of static COF for 2024-T3 bare aluminum ball with a normal load 
of .49 lbf on 2024-T3 Bare aluminum sheet 

 

The x-axis is that of displacement from the laser extensometer and the y-axis is the load 

in lbf. We do know the applied normal load (N) as it is user fed (i.e., 0.49lbf). Now from the 

graph the peak load (Ff) at which the slider undergoes motion can be estimated to be .14lbf. 

Therefore, using the formula for static COF, 

                             µs=Ff /N                                               ….. (equation 1) 
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 the static coefficient of friction is obtained to be 0.29. In a similar fashion, all the data 

reductions for static COF are done. 

2.3.3 Surface Profiles    

 As per the earlier discussion, the surface roughness tester is used for two types of tests, 

namely a roughness test where the surface roughness parameters of the surface are obtained and 

a wear test where surface contour profile is obtained. We shall discuss the methods of data 

reduction in this section. 

2.3.3.1 Roughness test 

Roughness can be defined as the measurement of deviation from perfect smooth surface. 

Even though, we have come to concur that even the untested, as received aluminum samples will 

have some roughness, asperities are therefore always present. Figure 29 is a roughness profile 

sample that we shall use to understand the roughness parameters.  

 

Figure 29. Roughness Profile sample 
 

 In figure 29, we see that Yi is the height of the ith data point from the mean line. The 

mean line is automatically calculated by the software after the raw profile data is filtered. Thus 

now we define the arithmetic mean of the absolute values of the evaluation profile deviations 

from the mean line (Y=0) as Ra. 

Yi 

Y=0 
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                        Ra    =
1

𝑛
∑ |𝑌𝑖|

𝑛
𝑖=1                    .. (equation 2) 

Furthermore, Rq is the square root of the arithmetic mean of the square of the deviations 

from the mean line (Yi). It is given in equation form as 

                     Rq      = [
1

𝑛
∑ 𝑌𝑖

2𝑛
𝑖=1 ]

1/2

             ….(equation 3) 

Figure 30 is a graphical representation of a roughness test for Al-Alclad-8N-2000cyc-

2mm-1, i.e. the surface is a resultant of a tribometer lap test where a quarter inch  diameter 2024-

T3 bare aluminum grade 200 ball is run over an 2024-T3 clad aluminum for 2000 cycles with a 

normal load of 8N. The roughness parameters for the test were Ra of 3.47 µm and Rq of 4.37 µm, 

but this is a result for evaluation over a length of 3.2mm. However, the above test includes not 

only the test section but also the region around the test section, including the barriers due to the 

ploughing during the friction tests. Since we already have the roughness profile, the redundant 

points are removed and recalculated to obtain the required Ra for the test region.  

 

Figure 30. Graphical representation of surface roughness raw data for the clad aluminum wear 
track obtained from a 2000 cycles lap test with a normal load of 8N 

  

Figure 31 is therefore a revised version of the surface roughness profile where the 

redundant points are eliminated to obtain the reviewed wear track roughness parameters. Thus, 

Ra of 2.27µm and Rq of 2.95 µm are obtained. 

Wear track location (mm) 

) 
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Figure 31. Graphical representation of surface roughness truncated data for the clad aluminum 
wear track obtained from a 2000 cycles lap test with a normal load of 8N 

2.3.3.2 Wear tests 

In the wear test, the actual profile of the surface is obtained. We can obtain the surface 

area of the crater through the data points of the graph. Figure 32 is the graphical representation of 

the wear test on the same specimen listed earlier. 

 
Figure 32. Graphical representation of cross section of the clad aluminum wear track obtained 

from a 2000 cycles lap test under a normal load of 8N 
  

Wear track location (mm) 

) 
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As seen in the figure above, the contour profile not only includes the wear track profile 

but also the barrier created due to ploughing. Therefore, measurements of the width (w) and the 

depth (d) are made excluding the region of the barrier. The calculation of the surface contour 

profile parameters like contact radius, material volume lost, wear rate and apparent maximum 

Hertzian stress are done using simple geometry with an assumption of a circular wear track 

cross-section as seen in figure 33. 

 

Figure 33. Surface contour profile illustrating variables to be used for contour profile parameters’ 
calculation 

  

We can use the graph to obtain the width (w) and depth (d) of the wear track.  Therefore 

we can obtain the contact radius (a) to be as.  
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a    …                          (equation 4)  

As we know that the wear track length (l) for all the tribometer tests is 2mm, and thus 

multiplying that with the area over the curve till the surface, volume of material lost can be 

obtained as shown in equation below. 
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 Here, Yi is the height of the ith data point whereas Yo is the height of the surface (mostly 

0). Also xi is the x-axis location of the ith data point and xo is the initial x-axis location of the 

wear track width such as width (w) = xn - xo 

  Wear rate is the derivative of the material volume lost with load cycles. Thus, it can be 

formulated as, 
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                                         … (equation 6) 

 Here n is the number of cycles and R(n1-n2) is the wear rate representing the cycles from 

n1 to n2. 

Maximum Hertzian stress is the maximum pressure exerted by a spherical object on other body. 

Figure 34 is introduced to demonstrate the concept of maximum Hertzian stress clearly in 

support of this research.  
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Figure 34. Illustration of maximum apparent Hertzian stress [Tavares, 2005] 
 

 As it can be seen the figure, p(r) defines the profile of the pressure exerted by the ball on 

the surface (wear track). Maximum apparent Hertzian stress [Tavares, 2005] is the maximum 

pressure exerted by the spherical ball on the surface. We can obtain the maximum apparent 

Hertzian stress (p0) from the data to be given by the equation below 

                             

2

5.1
max wa

Lp






                          …. (equation 7)  [Tavares, 2005] 

From the graph, we obtain the width of the track to be 1.8mm and the depth to be .13 

mm. So, through the equations mentioned above, we obtain material volume lost as 0.68 mm3, 

contact area as 9.66 mm2 and maximum apparent Hertzian stress as 0.83 N/mm2. Thus, in similar 

fashion, the data for the bare and clad aluminum samples are reduced to obtain required 

information. 

Maximum Apparent 
Hertzian stress (pmax) 



42 
 

CHAPTER 3 

RESULTS AND DISCUSSION 

3.1 Fresh clad and bare aluminum samples 

3.1.1 Friction tests 

 As stated earlier, fresh aluminum clad and aluminum bare samples are run through lap 

tests using a quarter inch diameter 2024-T3 bare aluminum ball of grade 200 at loads of 1, 2, 4 

and 8N. These normal loads exert maximum Hertzian stresses in the range of 0.31GPa to 

0.62GPa. Figure 35 is an average COF results for lap test performed on clad aluminum with bare 

aluminum ball with a normal load of 8N (0.62GPa Hertzian stress) for 10000cycles. 

 
Figure 35.  Average COF of bare aluminum ball on clad Aluminum sample over 10000 cycles 

with 8N normal load 
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Here, we are able to see a pattern common to all 2024-T3 clad aluminum samples. The 

COF increases in the initial cycles to a highest point. For the ease of research terminology, this 

region is defined as the penetration region. As the test is in progress, the COF beyond penetration 

region starts to decrease. After a few thousand cycles, the COF remains constant. This region, in 

turn, is defined as the stable region. If we had to reason the phenomena, we would have to look 

into the micro-tribological details of the friction process. As these tests are performed on an 

aluminum clad, we can conclude that these sudden jumps in the COF arises when the ball comes 

in contact with the lower layer as it breaks through the top pure aluminum layer. At the 

molecular level, we find that there is no perfect surface. There will always be asperities on every 

surface. So in the initial stage when one surface slides over other, the asperities are the ones in 

contact first. According to Tabor [1959], when asperities come under contact, the pressure is 

high at the contact region, thus enabling plastic deformation until true area of contact is large 

enough to support the load. As the process for defragmentation of the asperities continues, the 

coefficient of friction decreases and depending on the size of debris, the COF decreases till they 

are lost, or embedded into the surface, resulting into a stable region, where the wear rate can be 

said to cease. Furthermore, this stability region appears earlier at higher normal loads. Appendix 

C consists of similar test results for variable loads of 1, 2, 4 and 8N at cycles up to 10000 cycles 

for both bare and clad aluminum. 

Beyond the stable region, the COF, especially in case of higher loads tends to increase by 

slight margin. As the ball slides over the sample, the material from the sample surface is also 

ploughed away. As a result, when the ball creates deeper wear track, a barrier is also formed 

around the wear track. This barrier disables the debris further created to escape the wear track. 

