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ABSTRACT

The frictional behavior of commercially produced electrogalvanized sheet steel with a 

nominal coating weight of 60 g/m2 per side was evaluated with a laboratory bending under 

tension test system. Friction data were obtained with sliding speeds between 0.423 mm/s (1 

in/min) and 42.3 mm/s (100 in/min) on rollers with diameters between 6.35 mm (0.25 in) and

50.8 mm (2.0 in) and were compared to similar results obtained on an uncoated section of the 

same commercial coil used to produce the coated product. The constant back force friction 

test method was used to generate multiple data pairs over the test range. Friction data were 

assumed to follow Amontons’ (Columbic) friction theory in which calculated friction 

coefficients are pressure independent. The data of any given set of test parameters resulted in 

linear plots of adjusted pulling force versus back force with an intercept of zero. The linear 

plots indicate that Columbic friction appears to be applicable. For both the coated sheet steel 

and the bare steel substrate, measured coefficients of friction are essentially independent of die 

radius and contact pressure. The electrogalvanized sheet steel shows a significant increase in 

the coefficient of friction with a decrease in test speed. For the 50.8 mm diameter roller, the 

coefficient of friction increases from 0.24 to 0.55 when the speed decreases from 42.3 mm/s 

to 0.423 mm/s. This decrease in measured friction coefficient with increasing sliding speed is 

attributed to the strain rate sensitivity of the zinc coating since lubrication is most likely in the 

boundary regime for all test conditions. The decrease in zinc flow stress with a decrease in 

strain rate contributes to increased contact area, adhesion, and ploughing - all of which 

contribute to the friction force measured.

The repeatability and the uncertainty of the bending under tension friction test were 

evaluated. The repeatability of the test was confirmed by comparing data obtained on a cold 

rolled uncoated sheet steel tested previously to the results obtained on the current cold rolled
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uncoated sheet steel. The two sets of data superimpose to identify a single value of the 

friction coefficient indicating that the frictional behavior is essentially constant for cold rolled 

sheet steel tested on the same die material using the same lubrication method. The uncertainty 

in the reported values of the friction coefficient was determined by applying the Kline- 

McClintock second power law to the friction equation. The results of this analysis indicated 

that the major contributor to the uncertainty in the friction coefficient is the measured forces. 

The typical values of measured forces result in reported friction coefficients plus or minus an 

uncertainty of 0.01.
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1.0 INTRODUCTION

1.1 Friction and Formability of Coated Sheet Steels

In stamping of parts from zinc coated sheet steels, the formability depends on both the 

mechanical properties of the sheet and interactions at the sheet - tooling interface. The 

surface of the harder tool material contacts a sheet surface causing asperities of the softer zinc 

to deform. These surface interactions result in friction, adhesion and wear (1). The intent of 

the present study is to explain the frictional behavior of electrogalvanized sheet steel as a 

function of tooling geometry and processing speed. The frictional behavior of zinc coated 

sheet steels is complex and is influenced by many variables such as: coating, substrate and 

tooling properties; surface characteristics of the workpiece and tool; lubrication; and imposed 

interfacial conditions. These variables and their effect on the frictional behavior on sheet 

materials are examined below in Section 1.3 of this thesis. The present work extends 

previous work of sheet metal formability (2-4) at the Colorado School of Mines.

Electrogalvanized sheet steel was chosen for this study because of its extensive usage 

in the automotive industry. The corrosion resistant properties of an electrogalvanized steel 

makes it the material of choice in many applications. Unfortunately, galvanized sheet steels 

generally exhibit inferior press shop performance when compared to uncoated sheet steel (5). 

The present study relates the forming variables of die radius and displacement rate to the 

frictional behavior of electrogalvanized sheet steel in order to address some issues which may 

lead to poor press shop performance of electrogalvanized sheet steels. An uncoated
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aluminum-killed drawing quality cold rolled sheet steel, which serves as a reference material, 

is also examined in the present study.

1.1.1 Friction

Friction is defined as "a force which is tangential to the common boundary of two 

bodies in contact and which resists the motion or tendency to motion of one relative to the 

other" (6). The frictional resistance results from surface asperity deformation (a function of 

contact pressure, lubrication, surface morphology, surface mechanical properties, etc.) and 

molecular interactions between two bodies (1).

Friction in forming operations is a means of transferring forces from the tooling to the 

workpiece to impose plastic deformation of the workpiece. Friction can have a profound 

influence on the forming operation and is often instrumental in the successful or unsuccessful 

production of a part. Control of friction during a forming process often results in a final part 

which exhibits the desired shape, appearance and mechanical properties (7). Uncontrolled 

friction can cause localized stress concentrations which may result in fracture, poor surface 

characteristics and degradation of the localized mechanical properties in the sheet (7).

The significance of surface asperity deformation on friction forces which develop at 

the interface between two sliding surfaces is illustrated in the schematic drawing in Figure 1.1 

which is adapted from Schey (1) and shows the mechanical interaction of the tool and 

workpiece asperities. The interaction between the two surfaces must be overcome in order 

for sliding to continue. Schey (1) also notes that chemical bonding between surfaces in 

intimate contact can contribute to interfacial friction. If close interaction of two solid bodies 

results in interatomic forces and/or cold welding at the tool - workpiece interface, the bonds 

must be broken before sliding can continue. The making and breaking of interface welds can
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Relative displacement 
<-----------------------------------------------------------

>

Figure 1.1 Schematic representation of asperity interaction of sliding bodies. (1)
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lead to galling which results in material adhering to the die and an increase in the tool - 

workpiece interactions.

There are two common methods of describing the stress due to friction, r:

Amontons’ friction (a.k.a. Columbic friction) and constant friction factor. Amontons’ theory 

will be described followed by a discussion of constant friction factor theory. Both friction 

theories have been applied to sheet metal forming operations and the conditions to which each 

theory applies are addressed below.

The two basic features of friction as defined by Amonton are: 1) the frictional force is 

proportional to the normal force, and 2) the frictional force is independent of the size of the 

apparent contact area. When both of these conditions are satisfied the measured friction is 

often referred to as Columbic friction (1,8). The coefficient of friction, p, from a mechanical 

engineering definition is often written as (1):

where: F = the force required to move a body over the surface

P =  the normal force between the two bodies

t =  the sliding shear stress

a = the stress perpendicular to the sliding surfaces

The coefficient of friction, n, has a maximum value of 0.577 for a material which obeys the 

von Mises yield criteria (1,8). This maximum occurs when the normal stress, cr, eventually
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reaches significantly high levels that it is preferable for the material to shear internally rather 

than slide along the external surface.

The basis for the constant friction factor theory is that the frictional shear stress, t  is 

some fraction of the shear strength of the material. Implicit with in this approach to friction 

is the fact that r  is independent of the normal stress, a. A mathematical description of the 

constant friction factor, m, is be defined as:

where: t  = the frictional stress at the interface of the two materials sliding relative 

to each other

k =  the shear flow stress of the material which under goes plastic 

deformation

The allowable values for m range from 0.0 for a frictionless interface to 1.0 for complete 

sticking when von Mises yield criteria is assumed. Under the assumption of von Mises yield 

criteria, k is a jy f 3 where aQ is the flow stress for the material in simple tension.

The two friction descriptions, Columbic and constant, are presented in Figure 1.2 as a 

plot of interfacial shear stress versus normal contact pressure (1). Columbic friction is 

indicated by the dashed lines which have a slope of /i and an intercept of zero. The constant 

friction regime has a slope of zero and a y-axis intercept of a j \  3 when m = 1.0. The
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Figure 1.2

I max
k m =

-  O

m = 0 .2

0
0 cr

P -----»

Graphical representation of two friction theories - Columbic friction and constant 
friction factor. Columbic friction is indicated by the dashed lines and constant 
friction by the solid lines (1).
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Columbic theory has been shown to be a better model for interfacial friction at lower normal 

contact pressures while constant friction factor better models frictional behavior at higher 

contact pressures (8).

1.2 Methods of Friction Testing for Sheet Materials

In order to determine the frictional behavior of sheet materials, several test methods 

have been proposed and have met with varying success. A few of the more common tests 

are: the flat die sliding test (9), the draw bead simulator (DBS) (10), the tensile strip test (11) 

and the bending under tension test (BUTT) (12). Schematic drawings for each of these tests 

are shown in Figures 1.3 to 1.6 respectively. Each of these friction tests have three common 

elements: two materials in contact; an applied force which displaces one material with respect 

to the other; and the presence of a normal force which creates a frictional condition at the 

interface (13). To determine the friction coefficient, both the force required to cause sliding 

and the normal force must be measured. Each friction test has benefits as well as 

disadvantages when compared to other test methods.

Friction is a system parameter, i.e. a property that depends on the test method used 

and not a true material property which would be independent of test method (1). Measured 

friction coefficients depend on the material of the workpiece and tooling as well as the 

processing conditions (i.e. lubrication, tool geometry, speed, etc.). Hence, measured values 

of friction depend directly on the test method employed. Furthermore, Ranta-Eskola et al.

