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ABSTRACT

The frictional behavior of a series of zinc-based 
coated sheet steels was evaluated with the bending under 
tension friction test. The coated sheet steels included 
three commercial, pure zinc electro-galvanized products 
with nominal coating weights of 70 g/m2, a pure zinc hot 
dip sheet, a hot dip (Galvanneal) zinc-iron alloy coating, 
and an electro-deposited zinc-iron alloy.

A specialized bending under tension test fixture, 
adaptable to a commercial servo-hydraulic universal test 
frame, was designed and fabricated for this study. The 
system, which selectively evaluates the friction on one 
side of the sheet, utilizes hardened rollers between 6.35 
mm (0.25") and 102 mm (4.0") diameter to simulate die 
materials and can test samples at displacement rates up to 
85 mm/s (200 in/min). The system was shown to produce 
reproducible friction measurements, and procedures for 
analysis of the experimental data are discussed.

Friction data for the six materials tested parallel to 
the rolling direction, were obtained as a function of 
contact pressure and displacement rate and on samples 
selected to evaluate both coated surfaces. Friction
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coefficient measurements were significantly different for 
the six materials and were shown to depend on contact 
pressure and selected testing variables. For example, for 
the pure zinc electro-galvanized coatings, average friction 
coefficients for the three sheets were 0.19, 0.18, and
0.12. For the samples with the higher average friction 
coefficients (i.e. 0.19 and 0.18), j j increased or remained 
constant with pressure while for the sample with a low 
average friction coefficient (0.12), j j decreased with 
increasing average contact pressure. The difference in 
mean friction coefficients were shown to correlate with a 
analysis of coating crystallographic texture in conjunction 
with a consideration of surface flow stress and surface 
roughness.
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1.0 INTRODUCTION

1.1 Friction Measurement

The research performed for this thesis is an effort to 
better understand the phenomena of friction as it applies 
to the formability of zinc-coated sheet steel. Zinc coated 
sheet steels were investigated due to their increased use 
in the automotive and appliance industries for increased 
corrosion resistance, and because they are more difficult 
to form successfully than uncoated sheet steel (1).

The friction behavior of coated sheet steels has been 
evaluated with a variety of laboratory tests (2). In this 
Introduction, experimental friction test procedures are 
reviewed with emphasis on the Bending Under Tension test 
which is the primary experimental technique considered in 
this thesis.

There is currently an emphasis in industry to utilize 
simple laboratory tests to evaluate the performance of 
coated sheet metal in press shop operations. These tests
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are being used to predict and rank sheet metal performance 
and for quality control, as well as lubricant evaluation 
(3). Tests of interest include forming limit tests, 
limiting dome height tests, deep drawing or cupping tests, 
and specialized friction tests. These tests evaluate 
forming with often times complex stress and strain states
as well as surface interactions between the tool and sheet
metal (4). Substrate as well as surface properties govern 
the performance of sheet metal.

Friction is an important parameter in actual forming 
operations and, in part, governs the formability of sheet 
metal (5). Friction affects the transfer of forces from a 
forming press to a sheet metal stamping and influences the
success of the stamping, i.e. no local failure, required
strength, and surface finish obtained to meet desired 
specifications.

Friction tests are used in two ways : to measure
overall forming properties which are sensitive to friction 
and to directly measure the interfacial shear behavior,
i.e. the friction coefficient. The first general type is 
used to rank materials relative to one another and evaluate 
actual performance in test configurations that may or may 
not simulate actual forming conditions. Lubricants, 
coatings, and material damage may be also assessed in these



T-3796 3

tests (3). The first group are really formability tests 
such as the limiting dome height (LDH) test which ties 
friction to the overall formability parameters and sheet 
steel substrate properties (6).

The second group of friction tests are used to examine 
friction as primarily a surface interaction phenomena only. 
In contrast to the forming tests in which both substrate 
properties and surface interactions are evaluated, friction 
tests isolate surface interactions. The ability to isolate 
the surface is desirable to simplify the variables during 
testing and help make friction more explainable as it 
pertains to sheet metal forming (7).

1.1.1 Friction Defined

Friction is the force which opposes motion between two 
bodies in sliding contact, and is the result of surface 
asperity and/or molecular interactions (junction welding) 
between the two bodies (2). In sheet metal forming, 
friction allows forces to be transmitted from the punch, 
dies and drawbeads to sheet metal, in order to plastically 
deform the sheet to create a desired shape. When proper 
frictional conditions are met, the punch transmits forces 
that induce sufficient uniform plastic strain to allow the
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part to be formed to the desired shape, strength and 
surface quality. If improper friction is encountered, the 
workpiece may fail locally through plastic strains causing 
localized necking and failure through splitting of the 
sheet. Similarly, if improper tension is maintained in the 
sheet, surface finish quality may be less than adequate.
The drawing quality of the steel is also important when 
looking at the potential success of a material for certain 
forming operations. In this thesis, the sheet metal being 
formed is often referred to as the workpiece and the 
forming punch, dies, or friction test surface is referred 
to as the tool.