As a result, those debris fall back on the wear track and get embedded on the wear track.   
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Figure 36. Post-test surface pictures for aluminum clad samples with aluminum balls at 8N 

normal load 
 

Figure 36 is the post-test surface pictures of the aluminum clad samples tested with 

aluminum balls at a normal load of 8N from 100 to 10000cycles. We see that with the increment 

in load cycles, the wear track gets wider and darker. This increment in the dark intensity is due to 

the debris being embedded beyond the stability region.  Appendix A consists of similar results 

for both bare and clad aluminum samples that underwent lap tests. 

3.1.1.1 Tests at different load levels 

 When the lap tests are performed at different levels for aluminum clad samples, we can 

conclude that the COF changes with the change in load. Also, lower loads take more time to 

penetrate through the top pure layer of aluminum. Therefore we can see that jump in COF at 
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different time intervals. Furthermore, in the later cycles, the COF seem to be at a close 

proximity.  

 

Figure 37. Average COF of Aluminum ball on clad Aluminum at 1, 2, 4 and 8N loads over 
10000 cycles 

 
  Figure 37 is displayed in logarithmic values along the x-axis (number of cycles). 

In order to view them in a more clear method, the chart is displayed in figure 36 expanding 

cycles from 7000 to 9000, as an approximate stability region. This will actually give a clear view 

of the average COF and their behavior. 

Number of cycles 
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Figure 38. Average COF of Aluminum ball on clad Aluminum at 1, 2, 4 and 8N loads from 
7000 to 9000 cycles 

 As seen in figure 38, the average coefficient of friction values lie in close proximity of 

each other, yet still it can be agreed upon that with the increment in load, the COF seems to 

decrease. The reason behind this can be said that the debris from pure aluminum layer is still on 

the wear track and thus creates a surface with uneven hardness. This therefore results into uneven 

surface when ball slides over that region. Furthermore, at high normal loads, these asperities 

undergo plastic deformation and thus a smoother surface is obtained earlier. Finally, from the 

graphs it can be seen that, at an approximate stable region, the COF for aluminum on aluminum 

clad can vary by a margin of 0.2. If we look into the figure 39, which is a comparison of average 

COF under variable load for aluminum ball on bare aluminum, we see a slight different behavior. 

Number of cycles 
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Figure 39. Average COF of Aluminum ball on bare Aluminum at 1,2,4 and 8N loads over 
10000 cycles 

  As compared to the average COF behavior of that on the aluminum clad, there are lower 

jumps in the COF but rather consistent values for COF throughout the test. Further discussion 

can be made as we look closer in to the results. Figure 40 is a clear representation of the behavior 

from 7000 to 9000 cycles. 

Number of cycles 
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Figure 40. Average COF of Aluminum ball on bare Aluminum at 1, 2, 4 and 8N loads from 
7000 to 9000 cycles 

 As it can be seen, in case of aluminum ball over bare aluminum, the average COF values 

seem to overlap each other multiple times. Furthermore, it can be concluded that Amonton’s first 

law [Popov, 2010] holds true for aluminum where COF is independent of load, but not in terms 

of clads. In addition to this, we can thus further conclude from the tests results above that COF 

on bare aluminum stay constant irrespective of load whereas for aluminum clads they decrease 

with the increase in load such that if the loads are high enough, the aluminum clads and bare 

aluminum give very close, even same COF. 

 

 

Number of cycles 
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3.1.1.2 Tests at different velocities 

 The load transfer specimens are tested at variable test frequencies of 5, 10 and 20Hz. But 

as per the limitations of the tribometer, it can run at a maximum frequency of only 10Hz. 

Furthermore, in an attempt to run tests on the specimen at higher speeds, the tribometer seems to 

be very unstable at frequencies beyond 2Hz. Therefore, tests are run at 0.5Hz, 1Hz and 2Hz, 

which correspond to maximum linear speed of 0.31, 0.63 and 1.26 cm/s respectively, to see the 

effects of variable speed on COF.   

 

Figure 41. Average COF of Aluminum ball on Aluminum clad at 0.5Hz, 1Hz and 2Hz test 
frequency for 10000 cycles 

Due to the inability of the tribometer to suppress noise, at lower speeds, we have used the 

savitzky-golay smoothening at window of 40 data points at a time and 2 passes. Figure 41 is a 

Number of cycles 
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representation of average COF of aluminum ball on aluminum clad at 1N normal load in a span 

of 10000 cycles at frequencies of 0.5Hz, 1Hz and 2Hz. The data thus obtained is not very clear, 

except for the fact that the data seems to be overlapping beyond 100 cycles. Thus, in order to 

view the data more clearly, we shall now look closer into the data from 7000 to 9000 cycles as 

shown in figure 42. 

 

Figure 42. Average COF of Aluminum ball on Aluminum clad at 0.5Hz, 1Hz and 2Hz test 
frequency from 7000 to 9000 cycles 

 Here it can be observed that the average COF seem to cross each other multiple times 

showing that the COF is independent of the sliding velocities once the top layer of pure 

aluminum has been penetrated. In order to review the effects of variable velocities on bare 

aluminum, tests are run on 2024-T3 bare aluminum and are further discussed below. 

Number of cycles 
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Figure 43. Average COF of Aluminum ball on bare Aluminum at 0.5Hz, 1Hz and 2Hz test 
frequency for 10000 cycles 

 

 As it can be seen in figure 43, the initial COF seem to differ due to variable sliding 

velocities, i.e., as the test progresses from static to dynamic friction test, the data will differ. But, 

once a peak is reached, the COF for variable velocities tend to overlap. Figure 44 is a clearer 

representation of this data from 7000 to 9000 cycles. 

Number of cycles 
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Figure 44. Average COF of Aluminum ball on bare Aluminum at 0.5Hz, 1Hz and 2Hz test 
frequency from 7000 to 9000 cycles 

 Here it can be seen that the average COF overlap each other, thus stating the fact that at 

these velocities the COF is independent of the sliding velocity. Therefore, as per the current 

constraints, the coulombs law [Popov,2010] has been held true, yet still due to the restrictions of 

the tribometer, the range is yet to be revealed beyond 2Hz of reciprocating sliding frequencies. 

 

 

 

Number of cycles 



53 
 

3.1.2 Static COF 

 The static COF are obtained for a range of loads using the static COF assembly as 

discussed earlier in section 2.3.2. Since a number of tests are done to obtain the static COF on 

both clad and bare aluminum, a summary graph can be made for the various trials at each load. 

Figure 45 is a graphical representation of the static COF comparison of bare aluminum and 

aluminum clad using a quarter inch diameter 2024-T3 aluminum ball as indenter. 

 

Figure 45. Aluminum clad vs bare Aluminum static COF using aluminum ball as indenter 
 

 From figure 45, we clearly see that the static COF (µs) decreases with the increment in 

normal load. We know that, friction depends on the surface properties [Green, 1955], especially 

roughness in this case. The initial point of contact is only at the tip of asperities that provide a 

rough surface and even interlocking between the asperities. With the increment in normal load, 

Normal load (N) 
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those asperities undergo plastic deformation, thus decreasing the surface roughness. As a result, 

the static COF decrease with increment in normal load as the surface gets smoother. 

 Also, the aluminum clad is covered by a thin layer of pure aluminum. This pure 

aluminum has less strength than that of aluminum alloy that it shields. Thus upon contact with 

the ball (indenter), the creep is higher in case of aluminum clad [Ben-David, 2011]. As a result, 

the static COF is higher in case of aluminum clad as seen in figure 45. Furthermore, with the 

increase in normal load it seems that the static COF for aluminum clad comes closer to that of 

bare aluminum. The reason being that the layer of pure aluminum is very thin; as a result, at high 

loads the deformation of the pure aluminum takes place which is then thus supported by the 

aluminum alloy underneath. Therefore the higher the load, the creep is more dependent on the 

aluminum alloy resulting into the dependence of creep on clad layer to be insignificant. 

 

3.1.3 Surface Profiles 

3.1.3.1 Surface Roughness Profile 

 The roughness of various tested sample are measured using a surface roughness tester. 

Here we observe that the surface roughness (Ra) increases till certain number of cycles and then 

decreases. Figure 46 is a representation of the surface roughness of clad and bare aluminum 

samples with aluminum balls at 1N normal load.  
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Figure 46. Roughness measurements of tested bare aluminum and aluminum clad samples 

using aluminum balls at normal load of 1N 
 

 This is a clear representation stating the fact that with the increase in the number of 

cycles, the sample starts to get rougher and then at some point, the particles and debris on the 

surface break into finer particles and thus resulting into a smoother surface. If we look closer into 

it, from the figures in appendix E, we shall find out that with the increase in normal load, the 

breaking point, where slope of roughness changes, shifts more towards lower cycles.  