(14) have shown that frictional values determined by different test methods should not be 

directly compared.
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Figure 1.3 A schematic representation of the flat die sliding friction test. The forces 
measured to determine friction are F, the pulling force and N, the normal force.
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Figure 1.4 A schematic drawing of a draw bead friction test. The measured forces are Dd+f, 
the drawing force and Cd+f, the clamping force.
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Figure 1.5

2P|

2P,

A schematic drawing of the tensile strip friction test. The measured force is 2PV
(15)
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1

Figure 1.6 A schematic drawing of the bending under tension friction test. The measured 
forces are F  ̂ the pulling force and F2 the back force.
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The friction test used to evaluate a sheet material is dictated by the forming conditions 

that are of interest. For example the frictional behavior in draw beads may be of interest and 

the use of a particular test may be appropriate while the same friction test may not be a good 

test to model friction over a punch nose. The most basic friction test is the Wojtowicz flat 

die sliding test shown schematically in Figure 1.3. In this test both the tool and workpiece 

experience elastic deformation. The measured forces are F, the pulling force, and N, the 

normal force. Based on the dimensions of the blocks and the measured forces, an average 

coefficient of friction can be determined for both sides of the sheet. If the coefficient of 

friction of only one side of the material is of interest, one of the backing blocks is allowed to 

move with the sheet. For the conditions shown in Figure 1.3, the coefficient, /t, is 

determined by the following equation:

where: F = the pulling force 

N = the normal force

Since both sides of the sheet contribute to the measured force value, the 2 appears in the 

denominator. This test, in which the sheet experiences only elastic deformation, is not 

realistic for forming operations where plastic deformation of the sheet occurs (14).

A common method to determine the friction coefficient relevant to sheet forming 

processes is the draw bead simulator or DBS test (10). In this test the sheet material is
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subjected to loading conditions and strain paths that simulate those found in draw beads which 

are used to control the flow of material into dies during stamping operations (12). A 

schematic drawing of a draw bead test is shown in Figure 1.4. The DBS test has provisions 

to eliminate bulk material properties which allows surface interactions to be isolated. This is 

done by drawing a strip through the fixture while the beads are allowed to rotate freely. The 

resultant drawing force measurement is the force required to bend and unbend the strip. The 

material under investigation is then drawn through the apparatus while the beads are locked in

place and the forces required to overcome friction in addition to the force required to bend

and unbend the strip are measured. If the pressure between the draw bead and sheet is 

assumed to be constant, the coefficient of friction is obtained (10) from:

„ = ~ D- [1.4]

where: Dd+f = the measured drawing force for the fixed beads

Dd =  the measured drawing force for the free rolling beads 

Cd+f = the measured clamping force

The DBS test takes into account friction on both sides of the sheet. However, by 

replacing the center draw bead in Figure 1.4 with a freely turning roller, it is possible to 

determine the friction on one side of the sheet through the desired DBS.

Marciniak developed a friction test to simulate friction conditions at a punch nose, 

which is called the tensile strip test (11). The tensile strip test is shown schematically in
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Figure 1.5. The pulling force and the sliding force are a result of the loading force 2F  ̂ as 

shown in Figure 1.5. The tooling consists of two cylindrical dies of the desired radius, R, 

which are rigidly held and do not rotate and the relative sliding between the tool and 

workpiece results from displacement of the cross-head. Strains are measured with 

extensometers in each of the sheet metal ligaments (15) and with knowledge of the 

engineering stress - strain behavior of the material, the loads in each ligament are determined. 

From the measured data the coefficient of friction can be calculated from:

n = —In— [1.5]
it P2

where: P, and P2 are loads in the ligaments of the sheet

The tensile strip test has the advantage of being able to measure friction on one side 

of the sheet. This is especially important if frictional differences between the two sides of 

coated sheet steels exist. As is the case in the DBS test, the material experiences significant 

plastic flow during testing. However, in the tensile strip test the average friction coefficient 

for the two cylindrical tool surfaces is determined. In the tensile strip test, the relative speed 

between the tool and workpiece approaches zero and the force due to bending is ignored. The 

process of averaging the frictional behavior over two dies may introduce errors since each die 

- sheet interface may not be identical due to slight differences in the tool surfaces or uneven 

lubrication. The relative speed between the tool and the workpiece experienced in the tensile 

strip test is not representative of actual speeds encountered in stamping operations. Also, the
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strip is bent to its final shape before testing and by ignoring the bending force errors in 

calculated friction coefficients may be introduced.

The final friction test method to be described in this section is the bending under 

tension friction test (12) shown schematically in Figure 1.6. The bending under tension 

friction test has several advantages when compared to the previous tests (12,16-18) and as a 

result is used for the friction measurements in this thesis. The test itself, as well as the 

advantages and disadvantages are described below.

The bending under tension friction test consists of drawing a sheet specimen over a 

cylindrical die and measuring the resultant forces. The test is preformed in two stages. First 

the bending force is determined for a specific roller diameter with either a free roller test (12) 

or an extrapolation method (19). Second, the force required to overcome friction is 

determined with a fixed roller test (12). The bending under tension test is normally 

performed with a constant back force. The constant back force method incorporates data 

pairs from multiple tests at different back forces for both free and fixed roller tests.

In the free roller test, two assumptions are made: first there is no sliding between the 

sheet sample and the roller at the interface, and secondly the friction due to the bearings is 

negligible in determining the bending force. With these assumptions the difference in 

measured front and back forces is the bending force required to bend the sheet so that it 

conforms to the roller. The extrapolation method of Davies and Stewart (19) determines the 

bending force by the y-axes intercept from a plot of pulling force verses back force for a 

fixed roller test. In the Davies and Stewart method the fixed roller force data are extrapolated
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back to a pulling force of zero and the intercept is the theoretical bending force for the 

material over a specific die radius. This technique is illustrated in Figure 1.7.

In the fixed roller test, the sample slides over the roller and the difference in the 

measured front and back forces is the force required to overcome sliding friction as well as 

the force required to bend the sheet so that it conforms to the roller.

For the bending under tension friction test

where: 6 — angle of wrap 
r =  roller radius 
t =  sheet thickness 
Fj =  pulling force 
F2 =  back tension force 
Fb =  bending force 
Fy = strip yield force

The friction coefficient, n, can be calculated using Equation 1.6, which is comprised 

of a geometric factor and a force factor (12,13). The mathematical relationship in Equation 

1.6 can be derived either from a energy balance or a force balance approach (2). The 

variables r (roll radius) and t (sheet thickness) depend on test geometry and the specific 

material respectively and along with the angle of wrap (for the tests conducted as part of this 

thesis, 6 =  90° or tt/2) comprise the geometric term of Equation 1.6. The force data pairs, 

from multiple back forces at each set of test parameters, are then plotted as shown in
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Figure 1.7 An example of the Davies and Stewart (19) method to determine the bending 
force. The extrapolation method determines that the bending force at the y-axis 
intercept in a pulling versus back force plot.
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Figure 1.8. The forces are normalized by the force required to yield the strip in pure tension, 

Fy. The argument of the logarithm (i.e. the force term, in Equation 1.6) is the slope of the 

normalized adjusted pulling force, (F  ̂ - Fb)/Fy versus the normalized back force, F2/Fy. This 

slope is then used to determine the friction coefficient for given test conditions. The analysis 

assumes Columbic friction theory. This assumption implies that the coefficient of friction, /i, 

is not a function of pressure and that is constant along the line of contact.

1.3 Factors that Affect Friction in Sheet Metal Forming

The frictional behavior of zinc coated sheet steels is complex and influenced by a 

number of variables: the physical and mechanical properties of the coating, substrate and die 

materials; the surface morphology of both the coating and the die materials; the lubricant; and 

the imposed interfacial loading conditions which include contact pressure, interfacial 

temperature and relative sliding speed (16). In the present study the factors investigated are 

forming speed and tool geometry, especially their effect on measured friction coefficients. 

Lubrication response depends in part on these two factors (1) and will be briefly addressed in 

this section.

1.3.1 Material Properties and Their Effect on Friction

Both substrate and coating properties influence the friction coefficient. Substrate 

properties such as yield strength and ductility determine the strains, both elastic and plastic, 

that occur within the coating during forming. The substrate surface morphology also is
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Figure 1.8 Force data pairs from multiple fixed roller bending under tension friction tests 
are plotted as normalized adjusted pulling force versus normalized back force.
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important since it influences the final coating cristallographie texture, roughness, etc. which 

will affect the friction during forming operations (20).

The coating properties are also important because the interaction between the coating 

surface and the tooling surface ultimately determines the frictional behavior. The effects of 

variations in zinc coating properties, such as grain size, impurity alloy content, 

crystallographic texture, and roughness have been considered in several recent publications 

(21-25) and are considered more completely by Wenzloff et al. (26). To date, the 

development of a definitive relationship between a single specific coating property and friction 

has been elusive. For example, Hashimoto et al. (24) found that the coefficient of friction (jx) 

decreased as the average arithmetic roughness (RJ increased for electrogalvanized material, 

while Wenzloff et al. (26) found that increased with increasing roughness. Kumpulainen 

(25), in contrast, reported no significant dependence of the coefficient of friction on surface 

roughness.