Friction is the result of asperity interaction or 
junction welding at the interface of the two materials (2). 
Figure 1.1a illustrates asperity interaction between two 
bodies. The asperities must be deformed in some manner to 
pass by one another. Junction welding occurs when the tool 
and workpiece are flattened together as in portion C of 
Figure 1.1b. Molecular interactions take place, depending 
on the affinity of one material for the other and 
contaminants present. These welds act to bond the two 
materials together, creating a force resistant to sliding 
motion, as does the asperity interaction, i.e. friction.

Friction may be described in different ways depending
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Figure 1.1 (a) Schematic describing asperity
interaction for sliding between two bodies,
(b) Junction welding between tool and 
workpiece at contact points. Both asperity 
interaction and junction welding create 
friction forces that must be overcome to 
cause sliding between the two bodies. Schey 
(2 )
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on the existing conditions (8). One way is to use the 
mechanical engineering definition (2,8) of the coefficient 
of friction, jj :

where F = force required to move a body over the surface 
and P = normal force between the two bodies. Amonton's two 
basic laws of friction (2) are embodied in this definition : 
first, the frictional force is proportional to the normal 
force ; and second, friction is independent of the size of 
the apparent contact area (2). This is commonly referred 
to as Coulombic friction. The coefficient of friction, j j , 

may also be defined as:

where r = sliding shear stress and o = the stress 
perpendicular to the to sliding surfaces. The coefficient 
of friction, j j , according to von Mises, has a maximum of 
0.577. With an increase in normal stress, it eventually 
becomes easier to shear a material internally than to slide 
the two external surfaces over one another and the
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resulting shear stress at the interface is a constant, 
independent of a. This is referred to as sticking friction 
and can be described by a constant friction factor, m :

m = ^ [1-3]

m is also described as the frictional shear factor and has 
a value of 0 for a frictionless interface and a value of 1 
for complete sticking friction and k = 0.57 7ao, where ao = 
the flow stress of the material, if the maximum octahedral 
shear stress failure criteria is assumed to apply (2).

The two different friction regimes, Coulombic and 
constant, are shown in Figure 1.2, where interfacial 
shear stress is plotted versus normal contact pressure.
The Coulombic friction line has a slope of p. and a y- 
intercept of zero. The constant friction line has a zero 
slope and a y-intercept of 0.577ao. At lower normal 
contact pressures, Coulombic friction is found to be 
applicable, while at the higher contact pressures, 
experimental results suggest that friction is better 
described by a constant friction factor (8). For a more 
detailed discussion of friction in metalworking see 
Triboloqy of Metalworking by Schey (2), or Mechanical 
Metallurgy, by Dieter (8).
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i max
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-  o

0 0

Figure 1.2 Normal pressure (p) vs. interfacial shear
stress (r) for materials in sliding contact 
with one another. Coulombic friction is 
represented by dashed lines and constant 
friction by dotted dashed horizontal lines. 
Schey (2)
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Friction in sheet metal forming operations is often, 
most appropriately described by Coulombic friction (9), 
though there are some inaccuracies which will be discussed 
in this thesis.

1.1.2 Types of Friction Tests

There are currently several different types of 
friction tests which have been used to evaluate the 
interfacial sliding behavior of materials (2,6). There are 
certain basic elements inherent in all friction tests, 
namely two surfaces in sliding contact with one another. 
There must be a force to create a relative sliding motion 
between the two bodies, and a normal force to create a 
frictional condition at the interface. To calculate a 
friction coefficient these forces must be measurable. An 
illustration of these forces is provided by examining the 
Wojtowicz elastic sliding friction test, shown 
schematically in Figure 1.3a (10,11). The pulling force,
F , causes the sheet to slide between two dies. A normal 
force, N, causes the dies to squeeze together, creating a 
condition of friction between the dies and the sheet. By 
knowing the dimensions of the dies and the pulling and 
normal forces, a friction coefficient may be calculated.
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This test will be described in greater detail in the 
following sections.