 From the above figure, it can be concluded that the pure layer of aluminum creates more 

debris on the surface and thus making the surface rougher than that of bare aluminum. The 

breaking point in the case of bare aluminum occurs earlier than aluminum clad. Furthermore, 

with the increase in the number of cycles, the roughness values of aluminum clad and bare 

aluminum get closer to each other. Figures in appendix E show that with the increase in loads, in 

the later stages of the test, both clad and bare aluminum samples have very close, almost 
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identical roughness. Therefore, at high cycles, the pure aluminum layer hardly seems to make 

any difference in terms of surface roughness.  

If we look into the Ra and COF, we see that after around 1000 cycles, both Ra and COF 

decrease and tend to stay at a stable value. Thus we can conclude from these tests that COF and 

surface roughness (Ra) are dependent of each other after the initial breakdown of the asperities 

into finer particles or until they are embedded on to the surface (wear track). Furthermore, we 

also see that the breaking point and penetration region, which have the highest values for Ra and 

COF respectively, differ in location. The reason being that, when roughness tests are performed 

on the tested samples, the wear track is cleaned with acetone and thus any debris that is not 

bonded or weakly bonded with the wear track is lost. As a result the readings from the roughness 

tester do not include the surface profile due to the debris. 

These roughness tests are performed on the samples that undergo lap tests under the 

tribometer at 1,10,100,1000,2000,3000,5000 and 10000 cycles. As a result we do not have the 

data for samples in between the given load cycles. Thus, the Ra values that we obtain for those 

cycles indicate that, the breaking point and stable region might not be as accurate, yet still 

possibilities of having those locations at close proximity are present. 

3.1.3.2 Surface Contour profile 

 The surface roughness tester is run across the wear track to measure the contour of the 

cross section. With the help of the contour we thus obtain the parameters like wear track width, 

depth, material volume lost, cumulative wear rate and maximum apparent Hertzian stress.  
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Figure 47. Wear track width of aluminum clad and bare samples with aluminum balls as 
friction partner for 1N normal load 

Figure 47 is a representation of the wear track width of the clad and bare aluminum 

samples tested on the tribometer with aluminum balls at 1N normal load.  We can thus conclude 

that with the increase in the number of cycles, the wear track width increases.  

Number of cycles 
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Figure 48. Wear track depth of aluminum clad and bare samples with aluminum balls as 
friction partner for 1N normal load 

 

As seen in figure 47, the depth follows the same pattern as that of the width. Also, at the 

latter stages of the tests, after 1000 cycles, we see that the slope of depth decreases. This is a 

result of the debris created due to friction being unable to escape the wear track and thus being 

embedded on the wear track. In case of visualization of the wear track of aluminum samples, we 

cannot see the change in the intensity of the wear track distinctly at low normal loads, but for 

higher loads after 1000 cycle in appendix A and B, the wear track starts to get darker unlike it 

being silver in the cycles less than 1000. This therefore explains the reason for the decrease in 

slope for these surface properties.  

Since material volume lost is a function of wear track width and depth, the material lost 

also follows the same pattern as of the width and depth, which can be seen in figure 49.  

Number of cycles 
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Figure 49. Material volume lost for aluminum clad and bare samples with aluminum balls as 
friction partner for 1N normal load 

 

Figure 50 is a graphical representation of the wear rate as per the number of cycles on 

clad and bare aluminum samples with aluminum balls as the friction partner for a normal load of 

1N. We observe that the cumulative wear rate per cycle for aluminum clads tends to decrease 

inconsistently with the increase in the number of cycles, especially after first hundred cycles 

proximity. Thus, meaning that after the top layer of pure aluminum has been penetrated; the ball 

is running on the bare aluminum which is harder than the pure aluminum which in turn, thus 

slows down the wear rate. Also, the work hardening in the later stages of the test can be held 

responsible for the decrease in wear rate. The wear rate thus seems to have ceased around the 

stability region. This therefore suggests the decrement in the stress concentration factor as the 

wear rate ceases. 

 

Number of cycles 
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The maximum apparent Hertzian stress is determined from the measurement of 

plastically deformed cross-section of the wear track. Figure 51 is a graphical representation of 

the maximum apparent Hertzian stress for clad and bare aluminum samples with aluminum balls 

as friction partners for a normal load of 1N. From the graph we can concur that the apparent 

Hertzian stress decreases with the increase in the test duration as the area of contact (wear track 

width and depth) increases due to plastic deformation.  

 

Figure 50. Wear rate for aluminum clad and bare samples with aluminum balls as friction 
partner for 1N normal load 

Number of cycles 
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Figure 51. Maximum Apparent Hertzian stress for aluminum clad and bare samples with 
aluminum balls as friction partner for 1N normal load 

  Therefore, from the figures above, it can be concluded that with the increase in normal 

load, the wear track width, volume lost and wear track depth increases with the increase in the 

number of cycles. Furthermore, from the tests performed on bare aluminum samples, we see the 

differences made by pure aluminum layer. It can be thus be conferred from the graphs that 

aluminum clad loses more material than bare aluminum and  thus has a larger wear track depth 

and wear  track width and henceforth concluding to have lower apparent Hertzian stress and 

higher cumulative wear rate. 

3.2 Load Transfer Specimen 

As discussed earlier, we shall examine the surface parameters for MLT, ILT and LLT 

specimens. The fasteners located at the center of each specimens assembly clamps the two 

Number of cycles 
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surfaces. Therefore, load is transferred as a result of friction created due to clamping and also 

due to fastener. We shall now discuss about each type of load transfer specimen test results. 

3.2.1 MLT specimens 

 MLT specimens are one and half dog-bone specimen clamped together using a Hilok-18 

fastener and a Hilok-70 collar. Figure 52 is a detailed engineering drawing of a MLT specimen.  

 

Figure 52. Detail engineering drawing of a MLT specimen [Keshavanarayana, 2010] 

The applied load is transferred due to the fasteners and friction. The transferred load is 

approximately 50% of the applied load [Keshavanarayana, 2010]. We shall now discuss the 

results of singles stroke friction tests and roughness test on MLT specimens. 

 3.2.1.1 Single stroke friction test 

 MLT specimens underwent single stroke friction tests at five different locations at a 

normal load of 5N using quarter inch diameter 2024-T3 aluminum grade 200 balls as discussed 

earlier in section 2.3.1.1. Figure 53 is a representation of the terminal COF for the MLT 

specimen tested under a cyclic loading with a maximum stress of 32 ksi and average stress of 12 

ksi. 

*All units in inches 
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 From the figure above, it can be concluded that the COF is higher at fretted regions 

where the wear particles accumulate. This fretting region corresponds to a maximum COF of 

around 0.7. Furthermore, the area of fretted region pertaining to accumulation of debris is higher 

as we get closer to the hole and almost no fretting close to the edge of the specimen. This is a 

result of the Hiloks having small flush area with the specimen. Therefore, the stress decreases 

with the increase in the radial distance from the hole-center.  

 
Figure 53. Terminal COF for AFS120-P3-MLT-HL-Kt3-W075-D1610R-3212-F-04 

[K.S.Raju, FAA Report, 2014] 
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 In order to view the test results more concisely, the maximum COF within a range of       

-2mm to +2mm is obtained for the wear track closest to the hole and plotted against the number 

of cycles (cycles at failure) for every average stress range. Figure 54 is such a representation for 

MLT specimen that underwent fatigue loadings at average stresses of 3, 6 and 12 ksi. From the 

figure we can conclude that, with the increase in test duration, the COF increases slightly at 

lower load cycles and then decreases. It basically follows the pattern similar to the multiple lap 

tests that we have run on the tribometer.  