The flow behavior of the coating is controlled by coating strength and crystallographic 

texture. Crystallographic texture, which for a pure zinc coating is characterized as pyramidal, 

prismatic, or basal, has been shown to correlate directly to the frictional behavior of materials 

(24). For example, Rangaragan (21) and Wenzloff (3) showed that materials with prismatic 

textures tend to exhibit lower friction coefficients. This observation is in direct contrast with 

the results of Buckley and Johnson (27) who indicated that basal textured coatings exhibit 

lower friction coefficients. With respect to coating hardness, Iway et al. (28) found that 

measured friction coefficients decreased with an increase in coating hardness.
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Changes in crystallographic texture and coating hardness control the deformation 

behavior of the coating and correspondingly the degree of asperity deformation at a specific 

contact pressure. In the presence of a lubricant, friction depends on the true contact area 

(29,30), defined as the sum of the areas associated with flattened asperities. Recent literature 

shows a contradiction in findings for the relationship between friction and true contact area. 

Wilson (29) found that for electrogalvanized steels, the friction coefficient increases with an 

increase in the true contact area. Meier and Reissner (30) showed that the coefficient of 

friction decreased with an increase in surface contact pressure which should be directly related 

to contact area. If the true contact area were the only parameter which controlled friction, 

then measured friction coefficients should depend on contact pressure as contact area increases 

with contact pressure. However, recent data obtained with the bending under tension friction 

test (2,12,22,23,26) have shown that in many cases, measured friction coefficients do not 

appear to depend on contact pressure.

In addition to the coating properties, the type of lubricant as well as the lubrication 

regime also affect the frictional behavior of zinc coated sheet steels during forming. The key 

elements that determine the lubrication regime in a forming operation include the amount of 

lubricant, lubricant chemistry, lubricant viscosity, surface roughness of both the sheet and the 

tooling, contact pressure and the relative velocity between the workpiece and the tool. The 

lubrication regime can be divided into four regions as described by Wilson (31). The 

categories, listed in order of increasing lubrication are: boundary, mixed, thin film, and thick 

film. A typical Stribeck curve, Figure 1.9, illustrates these regions (32), where the 

hydrodynamic region consists of the thin and thick film categories noted by Wilson.
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Increasing lubrication results in a decrease in asperity contact and correspondingly a decrease 

in contact area at a given contact pressure. In most stamping operations the lubrication will 

be in the boundary region. The movement into the hydrodynamic region would only occur at 

extremely high speeds which are not obtained over the entire stroke length of a mechanical 

stamping press.

In laboratory evaluations of friction, one parameter, the relative speed between the 

sheet and the die, is usually held constant. However, as described by the H factor (%v/p) in 

the Stribeck curve (1) the relative velocity and pressure determines the specific lubrication 

regime which develops at the workpiece-tool interface assuming a constant lubricant viscosity. 

Measured friction coefficients in laboratory friction tests have been shown to decrease with an 

increase in test speed (25,33-37). The decrease in measured coefficients of friction is 

illustrated in Figure 1.10 by the research done by Nakamura et al. (35). In contrast Wilson 

found that the measured friction coefficient was not a function of sliding speed in a study of 

AKDQ sheet steel as shown in Figure 1.11 (29) and there is no reference found in the 

literature that the coefficient of friction increases with sliding speed.

Another friction test parameter usually held constant is the tool geometry. The 

combination of applied loading and tool geometry determine the contact pressure at the tool - 

workpiece interface. However, the mechanical properties of the sheet usually are the limiting 

factors in contact pressure. To increase the contact pressure at the interface, the simplest 

method is to reduce the tool radius for cylindrical tooling. The contact pressure can be
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Figure 1.9 A schematic drawing of a typical Stribeck curve. The curve is divided into three 
regions:A) boundary lubrication,!?) mixed lubrication and C) hydrodynamic.
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Figure 1.11 Wilson found that the coefficient of friction was not influenced by the relative 
speed between the tool and an AKDQ sheet steel test sample (29)
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calculated and the precise equation is test dependent. In all cases it is found that the pressure 

is inversely proportional to the tool radius, i.e.

p a — [1-7]
R

where: p =  the average contact pressure

R = the radius of the cylindrical tool

Recent literature shows that the correlation between contact pressure (or die radius) 

and measured friction is not clear. Several researchers (25,29,34,35,38) have shown that the 

measured friction stress increases with increasing contact pressure as shown in Figure 1.12, 

for an AKDQ material studied by Wilson (29). Note the similarities to Figure 1.2, the 

friction stress as a function of pressure for the Columbic and constant friction factor theories. 

The opposite trend has also be observed in other friction testing studies (30,39,40). The 

current thesis addresses this issue of the relationship between contact pressure and friction 

coefficient by changing the die radius in the bending under tension friction test apparatus.

To date limited results have been presented to correlate test conditions, such as test

speed and contact pressure, with the fundamental deformation behavior of the coatings. In 

order to obtain a complete understanding of friction in forming operations, an understanding 

of the interrelationships between the coating properties and test conditions must be 

determined. In the present work a systematic analysis of the effects of test speed and contact 

pressure on the frictional behavior of a commercially produced electrogalvanized sheet steel is
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developed. Data on the zinc coated sheet steel are obtained with the bending under tension 

friction test and are compared with similar data obtained on the uncoated steel substrate from 

the same coil used for the coated sheet steel.
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Figure 1.12 The friction stress is shown to increase with increasing contact pressure for an 
AKDQ sheet steel studied by Wilson (29).
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2.0 EXPERIMENTAL DESIGN

The purpose of this study is to gain an understanding of the fundamental relationship 

between strain rate and die geometry on the frictional behavior of electrogalvanized sheet 

steels. The work presented here expands previous research done by the Advanced Steel 

Processing and Products Research Center at the Colorado School of Mines (2,3,41-43) and 

other work reported in literature (1,12,29,38,44,45). The current research utilizes the 

Colorado School of Mines bending under tension friction test system modified to 

accommodate different size roller dies. The reasoning behind the die sizes selected is two 

fold. First, the four diameters selected represent the typical range of cylindrical geometries 

found in stamping operations from the 6.35 mm diameter (i.e. a draw bead) to the 50.8 mm 

diameter (i.e. a relative flat surface) rollers. Second, the radius of the die influences the 

contact pressure at the sheet - tool interface and also determines the magnitude of the strain 

induced in the sheet steel substrate.

The work presented in this thesis examines a commercially produced electrogalvanized 

coated sheet steel and a cold rolled sheet steel substrate. Both materials were from the same 

commercially produced coil, thus any base steel properties such as chemical composition and 

mechanical properties are the same allowing the true influence of the electrogalvanized coating 

to be determined. The coated and bare sheet steels were selected because they are considered 

state of the art for current aluminum killed drawing quality (AKDQ) product.
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3.0 EXPERIMENTAL PROCEDURE

3.1 Material Selection

The material for this study consisted of 0.76 mm thick aluminum-killed drawing- 

quality (AKDQ) cold rolled sheet steel and an electrogalvanized AKDQ sheet steel with a 

coating weight of 60 g/m2 on both sides of the sheet. Both the uncoated sheet steel and the 

electrogalvanized sheet steel were obtained from the same coil. This is significant in that 

variations in mechanical properties between the two materials are minimized. The ladle 

chemistry for the substrate as supplied by the manufacture is shown in Table 3.1. This 

material is typical for an AKDQ sheet steel product (46). For the present study, the 

electrogalvanized sheet steel is referred to as EG4 because it is the fourth commercially 

produced electrogalvanized sheet material studied in the ASPPRC friction program. The cold 

rolled sheet steel will be referred to as EG4 substrate.

3.2 Bending Under Tension Friction Testing

All friction tests were conducted using the Colorado School of Mines bending under 

tension test fixture. The current system, shown schematically in Figure 3.1, was developed 

by Vallance (2) and modified by Wenzloff (3) to accommodate 305 mm (12 in.) long 

specimens and to control back force with a servo controlled system. The test system has 

provisions which allow both the die geometry (roller radius) and strain rate (sliding velocity) 

to be varied. The roller system consists of cylindrical rollers supported by ball bearings
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LOAD CELLHYDRAULIC CYLINDER

ROLLER

SHEET METAL STRIP

LOAD CELL

MTS LOAD FRAME
SUPPORT FRAME

Figure 3.1 Schematic representation of the bending under tension friction test apparatus 
in use at CSM (2)
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mounted in pillow blocks. In this study the system was modified to accommodate rollers with 

radii between 6.35 and 50.8 mm. The larger rollers (25.4 and 50.8 mm diameters) are 

supported only by the bearings while the smaller rollers (6.35 and 12.7 mm diameters) are 

further supported over the entire length by rigid steel backing blocks. The sliding speed is 

controlled through the MTS Model 458 electronics package. The system is equipped with two 

servo-controlled hydraulic rams. One actuator produces the desired back force while the 

second actuator is used to displace the strip at a fixed velocity over the roller (2). By using 

closed loop testing with servo-hydraulics, precise control of the test parameters is maintained 

through the duration of the test.