Each friction test method has certain advantages and 
disadvantages in comparison to the other tests. Friction 
is a system parameter (2), not a mechanical property, and 
as a result depends directly on the measurement procedure. 
In general, the more closely a test approximates the actual 
forming conditions of interest, the more representative the 
results of the friction test will be (12,13). For example, 
if one is interested in drawbeads, then the drawbead 
simulator (DBS) friction test will be most accurate. 
Correspondingly, it is not appropriate to compare results 
from different friction tests (11). The various friction 
tests currently in use will be described in this section, 
as well as their advantages and disadvantages.

The simplest and perhaps most traditional friction 
test is the elastic sliding test used by Wojtowicz (10,11). 
In this test a strip is drawn between two blocks as 
described in Figure 1.3a, while the drawing and clamping 
forces are measured. The tools are made of, or surfaced 
with material that the sheet is likely to come in contact 
with during forming. The test, as shown in Figure 1.3a, is 
in its simplest configuration. Different geometries may be 
investigated by using a cylindrical contact piece instead
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Figure 1.3 (a) Wojtowicz strip drawing friction test,
Ranta-Eskola, et.al. (11). (b) Tensile strip
draw test used by Duncan to evaluate friction, 
Duncan, et.al. (12). Both tests result in a 
calculated friction coefficient for the test 
strip in contact with the tool.
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of a flat contact die (2,11), for instance. In the setup 
shown, the calculated friction coefficient is an average 
between the two sides of the sheet. The workpiece backing 
plate could slide with the workpiece if friction 
measurement is desired on one side of the sheet only. In 
the simplest configuration shown in Figure 1.3a, the 
friction coefficient, v, may be determined as:

where F = pulling force, N = normal force, and the 2 arises 
as both sides of the sheet contribute. The average contact 
pressure, p, may be determined by:

where 1 = length of tool contact and w = width of tool 
contact.

In this test the strip is usually strained within the 
elastic regime (11) and is in simple uniaxial tension. 
These conditions are rarely seen in stamping or drawing 
processes where the sheet is deformed plastically, and 
often in complex stress states during forming.

Another test developed to measure friction is the
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tensile strip test developed by Marciniak and used by J.L. 
Duncan et.al. (7,12). While the Wojtowicz test has a 
predominantly elastic sliding condition, this friction test 
is almost entirely in the plastic deformation region of the 
material during testing. The geometry for this friction 
test is shown in Figure 1.3b. Both the sliding force and 
the pulling force are induced by the loading force 2P1 in 
Figure 1.3b. The strip is clamped in grips on the upper 
crosshead assembly. With displacement of the bottom 
crosshead, which contains the two cylindrical tools, with 
radii, R, a relative sliding motion between the tool and 
sheet metal strip is created. A normal force distribution 
is induced due to the geometry of the test. The 
cylindrical tools or "friction pins" do not rotate. In 
this test the friction coefficient is calculated as:

where P1 and P2 are forces in the sheet metal ligaments in 
the strip being tested. Duncan et.al. (12) used 
extensometers to measure strains, E1 and E2 in Figure 1.3b, 
during the test, while monitoring the load 2P1. Using a 
construction in which E1 is plotted versus 2P1 and E2, loads 
Pl and P2 where determined. See reference (12) for further
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details.
This test would best simulate friction conditions over 

a punch nose (location 1, Figure 1.4a) since there is 
little displacement of metal over the tool (12). During 
forming, the sheet experiences significant plastic strain, 
as in punch nose-workpiece interaction. Indeed, the test 
was developed with exactly this in mind (12). The stress 
state in the sheet metal strip over the tool, is more 
complex than in the Wojtowicz elastic sliding test and 
incorporates plastic deformation of the sheet. This more 
closely approximates actual sheet metal forming conditions 
than the elastic sliding test previously described.

In addition to closely approximating actual forming 
conditions (12), the tensile strip test has the advantage 
of measuring friction on one side of the sheet only. In 
the event that differing frictional conditions exist on 
each side of the sheet, due to coating differences or 
application techniques, one side of the sheet may be 
isolated, where other friction tests give an average 
friction coefficient for the two sides of the sheet.

The tensile strip test has the disadvantage of 
averaging the friction coefficient between two cylindrical 
tools. The friction condition may be different between the 
two tools due to uneven lubrication affects, tool surface



T-3796 15

5

k 3

2
j

C

Bead

S boulder ► U — Shoulder
K Friction 1

X Mr

/

T(s)

Free Surface

Figure 1.4 (a) Detail of drawbead used to control sheet
metal draw in during forming, Sulonen, et.al 
(3). By increasing hold down pressure, the 
sheet is under increased tension as it is drawn 
into the die by the punch. There is a large 
displacement of sheet metal over die radius 
while little sliding contact of the sheet over 
the punch nose occurs, (b) Nomenclature used in 
drawbead simulator data reducing equations,
Nine (14).
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conditions, or because of normal experimental scatter due 
to the nature of the testing.