 

 

As seen in figure 55, maximum COF for the MLT specimen are plotted as per their 

maximum fatigue stress. The COF increases with the increment in maximum fatigue stress. But 

Figure 54. Maximum terminal COF for MLT specimens for an average stress of 3, 6 and 12 ksi 
around hole center as per their fatigue cycle 
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at maximum values, the COF shows decrement. This is due to the increment in clearance for the 

debris to escape the test location between the faying surfaces at high negative stress ratios. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 55.Maximum terminal COF for MLT specimens for an average stress of 3, 6 and 12 ksi 
around hole center as per their maximum fatigue stress 

 

 

3.2.1.2 Roughness tests 

 The roughness of the load transfer specimens are measured using a roughness tester as 

mentioned in section 2.2.2. The roughness profile obtained on MLT specimens are plotted as per 

the test location with respect to the center of the hole. Appendix M consists of all the roughness 

profile graphs for all the roughness tests on the MLT specimens. Furthermore, in order to view 

the test results more concisely, the average roughness values (Ra) obtained for each average 

stress were plotted against the number of cycles (cycles till failure).  
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Figure 56 is a representation of the roughness values for the MLT specimen that 

underwent fatigue loading at average stresses of 3, 6 and 12 ksi. It can be concluded that with the 

increase in the number of cycles, the roughness decreases following the same pattern as that of 

the COF.  

3.2.2 ILT specimens 

 ILT specimens have similar geometry as that of the MLT specimen except for the width 

of the transfer part, which is 0.5” wide. Figure 57 is a detailed engineering drawing of an ILT 

specimen. The load is transferred due to the fasteners and friction due to clamping and this 

transferred load is approximately 30% of the applied load [Keshavanarayana, 2010]. We shall 

now discuss the results of single stroke friction tests and roughness test on ILT specimens. 

Figure 56. Terminal Ra for MLT specimens for an average stress of 3, 6 and 12 ksi as per their 
fatigue cycle 
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Figure 57. Detail engineering drawing of an ILT specimen [Keshavanarayana, 2010] 

  

3.2.2.1 Single stroke friction test 

 ILT specimens also underwent single stroke friction tests at a normal load of 5N using 

quarter inch diameter 2024-T3 aluminum grade 200 balls, but only at two different locations due 

to its small width.  Figure 58 is an illustration of the terminal COF for the tested ILT specimen 

which underwent cyclic loading at a maximum stress of 15 ksi and average stress of 3 ksi. 

*All units in inches 
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Figure 58. Profile of terminal COF for AFS120-P3-ILT-HL-Kt3-W075-D1610R-153-F-06 
[K.S.Raju, FAA Report, 2014] 

  

 From the figure above, it can be concluded that the COF is higher at fretted regions 

pertaining to the accumulation of wear particles. Also, we see that there are two types of the 

fretted region. Near the hole we see silver region and in the proximity, we see a darker region. 

From the tests that we have done on the aluminum clad samples, we can thus define the silver 

region as the region that loses material, whereas the dark region is where it accumulates and thus 

a tribolayer is formed and adhered onto the surface. The black region near the hole corresponds 

to a maximum COF of around 1.0 whereas the silver region corresponds to 0.25. Furthermore, 

the area of fretted region is higher as we get closer to the hole and almost no fretting close to the 
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edge of the specimen. Therefore, the stress decreases with the increase in the radial distance from 

the hole-center.  

 

    

Similar to MLT tests, in order to view the test results more concisely, the maximum COF 

within a range of -2mm to +2mm is obtained for the wear track closest to the hole and plotted 

against the number of cycles (cycles at failure) for every average stress range. Figure 59 is such a 

representation for an average stress of 3, 6 and 12 ksi for ILT specimens. From the figure we can 

conclude that at low average stress, with the increase in the terminal load cycles, the COF 

decreases.  But with the increment in average stress, regions pertaining to the accumulation of 

the debris undergo adhesion and thus when taken apart upon failure, surface profile is disturbed 

resulting into a rougher region and thus gives a higher COF. 

Figure 59. Maximum terminal COF for ILT specimens for an average stress of 3, 6 and 12 ksi 
around hole center as per their fatigue cycle 
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As seen in figure 60, maximum COF for the ILT specimen are plotted as per their 

maximum fatigue stress. The COF increases with the increment in maximum fatigue stress. But 

at higher values, the COF shows decrement. This is due to the increment in clearance for the 

debris to escape the test location between the faying surfaces at high negative stress ratios. 

 

3.2.2.2 Roughness tests 

 The roughness profile obtained on ILT specimens are plotted as per the test location with 

respect to the center of the hole. Appendix N consists of all the roughness profile graphs for all 

the roughness tests performed on the ILT specimens. Furthermore, in order to view the test 

results more concisely, the average roughness values (Ra) obtained for each average stress were 

plotted against the cycles till failure. 

Figure 60.Maximum terminal COF for ILT specimens for an average stress of 3, 6 and 12 ksi 
around hole center as per their maximum fatigue stress 
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Figure 61 is a representation of the average roughness values for the ILT specimen for an 

average stress of 3, 6 and 12 ksi. It can be concluded that with the increase in the number of 

cycles, the roughness initially rises and then decreases at low average stresses, for most cases 

following the same pattern as that of the COF.  

In addition, we see that with the increment in average stress, at higher terminal load 

cycles, the COF and Ra increases significantly. When we look into the specimen, as from 

appendix K, we see that the fretted region yields a very high COF. Also, the roughness 

measurements (Ra) are obtained to be very high. This suggests that, the debris created are unable 

to escape the test region and thus are accumulated on either side of the hole (longitudinally) and 

embedded onto the surface. Furthermore, upon application of high longitudinal stress, and in 

cases where the stress ratio (R) is greater than zero, there is high clamping due to the rotation of 

the Hilok. Absence of compression and consistent clamping force thus induces friction welding. 

Figure 61. Terminal Ra for ILT specimens for an average stress of 3, 6 and 12 ksi as per their 
fatigue cycle 
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As a result, upon failure, when the two faying surfaces are taken apart, the surface profile is 

disturbed creating a rougher surface. This therefore leads to a higher COF and Ra readings.  

3.2.3 LLT specimens 

 LLT specimens consist of two asymmetric dog-bone specimen clamped together in 

reverse direction using a Hilok fastener and a collar. Figure 62 is a detailed engineering drawing 

of a LLT specimen. Unlike other transfer specimens, due to the continuity of the specimen, load 

transferred due to the fasteners is very low (6%) [Lee, 1986] as compared to the other specimens. 

We shall now discuss the results of singles stroke friction tests and roughness test on LLT 

specimens. 

 

Figure 62. Detail engineering drawing of a LLT specimen [Keshavanarayana, 2010] 

 

 3.2.3.1 Single stroke friction test 

 LLT specimens also underwent single stroke friction tests at five different locations at a 

normal load of 5N using quarter inch diameter 2024-T3 aluminum grade 200 balls. Figure 63 is a 

representation of the terminal COF on the tested LLT specimen that was tested under a cyclic 

loading with a maximum stress of 13 ksi and average stress of 3 ksi. 

*All units in inches 
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Figure 63. Profile of terminal COF for AFS120-P3-LLT-HL-Kt3-W075-D1610R-133-F-03 
[K.S.Raju, FAA Report, 2014] 

  

 From figure 63, it can be concluded that the COF is higher at darker fretted 

regions than silver regions. The fretting region corresponds to a max COF of around 1.2. 

Furthermore, the area of fretted region is higher as we get closer to the hole and almost no 

fretting close to the edge of the specimen. Therefore, the stress decreases with the increase in the 

radial distance from the hole-center.  
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 In order to view the test results more concisely, the maximum COF within a range of -

2mm to +2mm is obtained for the wear track closest to the hole and plotted against the cycles at 

failure for every average stress range. Figure 64 is such a representation for average stresses of 3, 

6 and 12 ksi for LLT specimens. From the figure we can conclude that at low average stress, 

with the increase in the maximum stress, the COF decreases.  Furthermore at high average stress 

and positive stress ratio, specimens that had high fatigue life show higher average COF. This 

thus suggests adhesion (friction welding) similar to ILT specimen. 

 

 Also, it is seen that the COF is always higher for LLT specimens than that for MLT or 

ILT specimens. In LLT specimens very low loads are being transferred through the fasteners as 

both asymmetric dog-bones are continuous and thus transfer very less loads. Thus, the 

longitudinal displacement is very low allowing contact stress to be more consistent as compared 

to the other load transfer specimen. Therefore, fretting occurs and higher COF arises. 

Figure 64. Maximum terminal COF for LLT specimens for an average stress of 3, 6 and 12 
ksi around hole center as per their fatigue cycle 
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Figure 65.Maximum terminal COF for LLT specimens for an average stress of 3, 6 and 12 ksi 
around hole center as per their maximum stress 

 

As seen in figure 65, maximum COF for the LLT specimen are plotted as per their 

maximum fatigue stress. The COF increases with the increment in maximum fatigue stress. Due 

to its geometry, even at high negative stress ratio (R), the clearance is very less, thus maximum 

COF shows very slight fluctuation. 