All tests were preformed under the following conditions:

• servo - controlled constant back force (1200 - 5800 N)

• hardened (60 HRC) A2 tool steel rolls with average Ra values of

0.23/xm ±  0.025/zm (9/dn + 1/dn)

• samples cleaned with mineral spirits and Kimwipes*, to remove mill 

oil and debris

• Texaco Almag oil lubrication

• vertical drip method developed by Wenzloff et al. (18) to remove 

excess oil

• test strip geometry of 50.8 mm (2.0 in.) wide 305 mm (12.0 in.) long 

with the long dimension parallel to the rolling direction

• strip displacement parallel to rolling direction

• test side corresponding to the outside of the coil

• sample displacement of 127 mm (5.0 in.) relative to the roller
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3.2.1 Cleaning and Lubrication of the Sample and Die

Prior to each test both the sheet steel sample and tool steel roller were cleaned and 

lubricated. The procedure for cleaning was adapted from Wenzloff et al. (18). Strip cleaning 

and lubrication consisted of three steps. The residual mill oil and debris was removed from 

the strip surface with mineral spirits and a Kimwipe*. The strip was allowed to dry before the 

application of the lubricant. The lubricant, Texaco Almag oil (product code: 01564), was 

generously applied with a brush and was hung vertically for 300 s, to allow excess lubricant 

to run off.

The rollers were cleaned and lubricated using a procedure similar to that used for the 

strips. The roller surface was wiped clean with mineral spirits and lubricated by wiping with 

the Texaco Almag oil. The excess oil is allowed to accumulate at the bottom of the roller.

3.2.2 Data Collection With the Bending Under Tension Friction Test

The coefficient of friction for each set of conditions (material, speed, and roller 

diameter) was determined by the bending under tension friction test with constant back force 

as described in Section 1.2. The bending force for material on the 50.8 mm, 25.4 mm and 

12.7 mm rollers was measured with free roller tests while the extrapolation method of Davies 

and Stewart (19) was used to determine the bending force for the material on the 6.35 mm 

diameter roller. The friction coefficients for the EG4 and EG4 substrate were calculated with 

Equation 1.6 with a wrap angle of 90° or ir/2 radians.
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3.3 Material Characterization Techniques

3.3.1 Crystallographic Texture Analysis

The crystallographic texture of the electrogalvanized coating was studied with a

Rigaku rotating anode x-ray diffractometer. Diffraction patterns were generated over a range

of 10 to 90 degrees 26 using the reflection technique (3,4). As a result of the test method, 

only planes which were parallel to the coating surface contributed to the measured peak 

intensities. The Rigaku system employed a filtered copper x-ray tube which produced 

monochromatic radiation with a wavelength of 0.15418 nm.

A zinc powder diffraction pattern was produced, normalized, and compared to the 

Hanawalt index for pure zinc. The results of this comparison are presented in Table 3.2. As 

indicated in Table 3.2, the Hanawalt Index and the normalized powder intensities are 

essentially the same. This test was done to establish the alignment and accuracy of the 

equipment. The intensities of the random zinc powder were used to normalize the diffraction 

intensities from the electrogalvanized coating.

The diffraction pattern of the electrogalvanized coating was analyzed using the 

"percentage of planes technique" developed by Shaffer et al. (23,24). This technique 

compares x-ray reflection peaks in a random powder sample to those of the electrogalvanized 

sheet surface. Based on the Hanawalt index crystallographic planes are assigned to the 

measured peaks. The peaks of the electrogalvanized material are normalized and the material
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is characterized based on the most intense plane. The "percentage of planes technique" is 

summarized by the following five steps:

1. Identification of the metallurgically significant planes. In the zinc 

system these are the following seven planes: basal plane (0002); 

prismatic planes (10Ï0), (1120); and pyramidal planes (10Ï3), (10Ï2), 

(10Ï1), (1122).

2. Determination of the peak intensities for each of the seven significant 

planes and identification of the maximum intensity peak.

3. Normalization of each identified peak by the maximum peak intensity 

within the test.

4. Determination of the relative intensity ratio for each peak by dividing 

the coating peak intensity by the corresponding peak from the random 

powder diffraction pattern.

5. Calculation of the percentage value for each plane by summing the 

relative intensity ratios and then dividing each ratio by the sum of the 

ratios.

The texture of the electrogalvanized coating is classified by the most dominant plane 

or planes {i.e. prismatic, low angle pyramidal with a slight basal plane orientation, etc.) as 

determined by the percentage of planes technique. Figure 3.2 shows schematically the seven 

metallurgically significant planes and the angle of each from the basal plane (16). Texture 

results for this study will be presented in the same manner, that of frequency as a function of 

zinc crystallographic plane.
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Figure 3.2 The seven metallurgically significant planes in the zinc crystal system. The 
height of the bars represent the relative intensity of each plane.
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3.3.2 Roughness Testing

Roughness testing was performed on an Alpha-Step 200 profilometer. The Alpha- 

Step utilizes a diamond stylus and has the following features:

1. A variable stylus force of 0 to 25 milligrams.

2. Diamond stylus radius of 1 fim.

3. RS232 port for data transfer to a computer.

4. Variable trace length of 0 to 10,000 /un.

The direct output of the Alpha-Step 200 includes the average roughness, R,, of the sample and 

a plot of the surface height versus trace distance. Profile height versus position data were 

also recorded with a portable computer-based data acquisition system. The ability to analyze 

the data by means other than those inherent in the Alpha-Step 200 allows a more detailed 

analysis of the surface profile.

A spreadsheet based program (47) was used to analyze the height profile data and 

determine specific roughness parameters. The following roughness parameters were 

calculated:

1. The arithmetic average peak height R,, the arithmetic average of all 

values of the roughness profile of peaks which lie above the mean 

line.

2. The average roughness Rq, the root mean square of all values of the 

roughness profile of peaks which lie above the mean line.
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3. The maximum roughness R^, the greatest perpendicular distance 

between the highest peak and lowest valley.

4. Peak count Pc, the number of peaks within a given trace which rise 

above a selected reference line.

5. Abbott bearing area ratio curve, a plot of bearing area ratio versus 

penetration depth.

A 1 /tm diamond stylus with a 7 mg load was used for both cold rolled substrate and 

electrogalvanized specimens. Two traces, end-to-end, each 2000 /xm long were made 

transverse to the rolling direction and added together to obtain a single data set containing 

4000 points over a total of surface length of 4000 /xm.

3.3.3 Coating Grain Size Determination

In addition to the coating texture and roughness the average grain size of the zinc was 

determined. The method prescribed by Wenzloff et al. (26) was used to classify the grains as 

either coarse or fine based on a grain structure with an average grain size smaller than 5 /xm 

as fine and those larger than 5 /xm as coarse.

3.3.4 Contact Area Analysis Method

Scanning electron microscope (SEM) images were obtained with a Joel JXA-940 

Scanning Micro Analyzer. SEM photomicrographs were taken at 50X of each set of test 

conditions for different calculated contact pressures. The true contact areas were determined 

by point counting per ASTM E562 (48). The locations studied for contact area analysis were
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the same for each sample and corresponded to the center of the contact region of the sheet 

after friction testing.

3.3.5 Mechanical Properties Evaluation

Tensile testing of both the EG4 substrate and EG4 steel sheets were preformed on a 

screw type Instron test frame. The test specimens were standard ASTM E8 (49) samples; 

reduced gage sections of 12.7 mm (0.5 in.) wide and 50.8 mm (2 in.) long. From the tensile 

testing data the yield strengths (<7y), the ultimate tensile strengths (UTS), and total elongations 

(eT) of both EG4 and the substrate were determined. All tensile testing was performed at 

room temperature (~25°C) and a constant engineering strain rate of 0.01 m m"1 s'1.
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4.0 RESULTS

4.1 Material Characterization

The two materials which are the focus of the present study were characterized by a 

variety of experimental tests. Both the substrate and the electrogalvanized sheet steel were 

tested to determine the as-received: 1) mechanical properties of the substrate, 2) surface 

roughness of both the substrate and coated material, 3) crystallographic texture of the 

electrogalvanized zinc coating, and 4) the grain size of the zinc coating.

4.1.1 Mechanical Properties

Mechanical properties studied, of both the coated and uncoated sheet steel, consisted 

of tensile strength and total tensile elongation and are summarized in Table 4.1. Note that the 

yield strength, ultimate tensile strength and total elongation properties are essentially 

independent of orientation. The results for the uncoated material are an average of six tests in 

each orientation while the coated material results are an average of three tests in each 

orientation.