The plotting method, discussed in conjunction with E q . 
[1.6] used to determine P1 and P2 is dependant on the 
material stress-strain characteristics, and determined load 
values may similarly vary. These problems could be 
eliminated by using load cells to measure loads instead of 
extensometers, and modifying the geometry of the test. The 
test also does not account for the amount of energy 
required to plastically bend the test strip around the 
friction pins, which may introduce error in the 
determination of the friction coefficient (7,14)

Drawbeads are used in sheet metal stamping operations 
to maintain proper tension in the sheet, while allowing the 
metal to be drawn into the die. Location 5 in Figure 1.4a 
shows a schematic of drawbeads used in sheet metal forming. 
By varying the hold down pressure, C (Figure 1.4b), the 
sheet may be drawn in with more or less force, to maintain 
the proper amount of plastic deformation and tension to 
attain the desired strength and surface finish with no 
local failures (9,14,15). Since drawbeads are so widely 
used, it was desired to characterize the response of 
friction to drawbeads, as well as having a method with 
which to evaluate materials, lubricants, etc. in forming.



T-3796 17

Nine (14) used a friction test, the drawbead simulator 
test, to evaluate friction coefficients to evaluate and 
rank sheet metal performance. In this test, a strip of 
sheet metal is drawn through an assembly that resembles an 
actual drawbead in a stamping press (see Figure 1.5a).

It is desirable to investigate friction as a surface 
interaction phenomena, i.e independent of sheet steel 
substrate properties, to help isolate friction and 
eliminate other variables which may complicate the system 
being investigated (7,14). This is accomplished in the 
drawbead simulator test by first drawing the strip through 
a fixture in which the beads are free to turn. In this 
configuration only the forces required to plastically 
deform the strip are determined. The strip is then drawn 
through an assembly in which the beads are fixed, as in an 
actual forming operation (14). From these procedures the 
amount of work to overcome friction, as opposed to the 
plastic bending work, may be determined. The actual 
configuration and clearances are the same as in actual 
drawbead operations (14). If the pressure, P, between the 
sheet and the drawbead is assumed to be constant then the 
friction coefficient may be calculated as:
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Figure 1.5 (a) Drawbead simulator test fixture, used by
Nine to experimentally determine friction 
coefficients for sheet metal. Nine (14). (b)
Schematic of bending under tension friction 
test geometry.
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*(s) Dd+f - Dd

where Dd+f = measured drawing force for the fixed beads, Dd 
= measured drawing force for the free rolling beads, and 
Cd+f = measured clamping force for the fixed beads. These 
forces are shown in the schematic in Figure 1.4b. r (s ) = 
the tangential shear stress at a point s and P (s ) = the 
normal pressure at the corresponding point s. Nine has a 
more complicated solution for friction where the pressure 
is assumed to increase in a linear fashion because of 
friction (9,14).

The DBS test accurately represents friction in 
drawbeads where large displacements and significant levels 
of plastic strains are experienced. In the original form 
the DBS yields a friction coefficient which averages the 
interfacial behavior of both sides of the sheet. This may 
be a disadvantage if it is desired to evaluate friction of 
sheet steels with differential coatings. However, it would 
be possible to evaluate friction coefficients on one side 
of the sheet in the appropriate drawbead, if the simulator 
was replaced with a freely turning roller in place of one 
of the drawbeads. The DBS test also has the advantage of
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isolating the friction evaluation from the substrate 
properties, i.e. as a surface interaction phenomena by the 
steps previously described (7,14). This is in contrast to 
Duncan's tensile strip test described above.

The final friction test to be described is the bending 
under tension test. This is the test used for calculation 
of friction coefficients in this research work, and will be 
described in detail in the following section.

1.1.3 Development of the Bending Under Tension Test

The bending under tension test was used by M. Sulonen 
et al. (3) at the Helsinki University of Technology as "A 
reliable method for measuring the friction coefficient in 
sheet metal forming". It has several advantages over the 
previously described friction tests as far as the 
versatility of the test itself (3). The test will be 
described and then the advantages and disadvantages will be 
discussed.