 

 

3.2.3.2 Roughness tests 

 The roughness profile obtained on LLT specimens are plotted as per the test location with 

respect to the center of the hole similar to other load transfer specimen. Furthermore, in order to 

view the test results more concisely, the average roughness values (Ra) obtained for each average 

stress were plotted against the failure cycles.  
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Figure 66 is a representation of the average roughness values (Ra) for the LLT specimen 

for average stresses of 3, 6 and 12 ksi. It can be concluded that with the increase in the number of 

cycles, the roughness initially decreases and increases, thus following the same pattern as that of 

the COF. In addition to that, at high average stress too, the roughness Ra seems to be very high 

for longer cycles.  

 

 

 

 

 

 

 

Figure 66. Terminal Ra for LLT specimens for an average stress of 3, 6 and 12 ksi as per their 
fatigue cycle 
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CHAPTER 4 

CONCLUSIONS AND RECOMMENDATIONS 

4.1 Conclusion 

 Friction tests (lap tests) are performed on 2024-T3 clad aluminum samples using 2024-T3 

bare aluminum balls at a range of different loads (1N, 2N, 4N and 8N) in order to obtain the 

evolution of COF as per the load and test duration between two aluminum clad surfaces. As clad 

aluminum balls are not available in market, test performed using a bare aluminum ball can be 

said to provide approximate COF as that of two clad surfaces. Single stroke tests were performed 

on the load transfer specimen using 2024-T3 bare aluminum ball at a normal load of 5N. 

Roughness tests were performed on the tested aluminum samples and load transfer specimen. 

Wear tests were also performed using the roughness tester on the tested clad samples so as to 

obtain the surface parameters such as wear rate and maximum apparent Hertzian stress. The tests 

that were performed on clad aluminum samples were also performed on 2024-T3 bare aluminum 

samples so as to understand the variation caused due to lack of a pure aluminum layer. 

Lap tests performed on aluminum clad samples using a quarter inch diameter 2024-T3 

bare aluminum ball showed that for a normal load in a range of 1 to 8 N (i.e., maximum Hertzian 

stress in the range from 0.31 GPa to 0.62 GPa) the COF varied from 0.5 to 0.7 after the first 1000 

cycles (stability region), whereas the COF varied in between 0.5 to 0.6 for bare aluminum 

samples. In the initial stages, ploughing occurs in the wear track along with some embedment of 

the debris that do not get ploughed away. As the test proceeds further, the asperities break down 

into finer particles resulting into a smoother surface. Also in the same instant, the wear track gets 

wider and deeper and creates a barrier around the wear track due to ploughing. This wear track in 
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turn disables the debris from escaping the wear track. As a result, additional ploughed material 

(debris) gets embedded on the wear track. This therefore results into increment of COF and Ra 

beyond the stability region. Given that the tribolayer created in case of clad aluminum sample 

consists of some pure aluminum, it is irregular in hardness rather than the tribolayer created in 

case of bare aluminum sample. Thus, at low loads the clad aluminum show high COF and 

decrease with the increment in normal load. Furthermore, from the visual inspection of the wear 

track, we conclude that, bright wear track corresponds to the loss of aluminum and thus dark 

wear track corresponds to the embedment of foreign material on to the wear track (surface). In 

other words, amount of material that gets embedded on the wear track increases with the 

increment in the darkness intensity of the wear track. 

 In case of static COF friction test, we see that µs decreases with the increment in normal 

load as higher load causes plastic deformation of asperities and thus decreases the surface 

roughness. Furthermore, clad aluminum samples show higher µs than bare aluminum as the clad 

aluminum induces higher creep. The dependence of µs on clad layer is insignificant (decreases) 

with the increment in normal load, thus at high normal loads µs for both clad and bare aluminum 

appear in close proximity. 

As the tests on the load transfer specimen were performed at high frequency (5,10,20Hz), 

tests were also done at variable test frequencies on the tribometer in order to obtain the 

difference in COF with the change in speed. Due to the instability of the tribometer at high test 

frequency beyond 2Hz, tests were conducted at 0.5Hz, 1Hz and 2Hz. The results obtained from 

the tribometer indicated that COF is independent of the test frequencies up to 2Hz. 
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 Roughness and COF are interrelated terms. As it was seen that the untested as-received 

sample had some roughness, friction initiated at the tip of the asperities and thus as the friction 

tests proceeded, adhesion and ploughing followed. The roughness (Ra) showed similar behavior 

as that of the COF, especially in the latter cycles around and beyond the stability region. The 

location of the peak values for COF and Ra differed as the surface conditions were altered by 

mildly cleaning the wear track. 

The wear track parameters like material volume lost, wear rate and maximum apparent 

Hertzian stress were calculated from the wear track cross section (width and depth) that was 

measured with the help of the Mitutoyo roughness tester. The width and depth of wear track 

increased with the increment in load cycles and showed consistency with slight fluctuation in 

slope around and beyond the stability region. The wear rate also fluctuated around the stability 

region and even went to values very close to zero for higher loads. These results suggested that, 

the amount of debris created upon friction were embedded onto the wear track. Furthermore, 

since the wear rate was almost seen negligible (close to zero) around and the stability region, 

equilibrium surface conditions are attained, suggesting the stress concentration to be at its 

minimum. 

In the load transfer specimen, during a fatigue test, the clamping pressure decreases with 

the increase in distance from the hole-center as observed from the amount of the debris collected 

in that region. Depending on the behavior of the longitudinal stress (especially stress ratio (R)) 

acting on the load transfer specimen, the debris created due to the friction either gets trapped in 

between the faying surfaces or escapes its intrinsic location.  
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In a fatigue loading, the pure aluminum layer is delaminated and thus a tribolayer is 

formed by accumulation of debris, which shows high COF. In case of both loss and 

accumulation of the debris, the faying surfaces get smoother with the increment in the load 

cycles.  

In case of the load transfer specimen, the maximum COF around the hole decreases with 

the increment in load cycles, as seen in the lap tests performed on the tribometer. But, rise in the 

COF and roughness are seen when tests are performed on faying surface that were adhered to the 

other surface in form of friction welding. This form of adhesion creates a rougher surface as the 

surface roughness is disturbed at separation of the two bonded (welded) faying surfaces. 

Furthermore, specimen geometry also plays a major role in the COF and roughness readings as 

the amount of debris that escape its intrinsic location varies as per the type of specimen. 

The normal loads from 1 to 8N correspond to the maximum Hertzian stress in the range 

from 0.31 to 0.62 GPa. The COF and wear rate evolution from 1 to 10000 cycles that we have 

obtained from the tribometer lap tests using a 2024-T3 bare aluminum ball on 2024-T3 clad 

aluminum samples can therefore be used in the deduction of fatigue life (affected by load 

transfer level, stress concentration and fastener rotation) by matching the maximum clamping 

pressure exerted at certain points on the faying surfaces of the load transfer specimen with the 

maximum Hertzian stress that is exerted by the given normal load range.  

4.2 Recommendation 

Even though the COF evolution can be used in the deduction of fatigue lives of the load 

transfer specimen, the tests so far performed on the tribometer were not perfect. For further 

research on this topic I would recommend the following adjustments. 
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1. The pressure exerted in between the faying surfaces should be investigated so that 

similar cyclic normal loading be applied on the samples during a lap test. 

2. The sample should undergo longitudinal stress (tension and compression) similar to 

the actual load transfer specimen as the lap test samples only underwent clamping 

pressure due to the sample holder. 

3. The tests should be done at variable amplitude (possibly less) and higher diameter 

ball so as to obtain COF evolution surfaces that have less ploughed away region 

(where debris accumulate).  