4.1.2 Coating and Substrate Surface Roughness

The surface roughness values for the as-received materials are summarized in Table

4.2 and include results for traces transverse to the rolling direction. The results in Table 4.2, 

which include the arithmetic average roughness (RJ, the maximum roughness depth (R^), and 

the average root mean square roughness (Rq) values indicate that both the substrate and coated
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material have similar surface roughnesses. This implies that variations to the micro roughness 

due to the presence of the coating are not detectable by the light load stylus measurements. 

Also in Table 4.2 are R* values for EG1, EG2 and EG3, commercially coated 

electrogalvanized materials with coating weights similar to EG4, for comparison (27,41,50).

It is observed that the magnitude of the surface roughness value of the EG4 material is similar 

to those of the other commercially produced electrogalvanized materials previously studied at 

CSM.

4.1.3 Crystallographic Texture of the Electrogalvanized Zinc Coating

The peak intensities for the powder and sheet samples were normalized by the 

intensities of the corresponding maximum peaks. The analyzed crystallographic data were 

then presented in a bar chart in the same order as Figure 3.2. The frequency of each of the 

seven metallurgically significant planes in the zinc crystal is shown in Figure 4.1. From 

Figure 4.1 the most prominent plane observed is the (10Ï3) plane. The dominance of the 

(10Ï3) plane indicates that the coating on the EG4 material has a low angle pyramidal texture. 

For completeness, the texture of EG4 was compared to the other commercially produced 

electrogalvanized coated sheet steels. Both EG1 and EG4 are classified as low angle 

pyramidal; the EG2 has a combination texture comprised of both low and high angle 

pyramidal; and the EG3 is a combination of prismatic and low angle pyramidal (16,17).



F
re

q
u

en
cy

T-4520 46

Material: EG4

ou CO ou ou ' ' o o
o H— l-r- leu £ b- 10U
o o o T— o o
o 1— 1— T— 1— 1—

Plane

Figure 4.1 Histogram of the crystallographic texture for the EG4 electrogalvanized coated 
sheet steel. The (10Ï3) plane is the dominate plane indicating that the coating 
has a low angle pyramidal texture.
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4.1.4 Coating Grain Size Analysis

From photomicrographs such as those shown in Figure 4.2, the grain size of the 

electrogalvanized zinc coating can be classified. Based on the classification system developed 

by Wenzloff (3) the coating of EG4 is categorized as coarse with a typical grain size of 

approximately 22 /xm.

4.2 Friction Testing

4.2.1 Bending Force Data

The measured bending forces for the 12.7, 25.4 and 50.8 mm roller diameters are 

summarized in Table 4.3. The reported values are an average of at least three tests for each 

roller diameter. The back forces were selected to cover the range of back forces experienced 

in the fixed roller tests. The free roller tests indicated that the bending force, Fb generally 

decreased with increasing back force but the difference between the average and each 

measured bending force is within the electrical noise of the data acquisition system and does 

not affect the calculated coefficient of friction. Note that the bending force increases as roller 

diameter decreases owing to the high strain imposed at the smaller radii.

The bending force for the 6.35 mm diameter roller was determined with the intercept 

method of Davies and Stewart (19) due to flexure of the roller under loads below the bending 

force. Figure 1.7 illustrates this method of determining the bending force. The bending 

force for the 6.35 mm diameter roller was determined to be 1880 N as shown in Figure 4.3 

and Table 4.3.



T-4520 48

B l i p

v @ i

F i g u r e  4 . 2  U n d e f o r m e d  (i.e. n o t  t e s t e d )  z i n c  s u r f a c e .  A  s i n g l e  z i n c  g r a i n  i s  c i r c l e d .  T h e

g r a i n  s i z e  i s  c o n s i d e r e d  c o a r s e  b e c a u s e  i t  i s  l a r g e r  t h a n  5/jm.  S E M  m i c r o g r a p h .



T-4520 49

Table 4.3 Bending forces determined using free roller tests for the 50.8 mm, 25.4 mm 
and 12.7 mm diameter roller and the intercept method for the 6.35 mm 
roller.

Roller Diameter 
(mm)

Measured Bending Force 
(N)

50.8 102

25.4 245

12.7 676

6.35 1880
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Figure 4.3
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The method of Davies and Stewart (19) as used to determine the bending force 
for the 6.35 mm diameter roller. The bending force, Fb, was determined form 
the plot to be 1880 N.
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4.2.2 Measured Coefficients of Friction

Bending under tension friction test force data were obtained for each set of test 

parameters: material, test speed and roller diameter. Figure 4.4 shows a typical normalized 

adjusted pulling force versus normalized back force plot with data for the 50.8 mm diameter 

roller at a displacement rate of 4.23 mm/s. Note the linearity of the best fit line for the data 

obtained. The high degree of linearity is typical of all twelve roller diameter - displacement 

rate combinations considered in this study. The normalized adjusted pulling force versus 

normalized back force data plots for all test parameter combinations can be found in Appendix 

A. From the linearity it appears that fi is independent of pressure.

The coefficients of friction for both EG4 and EG4 substrate are summarized in Table 

4.4. The value of each friction coefficient, /x, was determined with Equation 1.6. The slope 

of the normalized adjusted pulling force versus normalized back force as determined by a best 

fit linear least squares line was used as the argument of the logarithmic term. The measured 

values of the friction coefficient ranged from 0.16 to 0.23 for EG4 substrate and from 0.19 to 

0.55 for EG4.

4.2.3 Special Consideration Concerning the 6.35 mm Roller Tests

The 6.35 mm roller tests posed a challenge as compared to the three larger diameter 

experiments. With a decrease in roller diameter the pressure at the interface increased such 

that at the 6.35 mm diameter roller the pressure is eight times greater than the pressure 

experienced when using the 50.8 mm diameter roller assuming the applied forces are the 

same. As discussed in Section 1.3 the lubrication regime is speed and pressure sensitive and
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2.0

50.8 mm roller 
4.23 m m /s
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|l = 0.42EG4

0.0 0.5 1.0 1.5 2.0
Normalized Back Force

Figure 4.4 Normalized adjusted pulling force versus normalized back force plot for the 50.8 
mm diameter roller at 4.23 mm/s. The linearity of the best fit line is typical of 
the other eleven test sets.
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the decreased speed combined with increased pressure resulted in coating deformation that 

was unique to 6.35 mm diameter roller tests at a displacement rate of 0.423 mm/s. This 

deformation mode consisted of cracking, peeling and flaking of the coating on EG4 and the 

degree of coating failure increased with increasing contact pressure. The resulting EG4 

coating surface is shown in Figure 4.5. The three samples in Figure 4.5 show the 

progression of coating damage with increasing contact pressure. The pressures ranged from

2.1 to 7.8 MPa (305 to 1130 psi).

4.3 Contact Area Analysis

In order to study the effects of contact pressure and sliding speed on the frictional 

behavior of EG4 true plastic contact area measurements were made after friction testing. The 

effect of contact pressure on contact area was determined by fixing the applied forces and 

changing the roller diameter. The resultant surfaces obtained from testing on the four 

different roller diameters are shown in Figure 4.6. These samples all experienced the same 

applied back force (4450 N), and sliding velocity (4.23 mm/s). From Figure 4.6 the true 

contact area was calculated based on the observed amount of asperity deformation. The 

calculated contact area increased as the roller radius decreased, from 47% contact area on the 

50.8 mm diameter roller to 68% contact area on the 6.35 mm diameter roller. Note that at a 

constant back force the contact pressure increased with a decrease in roll radius.

The effect of sliding speed on the true contact area at a constant contact pressure was 

determined in a series of tests. This testing was performed on the 25.4 mm diameter roller

with an applied back force of 4450N. The results are presented in Figure 4.7 in the form of

a plot of percent deformed region versus sliding velocity. As shown in Figure 4.7, with in 

the indicated data band, the contact area increases with decreasing sliding speed.



T-4520

2 5 . 4  m m

F i g u r e  4 . 5  E G 4  s t r i p s  t h a t  s h o w  i n d i c a t i o n s  o f  z i n c  f l a k i n g  o f f  a t  d i f f e r e n t  c o n t a c t  

p r e s s u r e s .  A )  l o w  p r e s s u r e  B )  m e d i u m  p r e s s u r e  C )  h i g h  p r e s s u r e .  

P h o t o m a c r o g r a p h .



T-4520 56

2 5 . 4  m m  d i a m e t e r  r o l l e r  

C o n t a c t  a r e a  =  5 8 %

5 0 . 8  m m  d i a m e t e r  r o l l e r  

C o n t a c t  a r e a  =  4 7 %

1 M & k & iiy m i:_____
' '  '

l u v u m  
-

1 2 . 7  m m  d i a m e t e r  r o l l e r  

C o n t a c t  a r e a  =  5 9 %

6 . 3 5  m m  d i a m e t e r  r o l l e r  

C o n t a c t  a r e a  =  6 8 %

F i g u r e  4 . 6  A m o u n t  o f  c o n t a c t  a r e a  r e s u l t i n g  f o r m  d i f f e r e n t  r o l l e r  d i a m e t e r s .

A l l  f o u r  s a m p l e s  w e r e  t e s t e d  w i t h  a p p l i e d  b a c k  f o r c e  o f  4 4 5 0  N  a t  

4 . 2 3  m m / s .  P h o t o m a c r o g r a p h s .



P
er

ce
nt

 
C

on
ta

ct
ed

 
A

re
a

T-4520 57

100 

80  

60  

40  

20 

0
0 10 2 0  3 0  4 0  50

Spl i d i ng  S p e e d ,  m m / s

Figure 4.7 Plot of contact area as a function of sliding speed for the 25.4 mm diameter 
roller. Note that the measured contact area decreases as the sliding speed 
increases.
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5.0 DISCUSSION

The results presented in the previous section indicate that both die geometry and 

relative sliding speed affect the measured friction coefficient on electrogalvanized sheet steel. 

In this discussion the accuracy of the reported values of n is addressed based on a Kline - 

McClintock second power law analysis of the friction equation along with a short analysis of 

the repeatability of results obtained on uncoated cold rolled sheet steel materials. Also in this 

section, the measured coefficients of friction are interpreted with respect to the test 

parameters. The current friction results obtained from the EG4 material are compared to 

friction data on the other three commercially produced electrogalvanized materials studied 

previously (2,50) and the results are tabulated in Table 5.1.

5.1 Sensitivity Analysis of Reported Coefficients of Friction

The bending under tension friction test has been extensively used to determine the 

coefficient of friction, /*, for a variety of sheet steels, both coated and uncoated. The 

accuracy of the testing and reporting methods has not been quantitatively analyzed. The 

analysis presented in this section addresses the issue of the sensitivity of calculated ^-values 

determined by the bending under tension friction test to variations in the experimental 

measurements used to calculate fi. This sensitivity analysis determines an uncertainty value 

which is similar to the experimental error associated with a given value of /*.

To determine an overall uncertainty in /*, an understanding of the sensitivity of the 

friction equation to each individual component must be determined. Once the sensitivity of
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Table 5.1 Summary of results for the four electrogalvanized sheet steel materials tested at 
CSM (50). Test conditions consisted of 42.3 mm/s sliding speed and 25.4 mm 
diameter roller.

Material Ra, Aim Texture Reference

EG1 0.6 LAP/Basal 0.20 (50)

EG2 0.8 LAP/HAP 0.19 (50)

EG3 1.0 Prismatic/HAP 0.14 (50)

EG4 0.8 LAP 0.19 —
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each experimental component is known then the uncertainty (or experimental error) for the 

reported value of /z can be given with a degree of mathematical precision.

5.1.1 The Friction Equation

The equation used to obtain the friction coefficient in the CSM bending under tension 

friction test can be derived based on either energy or force considerations (2,13) and 

incorporates the sheet thickness, roll radius, the force to bend the strip, the back tension force 

and the front pulling force. The friction coefficient is determined from Equation 1.6 and for 

the completeness in the presentation of this section it is shown again below.

(K-FA  [5.1]1 B

/

r = roll radius

t = sheet thickness

Fi = pulling force

f 2 = back force

Fb = bending force

The values of the Fi and F2 are forces measured directly during the test using 

calibrated load cells. The experimental error or uncertainty of these force values directly 

relates to the accuracy of the load cells. FB is obtained from the difference between the front 

and back tension forces obtained in the free roller test. The uncertainty of the bending force 

is the sum of the uncertainties of the front and back tension load cells. The radius, r, and the
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sheet thickness, t, are geometric values and the uncertainty of these values are related to the 

micrometer used for measurement.

5.1.2 Kline - McClintock Second Power Law

An estimate of uncertainty in a calculated value can be obtained from the Kline - 

McClintock second power law (51). The contribution of the uncertainty of each variable to 

the total uncertainty of a calculated value can be obtained via a geometrical averaging process. 

For the specific case under consideration, the uncertainty in the friction coefficient, UM, is 

given by the following equation:

f i t u J
2

+f ^ u F)
2

+| > u F]
2

+f i t u l
2

+fiti-ul 2

, dF. ,*» ; ^2 F l , %

where: UF, is the uncertainty in the value of Fj

UF„ is the uncertainty in the value of FB

UF2 is the uncertainty in the value of F2

Ur is the uncertainty in the value of the roll radius r 

Ut is the uncertainty in the value of the sheet thickness, t

The partial derivatives in Equation 5.2 are obtained from Equation 5.1 by taking the 

partial derivative of p  with respect to each desired variable. For the bending under tension 

test the geometric variables are t, the sheet thickness and r, the roll radius and the force 

variables are F  ̂ the pulling force, F2 the back force and FB the bending force. Equation 5.3 

is an example of the partial derivative of fi with respect to r.
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The other partial derivatives are determined in a similar fashion. Substituting the five partial 

derivatives into Equation 5.2 yields:
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Equation 5.4 provides a direct value of the uncertainty of /i as a function of the uncertainties 

of the five (3 force and 2 geometric) parameters which are used in its computation. Each 

term inside the braces of Equation 5.4 is a measure of the contribution that the specific 

parameter makes to the overall uncertainty in the value of p  which is reported. This analysis 

is based on English units due to the fact that the test system is calibrated in these units.

5.1.3 Application of the Kline - McClintock Second Power Law to Experimental Bending

Under Tension Test Results

Friction coefficients obtained with the bending under tension friction test historically 

have been reported as a single value, n (2,3,13). The Kline - McClintock second power law 

enables the value of the friction coefficient to be reported with a specific value of uncertainty. 

To illustrate the predicted uncertainty in /*, an example calculation is presented below.

A typical set of experimental test values for a bending under tension test is given in 

Table 5.2. To obtain the overall uncertainty in /*, measurement uncertainties in each of the 

individual parameters are required. In Tables 5.3 and 5.4, reasonable uncertainty values for 

the force and geometric measurements are presented along with the relative contribution of 

each parameter’s uncertainty to the total uncertainty in /*. The relative contribution is 

equivalent to the parameter inside each set of parentheses in Equation 5.2. The selected 

uncertainties span the range of realistic experimental measurements. The relative contribution 

of each variable to the total uncertainty in n is obtained by multiplying the uncertainty 

(column 1 in Tables 5.3 and 5.4) by the partial derivative value to obtain the values which 

appear in columns 2 or 3 in Tables 5.3 and 5.4. It should be noted that the uncertainty in the
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Table 5.2 Typical values for measured variables in the bending under tension friction test.

Front Force 
(lbs.)

Back Force 
(lbs.)

Bending
Force
(lbs.)

Roll Radius 
(in.)

Sheet
Thickness

(in.)

1500 1000 50 0.50 0.030

Table 5.3 Relative contribution to the total uncertainty of fi from the force parameters.

Force Uncertainty 
(Up)

dfi/dF1 UFi 
or V2 dfi/dFB UFB

dfi/dF2 Upz

3 lbs. 0.0057 0.0081

6 lbs. 0.0111 0.0162

12 lbs. 0.0222 0.0323

24 lbs. 0.0445 0.0646

Table 5.4 Relative contribution to the total uncertainty of fi from the geometric parameters.

Geometric Uncertainty (Ur or UJ dfi/dr Ur dfi/dt Ut

0.0005 in. 0.000029 0.0018

0.001 in. 0.000058 0.0036

0.005 in. 0.000291 0.0179

0.010 in. 0.000583 0.0357

0.050 in. 0.002913 0.4455
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bending force, UFB, is twice the uncertainty in the front tension force or the back tension 

force, since the bending force value is determined by the difference of the two force 

measurements during a free roller test.

From Tables 5.3 and 5.4, it is observed that the dominant factors in the total 

uncertainty in the friction coefficient are due to the force measurements. The radius 

parameter does not significantly contribute to the total uncertainty until an uncertainty value of 

±0.050 in. (±1.270 mm) is reached. Likewise, the sheet thickness parameter does not 

significantly contribute to the total uncertainty until an uncertainty value of ±0.001 in. 

(±0.0254 mm) is reached. Dimensional precision greater than these uncertainty values is 

easily obtainable using standard measurement equipment for the geometric parameters.

The uncertainty levels in the force measurements reflect the sensitivities of both the 

load cells and the corresponding data acquisition system. Repeatable measurements in force 

of ± 3  lbs. or UF =  6 lbs. (±13.3 N or UF = 26.6 N ) are normally obtained in the bending 

under tension friction test at CSM.