4. Vacuum should be introduced at the interval of every half cycle so as to obtain COF 

for debris-free surface conditions 
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APPENDIX A 

Posttest surface pictures of 2024-T3 clad aluminum samples with 2024-T3 bare aluminum 

balls as friction partners 

 

   
Al-Al clad-1N-1cyc-1 Al-Al clad-1N-1cyc-2 Al-Al clad-1N-1cyc-3 

   
Al-Al clad-1N-10cyc-1 Al-Al clad-1N-10cyc-2 Al-Al clad-1N-10cyc-3 

   
Al-Al clad-1N-100cyc-1 Al-Al clad-1N-100cyc-2 Al-Al clad-1N-100cyc-3 

   
Al-Al clad-1N-1000cyc Al-Al clad-1N-2000cyc Al-Al clad-1N-3000cyc 

  
 

 

Al-Al clad-1N-5000cyc Al-Al clad-1N-10000cyc 
 

 

Figure 67. Posttest surface pictures for aluminum clad samples with aluminum balls at 1N 
normal load  
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Al-Al clad-2N-1cyc-1 Al-Al clad-2N-1cyc-2 Al-Al clad-2N-1cyc-3 

   
Al-Al clad-2N-10cyc-1 Al-Al clad-2N-10cyc-2 Al-Al clad-2N-10cyc-3 

   
Al-Al clad-2N-100cyc-1 Al-Al clad-2N-100cyc-2 Al-Al clad-2N-100cyc-3 

   
Al-Al clad-2N-1000cyc Al-Al clad-2N-2000cyc Al-Al clad-2N-3000cyc 

 

  

Al-Al clad-2N-5000cyc Al-Al clad-2N-10000cyc 
 

 

Figure 68. Posttest surface pictures for aluminum clad samples with aluminum balls at 2N 
normal load 
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Al-Al clad-4N-1cyc-1 Al-Al clad-4N-1cyc-2 Al-Al clad-4N-1cyc-3 

   
Al-Al clad-4N-10cyc-1 Al-Al clad-4N-10cyc-2 Al-Al clad-4N-10cyc-3 

   
Al-Al clad-4N-100cyc-1 Al-Al clad-4N-100cyc-2 Al-Al clad-4N-100cyc-3 

  

 

Al-Al clad-4N-1000cyc Al-Al clad-4N-2000cyc Al-Al clad-4N-3000cyc 

 

 
 

 

Al-Al clad-4N-5000cyc Al-Al clad-4N-10000cyc 
 

 

Figure 69. Posttest surface pictures for aluminum clad samples with aluminum balls at 4N 
normal load 
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Al-Al clad-8N-1cyc-1 Al-Al clad-8N-1cyc-2 Al-Al clad-8N-1cyc-3 

   
Al-Al clad-8N-10cyc-1 Al-Al clad-8N-10cyc-2 Al-Al clad-8N-10cyc-3 

   
Al-Al clad-8N-100cyc-1 Al-Al clad-8N-100cyc-2 Al-Al clad-8N-100cyc-3 

   
Al-Al clad-8N-1000cyc Al-Al clad-8N-2000cyc Al-Al clad-8N-3000cyc 

  
 

 

Al-Al clad-8N-5000cyc Al-Al clad-8N-10000cyc 
 

 

Figure 70. Posttest surface pictures for aluminum clad samples with aluminum balls at 8N 
normal load 
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APPENDIX B 

Posttest surface pictures of 2024-T3 bare aluminum samples with 2024-T3 bare aluminum 

balls as friction partners 

 

   
Al-Al bare-1N-1cyc-1 Al-Al bare-1N-1cyc-2 Al-Al bare-1N-1cyc-3 

   
Al-Al bare-1N-10cyc-1 Al-Al bare-1N-10cyc-2 Al-Al bare-1N-10cyc-3 

   
Al-Al bare-1N-100cyc-1 Al-Al bare-1N-100cyc-2 Al-Al bare-1N-100cyc-3 

 

 

 
Al-Al bare-1N-1000cyc Al-Al bare-1N-2000cyc Al-Al bare-1N-3000cyc 

 

  

Al-Al bare-1N-5000cyc Al-Al bare-1N-10000cyc 
 

 

Figure 71. Posttest surface pictures for bare aluminum samples with aluminum balls at 1N 
normal load 
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Al-Al bare-2N-1cyc-1 Al-Al bare-2N-1cyc-2 Al-Al bare-2N-1cyc-3 

   
Al-Al bare-2N-10cyc-1 Al-Al bare-2N-10cyc-2 Al-Al bare-2N-10cyc-3 

   
Al-Al bare-2N-100cyc-1 Al-Al bare-2N-100cyc-2 Al-Al bare-2N-100cyc-3 

  

 

Al-Al bare-2N-1000cyc Al-Al bare-2N-2000cyc Al-Al bare-2N-3000cyc 

  
 

 

Al-Al bare-2N-5000cyc Al-Al bare-2N-10000cyc 
 

 

Figure 72. Posttest surface pictures for bare aluminum samples with aluminum balls at 2N 
normal load 
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Al-Al bare-4N-1cyc-1 Al-Al bare-4N-1cyc-2 Al-Al bare-4N-1cyc-3 

   
Al-Al bare-4N-10cyc-1 Al-Al bare-4N-10cyc-2 Al-Al bare-4N-10cyc-3 

   
Al-Al bare-4N-100cyc-1 Al-Al bare-4N-100cyc-2 Al-Al bare-4N-100cyc-3 

   
Al-Al bare-4N-1000cyc Al-Al bare-4N-2000cyc Al-Al bare-4N-3000cyc 

  
 

 

Al-Al bare-4N-5000cyc Al-Al bare-4N-10000cyc 
 

 

Figure 73. Posttest surface pictures for bare aluminum samples with aluminum balls at 4N 
normal load 
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Al-Al bare-8N-1cyc-1 Al-Al bare-8N-1cyc-2 Al-Al bare-8N-1cyc-3 

   
Al-Al bare-8N-10cyc-1 Al-Al bare-8N-10cyc-2 Al-Al bare-8N-10cyc-3 

   
Al-Al bare-8N-100cyc-1 Al-Al bare-8N-100cyc-2 Al-Al bare-8N-100cyc-3 

   
Al-Al bare-8N-1000cyc Al-Al bare-8N-2000cyc Al-Al bare-8N-3000cyc 

  
 

 

Al-Al bare-8N-5000cyc Al-Al bare-8N-10000cyc 
 

 

Figure 74. Posttest surface pictures for bare aluminum samples with aluminum balls at 8N 
normal load 



95 
 

APPENDIX C 

Illustration of COF for 2024-T3 bare aluminum balls on 2024-T3 bare and clad aluminum 

samples 

 

 

Figure 75. Illustration of average COF for 1 cycle and 1N normal load of aluminum balls on 
bare aluminum and clad aluminum samples 

 

 

 

Number of cycles 
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Figure 76. Illustration of average COF for 10 cycles and 1N normal load of aluminum balls on 
bare aluminum and clad aluminum samples 

 

 

 

 

Number of cycles 
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Figure 77. Illustration of average COF for 100 cycles and 1N normal load of aluminum balls 
on bare aluminum and clad aluminum samples 

 

 

 

Number of cycles 
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Figure 78. Illustration of average COF for 1000 cycles and 1N normal load of aluminum balls 
on bare aluminum and clad aluminum samples 

 

 

 
 

 

 

 

Number of cycles 
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Figure 79. Illustration of average COF for 2000 cycles and 1N normal load of aluminum balls 
on bare aluminum and clad aluminum samples 

 

 

 
 

 

 

Number of cycles 
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Figure 80. Illustration of average COF for 3000 cycles and 1N normal load of aluminum balls 
on bare aluminum and clad aluminum samples 

 

 

 
 

 

 

 

Number of cycles 
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Figure 81. Illustration of average COF for 5000 cycles and 1N normal load of aluminum balls 
on bare aluminum and clad aluminum samples 

 

 

 

 

 

 

Number of cycles 
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Figure 82. Illustration of average COF for 10000 cycles and 1N normal load of aluminum balls 
on bare aluminum and clad aluminum samples 

 

 

 
 

 

 

 

 

 

Number of cycles 
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Figure 83. Illustration of average COF for 1 cycle and 2N normal load of aluminum balls on 
bare aluminum and clad aluminum samples 

 

 

 

Number of cycles 
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Figure 84. Illustration of average COF for 10 cycles and 2N normal load of aluminum balls on 
bare aluminum and clad aluminum samples 

 

 

 
 

 

 

 

Number of cycles 
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Figure 85. Illustration of average COF for 100 cycles and 2N normal load of aluminum balls 
on bare aluminum and clad aluminum samples 

 

 

 
 

 

 

Number of cycles 
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Figure 86. Illustration of average COF for 1000 cycles and 2N normal load of aluminum balls 
on bare aluminum and clad aluminum samples 

 

 

 
 

 

 

 

Number of cycles 



107 
 

 

Figure 87. Illustration of average COF for 2000 cycles and 2N normal load of aluminum balls 
on bare aluminum and clad aluminum samples 

 

 

 
 

 

 

Number of cycles 
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Figure 88. Illustration of average COF for 3000 cycles and 2N normal load of aluminum balls 
on bare aluminum and clad aluminum samples 

 

 

 
 

 

 

 