The relationships of dfi to the back force for the four uncertainties, UF, summarized in 

Table 5.3 are shown in Figure 5.1. From this plot it can be seen that d/z is less than 0.01 

when UF =  13.3 N for all back forces and UF = 26.6 N for back forces greater than 15835 

N. The values in Figure 5.1 are for constant values of Ur and Ut = 0.0127 mm.
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1 in. (25.4 mm) diameter roller 
EG4 Substrate

0.07
UF = 24  lbs (106 N) 
Up = 12 lbs (53 N) _ 
UF = 6 lbs (26.6 N)

» Up = 3 lbs (13.3  N) _

0.06

0.05

0.04
dp-

0.03

0.02

0.01

0.00
0 500 1000 1500 2000

(2225)  (4450) (6675) (8900)

Back Force, lbs (N)

Figure 5.1 The relationship of dft to the back force for four uncertainties in force, UF. dp 
is less than 0.01 when UF = 6 lbs (26.6 N) for back forces greater than 800 lbs 
(3560 N).
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5.1.4 Implication of the Kline - McClintock Second Power Law Analysis to Measured

Values of the Friction Coefficient

The results of the sensitivity analysis of the friction coefficient obtained in the bending 

under tension friction test allows a higher degree of confidence to be placed on reported 

values for friction coefficients. The friction coefficient can be stated as /i ±  and for the 

results obtained with the CSM bending under tension test, this implies that quoted ^-values 

are accurate to at least +0.01.

5.2 Repeatability of Measured Friction Coefficients

The issue of repeatability of results obtained with the bending under tension friction 

test is best addressed by the following example. The example consists of friction testing on 

two uncoated AKDQ cold rolled sheet steels obtained from different suppliers on a 25.4 mm 

diameter roller at a displacement rate of 42.3 mm/s. The materials are designated EG2 

substrate which was studied by Vallance (2) and Wenzloff (3) and EG4 substrate tested in the 

as-received condition as outlined in Section 3.2. A direct comparison of friction data obtained 

on the two uncoated materials is presented in Figure 5.2, a plot of adjusted pulling force 

versus back tension force. Figure 5.2 indicates that the force data for the two uncoated 

substrates superimpose to describe a single linear function, and correspondingly the same 

friction coefficient, 0.17. The equivalency between the friction coefficients on the two 

uncoated substrates leads to two important observations with respect to bending under tension 

friction measurements: first, the friction coefficient between uncoated sheet steel and the 

hardened steel roller lubricated with Texaco Almag oil is 0.17 and is independent of slight
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13500

□ EG4 Substrate 
•  EG2 Substrate

9000

4 5 0 0

2.54 m/min 25.4 mm roller 
a  = 0.169

0
0 4 500 9000 13500

Back Force (N)

Figure 5.2 Plot of adjusted pulling force verses back force for EG4 substrate and the EG2 
cold rolled sheet steel previously tested (3). Note the two sets of data 
superimpose resulting in a p = 0.17.
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variations in surface roughnesses of both the roller and the sheet; and secondly, friction 

testing with the equipment at CSM is repeatable. Also, the constant value obtained in two 

cold rolled AKDQ sheet steels indicates the presence of zinc coatings significantly alters n and 

thus measured frictional characteristics are truly a result of the coating.

5.3 Roller Diameter Effects

At a constant test speed, friction coefficients as summarized in Table 4.4 for the EG4 

substrate decrease slightly with a decrease in roller diameter. However, the corresponding 

measurements on the coated EG4 material indicate that at a specific test speed the measured 

friction coefficients are essentially independent of roller diameter as indicated in Table 4.4, 

except for the 6.35 mm die roller as discussed below. Wang et al. (34) found that /x 

increased with a decrease in roller diameter but, the findings of Duncan et al. (15), and 

Bhonsle (52) indicate the opposite trend.

The slight decrease in measured coefficients of friction for the cold rolled substrate 

with decreasing die diameter at a constant sliding speed as seen in Table 4.4, is consistent 

with the findings of Duncan et al. (15), and Bhonsle (52). This trend has also been observed 

in commercial stamping operations of cold rolled sheet steels (53). With respect to the EG4 

coated sheet steel the coefficients of friction were essentially independent of roller diameter.

5.4 Sliding Velocity Effects on the Coefficient of Friction

For the four roller diameters, the friction coefficient of the uncoated substrate 

increased slightly from 0.17 to 0.19 to 0.22 with each order of magnitude decrease in test
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speed. In contrast, the measured friction coefficient of the EG4 doubled for the 50.8 mm, 

25.4 mm, and 12.7 mm roller diameters when the speed was reduced from 42.3 mm/s to 4.23 

mm/s (e.g. fi=0.22 at 42.3 mm/s to /i=0.46 at 4.23 mm/s for the 12.7 mm roller). This 

trend of decreasing friction coefficient with increasing sliding speed is evident from the data 

presented in Table 4.4.

The results of this study are consistent with the findings of Nakamura et al. (35), 

Rault and Entringer (54), Sulonen et al. (12), and Keeler (55) who also found that the 

coefficient of friction decreased with an increase in sliding speed. The results obtained by 

Nakamura et al. (35) are shown in Figure 5.3. Note however that measured friction 

coefficients are significantly higher in this study. The materials studied include several zinc 

alloy coatings, a electrogalvanized zinc coated sheet steel designated as "EG", and a cold 

rolled steel substrate material designated as "CR" in Figure 5.3. As is evident from the data 

presented in Figure 5.3 the largest change observed by Nakamura et al. (35) in the coefficient 

of friction was for the electrogalvanized coating. This is the same type of material that was 

tested in the present study. With a decrease in strain rate at a given temperature, the strength 

decreases.

One theory for the decreasing values of n  with increasing sliding speed is that the 

lubrication regime changes with speed. This change in lubrication regime is in agreement 

with the Stribeck curve. A schematic drawing of a Stribeck curve for a hypothetical lubricant 

is presented in Figure 5.4 (32). The Stribeck curve is divided into three distinct regions: 

boundary lubrication, mixed lubrication and hydrodynamic lubrication. The ordinate is p, the
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t
a

Figure 5.4 A schematic drawing of a Stribeck curve (32). The three regions: A, B and C 
correspond to different lubrication regimes - boundary, mixed and hydrodynamic 
respectively.
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coefficient of friction, and the abscissa is the dimensionless parameter %v/p, where y is the 

viscosity of the lubricant, v is the relative interfacial velocity and p is the interfacial contact 

pressure. As the velocity increases, the position on the Stribeck curve is further to the right 

on the curve shown in Figure 5.4., thus the coefficient of friction will change with velocity.

If the Stribeck curve for the Texaco Almag lubricant used in this study is sensitive to 

the speed range covered (0.423 to 42.3 mm/s) then one would expect both the substrate and 

the EG4 to behave in a similar fashion. Since the coefficient of friction for the substrate does 

not exhibit the same degree of increase as the coefficient of friction for EG4, a change in 

lubrication regime does not explain the difference in frictional behavior between the two 

materials.

The fact that the frictional behavior of EG4 is extremely dependent on the test speed 

indicates that the presence of the electrogalvanized zinc greatly effects the measured 

coefficient of friction. The strain rate sensitivity of zinc may contribute to the velocity 

dependent frictional behavior of the EG4. The strain rate sensitivity of a zinc alloy (Zn-0.06 

wt% Al-0.06 wt% Mg) is shown in Figure 5.5 as a function of homologous temperature (56). 

For the anticipated temperature range (i.e. 20°C to 100°C) of a friction test the strain rate 

sensitivity coefficient, m, is approximately 0.24. The effect of strain rate on the yield 

behavior for this zinc alloy is illustrated in Figure 5.6 as true stress verses true strain for two 

strain rates.

Since the coefficient of friction, as measured with the bending under tension test, is 

determined solely from the pulling force and the back force, the force measurements take into 

account the forces to overcome sliding friction as well as the force to deform the asperities on
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both the tool and the workpiece. Bowden and Tabor (57) indicate that the bulk material 

properties must be considered when examining friction and surface damage of sliding metals. 

The harder asperities of the steel roller plough through the softer zinc asperities, and this 

ploughing force is recorded as a component of the pulling force in a bending under tension 

test. The observations of Bowden and Tabor in combination with the strain rate sensitivity of 

zinc provide insight to the trend of increasing coefficient of friction with decreasing sliding 

speed for the EG4 as observed in this study.

As seen in Figure 5.6, the yield strength of the zinc alloy is significantly lower at a 

given temperature when the strain rate is decreased by an order of magnitude. This decrease 

in strength results in greater asperity ploughing at slower speeds. The increase in asperity 

ploughing results in an increased force required to move the strip relative to the die; thus, an 

increase in the measured coefficient of friction. The findings of Bowden and Tabor (57) also 

indicate that the ploughing of asperities should not be influenced by lubrication until 

significant displaced material has accumulated in front of the die. This accumulation of 

coating debris was not observed after testing on the three larger diameter rollers.

To further illustrate the effect of sliding speed on the zinc coating, the measured 

coefficient of friction was determined at different speeds while other test parameters (roller 

diameter and back force) were held constant. The effect of velocity is shown in Figure 5.7 

for the EG4 material tested at three different contact pressures {i.e. three different roller 

diameters) with a constant back force of 4450 N. The trend is a decrease in the coefficient of 

friction with increasing sliding speed. It is also important to note that the data for the three 

different test pressures all fall with in the same band of friction coefficient values.
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5.5 6.35 mm Diameter Roller Results

The testing with the 6.35 mm diameter roller was different from the three other 

diameter tests in that no free roller tests were preformed. To obtain the force required to 

bend the material over the 6.35 mm roller, an intercept method as proposed by Davies and 

Stewart (19) was used. This method assumes that the bending force FB is a constant and 

independent of F,, the pulling force. Based on these assumptions, when the back force is 

zero, the intercept of the best fit line through the measured data pairs is the bending force FB. 

Details about this technique are described in Section 1.2. The validity of Davies and Stewart 

(19) method was confirmed by using this method on the other three diameter rollers and 

comparing the intercept value to the bending force values obtained from free roller tests.

When comparing the speed differences within the 6.35 mm roller tests several trends 

were noticed. As summarized in Table 4.4, the average frictional coefficient, fi, of the EG4 

substrate material is essentially constant regardless of sliding speed. The frictional coefficient 

of the EG4 material was higher than the corresponding fi value of the substrate at a given 

speed. Flaking of the coating was observed at the 0.423 mm/s sliding speed on the 6.35 mm 

roller. This loss of zinc was seen at both low and high back forces. A photograph of the 

flaking EG4 coating is shown in Figure 4.5. Zinc was also found to adhere to the 6.35 mm 

diameter roller after each test. This coating failure is attributed to a break down of the 

lubricant at the interface. The effect of the low sliding speed which reduces the shear 

strength of the zinc combined with the high interfacial pressure causes an "avalanche" effect 

in the ploughing phenomenon. This "avalanche" causes the resulting coating break down 

which is observed in Figure 4.5. For high pressure situations similar to the one observed in
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Figure 5.7 The coefficient of friction as a function of sliding speed for EG4. The applied 
back force was held constant while the contact pressure was controlled by the 
roller radius.
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the 6.35 mm diameter roller tests, the constant friction factor theory may be a better model 

for the frictional behavior.

5.6 Pressure Considerations

The pressure at the interface between the tool and the workpiece is described by a 

mathematical relationship consisting of the applied forces and the geometry of the tool and 

work piece. The contact pressure for the bending under tension friction test is given by (2):

1 2 [5.5]F , + P
P = 2rw

where: = measured pulling force

F2 = measured back force 

w = sheet width 

2r = roller diameter

From Equation 5.5 it is obvious that the contact pressure varies inversely with roller 

diameter. The four rollers (6.35 mm to 50.8 mm diameter) used in this study resulted in a 

large range in contact pressures. The pressure ranges determined using the entire set of fixed 

roller data obtained for each roller at a sliding speed of 42.3 mm/s are summarized in Table

5.5. The four rollers in this study cover a pressure range of 2.1 MPa to 57.8 MPa. There is

an overlap in the pressure range between each consecutive diameter roller. The maximum



T-4520 80

Table 5.5 Contact pressure ranges for the four roller diameters 
employed in this study.

Roller Diameter (mm) Pressure Range (MPa)

50.8 2.1 -7 .8

25.4 4.6 - 15.6

12.7 10.8 - 28.7

6.35 19.7 - 57.8

contact pressure obtainable at a specific roller radius is limited by the strength of the sheet 

steel strip.

The contact pressure at the interface between the tool and the workpiece results in 

asperity deformation which is most easily characterized by true contact area measurements.

In Figure 5.8 the true contact area is plotted as a function of contact pressure for three 

different pressures and several sliding speeds at each pressure. The contact area increases 

with increasing pressure to what appears to be a maximum of approximately 60 percent. This 

observation is consistent with the findings of Wahim and Bay (45). To investigate the 

relationship between the coefficient of friction and the interfacial pressure, the coefficient of 

friction was plotted as a function of contact areas for three pressure ranges at various speeds. 

The results of this study are presented in Figure 5.9. From Figure 5.9 it is observed that the 

coefficient of friction is independent of contact area (i.e. contact pressure) and that the 

increase in /i is due primarily to the decrease in interfacial sliding speed.
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5.7 Comparison of EG4 to Previously Studied Electrogalvanized Sheet Steels

The current results for EG4 are compared with the results from a previous study (50). 

The comparison is limited to a test speed of 42.3 mm/s on a roller diameter of 25.4 mm. 

These restrictions are due to the fact that the EG1, EG2, and EG3 materials were tested with 

a single roller diameter. The characteristics of the four commercially produced 

electrogalvanized sheet steels are presented in Table 5.1. The parameters compared in Table

5.1 are R*, crystallographic texture, and the coefficient of friction, /n. From Table 5.1 it is 

seen that the roughness of the EG2 and EG4 are similar while the EG1 and the EG3 had 

lower and higher roughnesses respectively. The crystallographic texture of the EG1, EG2, 

and EG4 consisted of low angle pyramidal orientation with some basal texture on the EG1 and 

some high angle pyramidal texture on the EG2. The crystallographic texture of the EG3 

coating consisted of prismatic and high angle pyramidal orientations. By comparing the two 

parameters of roughness and texture to the measured coefficient of friction a trend is 

observed. The roughness of the coating does not appear to influence the frictional behavior of 

the coating as much as the crystallographic orientation. The coefficient of friction for EG1, 

EG2, and EG4 is essentially the same (0.19 to 0.20) while the coefficient of friction measured 

for the EG3 material under the same test conditions was substantially lower (0.14). This 

leads to the observation that the texture and corresponding mode of coating deformation plays 

a role in the frictional behavior of electrogalvanized sheet steel.

5.8 Implications to Production Operations

The speed dépendance of n for the electrogalvanized sheet steel leads to several 

important implications to manufacturing. During a forming operation on a mechanical press
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the relative velocity between the tool and sheet spans a vast range, reaching a maximum at 

mid stroke and approaching zero at the end of the stroke. It is anticipated that as a result of 

the rate dépendance of fi, local constraint to flow can develop and may lead to failure in 

regions where deformation models which only incorporate a constant rate-independent p  may 

predict safe deformation conditions.
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6.0 CONCLUSIONS

The analysis of the friction results leads to several summary observations:

• The uncoated substrate steel has a friction coefficient that is essentially

constant for a specific test speed but increases slightly as the speed is 

decreased.

• The friction coefficients for the EG4 coated sheet steel are independent of

roller diameter but increases significantly with a decrease in sliding speed.

• The displacement rate dépendance of the coefficient of friction for the

electrogalvanized material may lead to localized constraint and failure in 

stamping operations.

These observations are attributed to the strain rate sensitivity of the zinc coating in the 

temperature range of the friction test. As the test speed increases, the higher yield strength of 

the zinc allows less plastic deformation which result in less ploughing of the zinc metal.

Since the ploughing is reduced the measured friction force is also reduced. It is this reduction 

in the measured friction force which results in a lower coefficient of friction, fit with 

increasing sliding speed.
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8.0 APPENDIX A

Force Plots For All Test Conditions
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Figure 8.1 Plot of normalized adjusted pulling force versus normalized back force for both
the EG4 and the steel substrate material test on the 50.8 mm roller at 42.3 mm/s.
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Figure 8.2 Plot of normalized adjusted pulling force versus normalized back force for both
the EG4 and the steel substrate material test on the 50.8 mm roller at 4.23 mm/s.
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Figure 8.3 Plot of normalized adjusted pulling force versus normalized back force for both
the EG4 and the steel substrate material test on the 50.8 mm roller at 0.423
mm/s.
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Figure 8.4 Plot of normalized adjusted pulling force versus normalized back force for both
the EG4 and the steel substrate material test on the 25.4 mm roller at 42.3 mm/s.
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Figure 8.5 Plot of normalized adjusted pulling force versus normalized back force for both
the EG4 and the steel substrate material test on the 25.4 mm roller at 4.23 mm/s.
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Figure 8.6 Plot of normalized adjusted pulling force versus normalized back force for both
the EG4 and the steel substrate material test on the 25.4 mm roller at 0.423
mm/s.
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Figure 8.7 Plot of normalized adjusted pulling force versus normalized back force for both
the EG4 and the steel substrate material test on the 12.5 mm roller at 42.3 mm/s.
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Figure 8.8 Plot of normalized adjusted pulling force versus normalized back force for both
the EG4 and the steel substrate material test on the 12.7 mm roller at 4.23 mm/s.
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Figure 8.9 Plot of normalized adjusted pulling force versus normalized back force for both
the EG4 and the steel substrate material test on the 12.7 mm roller at 0.423
mm/s.
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Figure 8.10 Plot of normalized adjusted pulling force versus normalized back force for both
the EG4 and the steel substrate material test on the 6.35 mm roller at 42.3 mm/s.
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Figure 8.11 Plot of normalized adjusted pulling force versus normalized back force for both
the EG4 and the steel substrate material test on the 6.35 mm roller at 4.23 mm/s.
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Figure 8.12 Plot of normalized adjusted pulling force versus normalized back force for both
the EG4 and the steel substrate material test on the 6.35 mm roller at 0.423
mm/s.