Number of cycles 
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Figure 89. Illustration of average COF for 5000 cycles and 2N normal load of aluminum balls 
on bare aluminum and clad aluminum samples 

 

 

 
 

 

 

Number of cycles 
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Figure 90. Illustration of average COF for 10000 cycles and 2N normal load of aluminum balls 
on bare aluminum and clad aluminum samples 

 

 

 
 

 

 

 

 

 

Number of cycles 
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Figure 91. Illustration of average COF for 1 cycle and 4N normal load of aluminum balls on 
bare aluminum and clad aluminum samples 

 

 

 
 

 

 

Number of cycles 
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Figure 92. Illustration of average COF for 10 cycles and 4N normal load of aluminum balls on 
bare aluminum and clad aluminum samples 

 

 

 
 

 

 

 

Number of cycles 
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Figure 93. Illustration of average COF for 100 cycles and 4N normal load of aluminum balls on 
bare aluminum and clad aluminum samples 

 

 

 
 

 

 

Number of cycles 
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Figure 94. Illustration of average COF for 1000 cycles and 4N normal load of aluminum balls 
on bare aluminum and clad aluminum samples 

 

 

 
 

 

 
 

 

Number of cycles 
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Figure 95. Illustration of average COF for 2000 cycles and 4N normal load of aluminum balls 
on bare aluminum and clad aluminum samples 

 

 

 
 

 

 

Number of cycles 
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Figure 96. Illustration of average COF for 3000 cycles and 4N normal load of aluminum balls 
on bare aluminum and clad aluminum samples 

 

 

 
 

 

 

 

Number of cycles 
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Figure 97. Illustration of average COF for 5000 cycles and 4N normal load of aluminum balls 
on bare aluminum and clad aluminum samples 

 

 

 
 

 

 

 

 

Number of cycles 
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Figure 98. Illustration of average COF for 10000 cycles and 4N normal load of aluminum balls 
on bare aluminum and clad aluminum samples 

 

 

 
 

 

 

 

 

 

Number of cycles 
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Figure 99. Illustration of average COF for 1 cycle and 8N normal load of aluminum balls on 
bare aluminum and clad aluminum samples 

 

 

 
 

 

 

Number of cycles 
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Figure 100. Illustration of average COF for 10 cycles and 8N normal load of aluminum balls 
on bare aluminum and clad aluminum samples 

 

 

 
 

 

 

 

Number of cycles 
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Figure 101. Illustration of average COF for 100 cycles and 8N normal load of aluminum balls 
on bare aluminum and clad aluminum samples 

 

 

 
 

 

 

Number of cycles 
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Figure 102. Illustration of average COF for 1000 cycles and 8N normal load of aluminum balls 
on bare aluminum and clad aluminum samples 

 

 

 
 

 

 

 

Number of cycles 
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Figure 103. Illustration of average COF for 2000 cycles and 8N normal load of aluminum balls 
on bare aluminum and clad aluminum samples 

 

 

 
 

 

 

 

Number of cycles 
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Figure 104. Illustration of average COF for 3000 cycles and 8N normal load of aluminum balls 
on bare aluminum and clad aluminum samples 

 

 

 
 

 

 

Number of cycles 
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Figure 105. Illustration of average COF for 5000 cycles and 8N normal load of aluminum balls 
on bare aluminum and clad aluminum samples 

 

 

 
 

 

 

 

 

 

Number of cycles 
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Figure 106. Illustration of average COF for 10000 cycles and 8N normal load of aluminum balls 
on bare aluminum and clad aluminum samples 

 

 

 
 

 

 

 

 

 

Number of cycles 
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APPENDIX D 

Illustration of roughness profile of tested 2024-T3 clad and bare aluminum samples 

 

 

Figure 107. Roughness profile of the clad aluminum sample after friction tests for 1N to 8N 
normal load using an aluminum ball 
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Figure 108. Roughness profile of the bare aluminum sample after friction tests for 1N to 8N 
normal load using an aluminum ball 
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APPENDIX E 

Summary of tested 2024-T3 clad and bare aluminum samples roughness measurements 

(Ra) with aluminum balls as friction partner  

 

 
Figure 109. Roughness measurements of tested bare aluminum and clad aluminum samples 

using aluminum balls at normal load of 1N 
 

 
Figure 110. Roughness measurements of tested bare aluminum and clad aluminum samples 

using aluminum balls at normal load of 2N 
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Figure 111. Roughness measurements of tested bare aluminum and clad aluminum samples 
using aluminum balls at normal load of 4N 

 

 

Figure 112. Roughness measurements of tested bare aluminum and clad aluminum samples 
using aluminum balls at normal load of 8N 
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APPENDIX F 

Illustration of posttest cross section contour profile for 2024-T3 clad and bare aluminum 

samples 

 
Figure 113. Posttest cross section contour profile of clad aluminum samples tested with 

aluminum balls at 1N, 2N, 4N and 8N normal load 
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Figure 114. Posttest cross section contour profile of bare aluminum samples tested with 

aluminum balls at 1N, 2N, 4N and 8N  normal load 
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APPENDIX G 

Illustration of wear track parameters for tested 2024-T3 clad and bare aluminum samples 

with 2024-T3 bare aluminum balls as friction partner 

 

 

Figure 115. Wear track width of bare and clad aluminum samples with aluminum balls as 
friction partner for 1N normal load 

 

 

Figure 116. Wear track depth of bare and clad aluminum samples with aluminum balls as 
friction partner for 1N normal load 

 

Number of cycles 

Number of cycles 
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Figure 117. Illustration of material volume lost for bare and clad aluminum samples with 
aluminum balls as friction partner for 1N normal load 

 

 

Figure 118. Cumulative wear rate for bare and clad aluminum samples with aluminum balls as 
friction partner for 1N normal load 

 

Number of cycles 

Number of cycles 
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Figure 119. Apparent Hertzian stress for bare and clad aluminum samples with aluminum balls 
as friction partner for 1N normal load 

 

 

Figure 120. Wear track width of bare and clad aluminum samples with aluminum balls as 
friction partner for 2N normal load 

 

Number of cycles 

Number of cycles 
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Figure 121. Wear track depth of bare and clad aluminum samples with aluminum balls as 
friction partner for 2N normal load 

 

 

Figure 122. Illustration of material volume lost for bare and clad aluminum samples with 
aluminum balls as friction partner for 2N normal load 

 

Number of cycles 

Number of cycles 
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Figure 123. Cumulative wear rate for bare and clad aluminum samples with aluminum balls as 
friction partner for 2N normal load 

 

 

Figure 124. Apparent Hertzian stress for bare and clad aluminum samples with aluminum balls 
as friction partner for 2N normal load 

 

Number of cycles 

Number of cycles 
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Figure 125. Wear track width of bare and clad aluminum samples with aluminum balls as 
friction partner for 4N normal load 

 

 

Figure 126. Wear track depth of bare and clad aluminum samples with aluminum balls as 
friction partner for 4N normal load 

 

Number of cycles 

Number of cycles 
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Figure 127. Illustration of material volume lost for bare and clad aluminum samples with 
aluminum balls as friction partner for 4N normal load 

 

 

Figure 128. Cumulative wear rate for bare and clad aluminum samples with aluminum balls as 
friction partner for 4N normal load 

 

Number of cycles 

Number of cycles 
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Figure 129. Apparent Hertzian stress for bare and clad aluminum samples with aluminum balls 
as friction partner for 4N normal load 

 

 

Figure 130. Wear track width of bare and clad aluminum samples with aluminum balls as 
friction partner for 8N normal load 

 

Number of cycles 

Number of cycles 
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Figure 131. Wear track depth of bare and clad aluminum samples with aluminum balls as 
friction partner for 8N normal load 

 

 

Figure 132. Illustration of material volume lost for bare and clad aluminum samples with 
aluminum balls as friction partner for 8N normal load 

 

Number of cycles 

Number of cycles 
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Figure 133. Cumulative wear rate for bare and clad aluminum samples with aluminum balls as 
friction partner for 8N normal load 

 

  

Figure 134. Apparent Hertzian stress for bare and clad aluminum samples with aluminum balls 
as friction partner for 8N normal load 

 

Number of cycles 

Number of cycles 
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APPENDIX H 

Illustration of Static COF test results 

 

Figure 135. Load vs Extension for static COF tests on clad aluminum samples with aluminum 
balls 
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Figure 136. Load vs Extension for static COF tests on clad aluminum samples with aluminum 
balls 
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Figure 137. Load vs Extension for static COF tests on bare aluminum samples with aluminum 
balls 
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Figure 138. Load vs Extension for static COF tests on bare aluminum samples with aluminum 
balls 
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APPENDIX I 

Terminal COF profile for MLT specimens with 2024-T3 bare aluminum balls at 5N normal 

load 

 

 

Figure 139. Profile of terminal COF for AFS120-P3-MLT-HL-Kt3-W075-D1610R-103-F-01 
[K.S.Raju, FAA Report, 2014] 

Wear track number Distance from hole center y (mm)

1 6.9

2 6.0

3 5.0

4 4.0

5 2.8
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Figure 140. Profile of terminal COF for AFS120-P3-MLT-HL-Kt3-W075-D1610R-113-F-01 
[K.S.Raju, FAA Report, 2014] 
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Figure 141. Profile of terminal COF for AFS120-P3-MLT-HL-Kt3-W075-D1610R-153-F-02 
[K.S.Raju, FAA Report, 2014] 
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Figure 142. Profile of terminal COF for AFS120-P3-MLT-HL-Kt3-W075-D1610R-243-F-05 
[K.S.Raju, FAA Report, 2014] 
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Figure 143.  Profile of terminal COF for AFS120-P3-MLT-HL-Kt3-W075-D1610R-323-F-01 
[K.S.Raju, FAA Report, 2014] 
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Figure 144. Profile of terminal COF for AFS120-P3-MLT-HL-Kt3-W075-D1610R-116-F-06 
[K.S.Raju, FAA Report, 2014] 
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Figure 145. Profile of terminal COF for AFS120-P3-MLT-HL-Kt3-W075-D1610R-156-F-02 
[K.S.Raju, FAA Report, 2014] 
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Figure 146. Profile of terminal COF for AFS120-P3-MLT-HL-Kt3-W075-D1610R-246-F-02 
[K.S.Raju, FAA Report, 2014] 
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Figure 147. Profile of terminal COF for AFS120-P3-MLT-HL-Kt3-W075-D1610R-326-F-06 
[K.S.Raju, FAA Report, 2014] 

 

Wear track number Distance from hole center y (mm)

1 7.0

2 6.0

3 4.9

4 3.9

5 3.2
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Figure 148.  Profile of terminal COF for AFS120-P3-MLT-HL-Kt3-W075-D1610R-1612-F-02 
[K.S.Raju, FAA Report, 2014] 
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Figure 149. Profile of terminal COF for AFS120-P3-MLT-HL-Kt3-W075-D1610R-1712-F-02 
[K.S.Raju, FAA Report, 2014] 
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Figure 150. Profile of terminal COF for AFS120-P3-MLT-HL-Kt3-W075-D1610R-1812-F-01 
[K.S.Raju, FAA Report, 2014] 
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Figure 151. Profile of terminal COF for AFS120-P3-MLT-HL-Kt3-W075-D1610R-2412-F-06 
[K.S.Raju, FAA Report, 2014] 
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Figure 152. Profile of terminal COF for AFS120-P3-MLT-HL-Kt3-W075-D1610R-3212-F-04 
[K.S.Raju, FAA Report, 2014] 
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APPENDIX J 

Terminal COF profile for ILT specimens with 2024-T3 bare aluminum balls at 5N normal 

load 

 

 

Figure 153. Profile of terminal COF for AFS120-P3-ILT-HL-Kt3-W075-D1610R-113-F-06 
[K.S.Raju, FAA Report, 2014] 
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Figure 154. Profile of terminal COF for AFS120-P3-ILT-HL-Kt3-W075-D1610R-153-F-06 
[K.S.Raju, FAA Report, 2014]  
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Figure 155. Profile of terminal COF for AFS120-P3-ILT-HL-Kt3-W075-D1610R-243-F-06 
[K.S.Raju, FAA Report, 2014] 
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Figure 156. Profile of terminal COF for AFS120-P3-ILT-HL-Kt3-W075-D1610R-323-F-06 
[K.S.Raju, FAA Report, 2014] 
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Figure 157. Profile of terminal COF for AFS120-P3-ILT-HL-Kt3-W075-D1610R-116-F-06 
[K.S.Raju, FAA Report, 2014] 
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Figure 158. Profile of terminal COF for AFS120-P3-ILT-HL-Kt3-W075-D1610R-156-F-06 
[K.S.Raju, FAA Report, 2014] 
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Figure 159. Profile of terminal COF for AFS120-P3-ILT-HL-Kt3-W075-D1610R-246-F-06 
[K.S.Raju, FAA Report, 2014] 
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Figure 160. Profile of terminal COF for AFS120-P3-ILT-HL-Kt3-W075-D1610R-326-F-06 
[K.S.Raju, FAA Report, 2014] 
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Figure 161. Profile of terminal COF for AFS120-P3-ILT-HL-Kt3-W075-D1610R-2412-F-07 
[K.S.Raju, FAA Report, 2014] 
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Figure 162. Profile of terminal COF for AFS120-P3-ILT-HL-Kt3-W075-D1610R-3212-F-06 
[K.S.Raju, FAA Report, 2014] 
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Figure 163. Profile of terminal COF for AFS120-P3-ILT-HL-Kt3-W075-D1610R-3612-F-06 
[K.S.Raju, FAA Report, 2014] 
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APPENDIX K 

Terminal COF profile for LLT specimens with 2024-T3 bare aluminum balls at 5N normal 

load 

 

Figure 164. Profile of terminal COF for AFS120-P3-LLT-HL-Kt3-W075-D1610R-133-F-03 
[K.S.Raju, FAA Report, 2014] 
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Figure 165. Profile of terminal COF for AFS120-P3-LLT-HL-Kt3-W075-D1610R-153-F-01 
[K.S.Raju, FAA Report, 2014] 
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Figure 166. Profile of terminal COF for AFS120-P3-LLT-HL-Kt3-W075-D1610R-323-F-01 
[K.S.Raju, FAA Report, 2014] 
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Figure 167. Profile of terminal COF for AFS120-P3-LLT-HL-Kt3-W075-D1610R-136-F-03 
[K.S.Raju, FAA Report, 2014] 
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Figure 168. Profile of terminal COF for AFS120-P3-LLT-HL-Kt3-W075-D1610R-156-F-02 
[K.S.Raju, FAA Report, 2014] 
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Figure 169. Profile of terminal COF for AFS120-P3-LLT-HL-Kt3-W075-D1610R-246-F-01 
[K.S.Raju, FAA Report, 2014] 
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Figure 170. Profile of terminal COF for AFS120-P3-LLT-HL-Kt3-W075-D1610R-326-F-01 
[K.S.Raju, FAA Report, 2014] 
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Figure 171. Profile of terminal COF for AFS120-P3-LLT-HL-Kt3-W075-D1610R-1812-F-01 
[K.S.Raju, FAA Report, 2014] 
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Figure 172. Profile of terminal COF for AFS120-P3-LLT-HL-Kt3-W075-D1610R-2012-F-01 
[K.S.Raju, FAA Report, 2014] 
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Figure 173. Profile of terminal COF for AFS120-P3-LLT-HL-Kt3-W075-D1610R-2412-F-01 
[K.S.Raju, FAA Report, 2014] 
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Figure 174. Profile of terminal COF for AFS120-P3-LLT-HL-Kt3-W075-D1610R-3212-F-04 
[K.S.Raju, FAA Report, 2014] 
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APPENDIX L 

Roughness profile for MLT specimens 

 

 

Figure 175. Roughness profile for MLT specimens of average stress of 3 ksi 
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Figure 176. Roughness profile for MLT specimens of average stress of 6 ksi 
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Figure 177. Roughness profile for MLT specimens of average stress of 12 ksi 
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APPENDIX M 

Roughness profile for ILT specimens 

 

 

Figure 178. Roughness profile for ILT specimens of average stress of 3 ksi 
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Figure 179. Roughness profile for ILT specimens of average stress of 6 ksi 
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Figure 180. Roughness profile for ILT specimens of average stress of 12 ksi 
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APPENDIX N 

Roughness profile for LLT specimens 

 

 

Figure 181. Roughness profile for LLT specimens of average stress of 3 ksi 
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Figure 182. Roughness profile for LLT specimens of average stress of 6 ksi 
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Figure 183. Roughness profile for LLT specimens of average stress of 12 ksi 
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APPENDIX O 

Data tables for MLT, ILT and LLT specimen 

Table 2 
MLT specimen profile specification table 

 
 
 
 
 
 
 

Table 3 
ILT specimen profile specification table 
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Table 4 
LLT specimen profile specification table 

 
 