This test is performed by drawing a specimen over a 
cylindrical tool and measuring the consequent forces 
required to cause movement of the sheet (see Figure 1.5b) 
where the back tension force F2 is less than the pulling 
force F1. The interfacial friction behavior is isolated
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from the substrate properties of the sheet steel by- 
allowing the cylinder to rotate freely or to be fixed. The 
energy required to overcome friction as opposed to the 
energy needed to physically bend the metal, may be 
calculated. As described by Sulonen et.al. (3), the 
friction coefficient can be calculated from the following 
equations which were derived by assuming that the friction 
coefficient, ju, is constant along the line of contact and 
the friction force is distributed according to the pulley 
equation. A complete derivation following Sulonen1s et.al. 
analysis is presented in appendix A; the basic equations 
required to calculate jj are summarized here.

For a freely turning roller an energy balance leads
to :

where F* = primary pulling force, F* = back tension force, 
and Fb = bending force. For a fixed roller :

Fi - F2 = F, + Fb [1-9]

where F1 = primary pulling force, F2 = back tension force, 
F̂  = friction force, and Fb = bending force. With proper
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integration over the arc of contact, the coefficient of 
friction, jj, can be determined as:

M = f (r +r°-5t) In F— F -  [1.10]

This assumes constant friction, constant sheet thickness 
and a uniform pressure distribution where r = roller radius 
and t = sheet thickness. The average contact pressure, p, 
is shown to be:

F1 + f 2
P - - 2 Ï S -  [1'11]

where w = sheet width, and the forces are from a fixed 
roller configuration.

In comparison, the bending under tension test has 
several advantages over other friction tests described 
previously (3). The coefficient of friction on a specific 
surface can be determined under conditions of varying 
imposed plastic strain. The loads are recorded directly 
using load cells, in contrast to Duncan's tensile strip 
test. Test geometry, parameters and controls are easily 
varied for versatility in simulating sheet metal forming 
conditions. Tool radius, lubrication methods, and contact 
pressures may be controlled. Tool materials, surface
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conditions and displacement rates may also be changed.
The test maintains a tensile stress in the strip while 

it is being deformed under plastic conditions. It most 
closely represents friction over the die radius under 
actual forming conditions as shown in location 3 of Figure 
1.4a, due to the large sliding displacement of metal over 
the friction tool surface. The test could be used to 
simulate friction at a punch nose if the back tension force 
(F2 in Figure 1.5b) was locked so that no displacement of 
the strip over the tool was allowed. This would in effect 
be the tensile strip test used by Duncan, and the majority 
of the strain over the tool radius would be plastic, as in 
sheet metal flow over a punch nose during forming.

The actual test fixture used to perform the bending 
under tension test is described later in this thesis.

1.2 Factors Affecting Friction

Friction is affected by several factors including: 
mechanical properties of the sheet; the properties and 
geometry of the tool; and lubricants and contaminants (7). 
The factors which affect friction will be discussed in two 
main categories: material properties of both the coating
and substrate, and forming variables. How these factors
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affect friction will be addressed in the discussion of this 
thesis.

1.2.1 Material Properties

The coating characteristics of the sheet metal play an 
important role in surface to surface interactions between 
the tool and the workpiece (7). In coated sheet metal 
forming, the coating is often softer and rougher than the 
punch and dies being used to work the metal. The coating 
accommodation of asperity interaction, tool-workpiece 
junction welding and plastic deformation play an important 
role in friction. Coating properties (16) such as 
hardness, flow stress, strain hardening behavior and strain 
rate sensitivity are important. Surface roughness (17) and 
coating texture (7) also help determine the response of the 
coating to friction in sheet metal forming.

Substrate properties that affect coating-workpiece 
interactions are important as well. Deformation behavior 
of the substrate characterized by anisotropy, flow stress 
and UTS determine strains, both elastic and plastic, that 
influence the coating during forming (16,18). The original 
surface roughness of the substrate before coating has an 
effect on the final texture, surface morphology, and
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coating roughness, which in turn will affect friction 
during forming.

Coating-substrate interface conditions affect the 
response of friction in forming (18). The coating adheres 
to the substrate and must flow or fracture to accommodate 
flow in the substrate during forming of the workpiece (19). 
Poor adhesion of the coating during forming will allow 
coating damage to occur and cause contaminates to enter the 
tool workpiece interactions, reducing the effect of the 
lubricant, causing further coating damage and influence the 
friction between the tool and workpiece.

1.2.2 Forming Variables

Once a material is selected everything external to the 
sheet that effects formability is considered here to be a 
forming variable. The geometry and characteristics of the 
punch and die dictate the amount of elastic and plastic 
flow the workpiece must undergo, to successfully form the 
desired shape (13). Increasing plastic strain and 
complexity of the stress state influences the sheet 
substrate and coating response to forming (13). The 
roughness and hardness of the tool are important in 
asperity interaction (16,17). Tool material can influence
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friction by the affinity of the coating and tool for one 
another determining the strength of the welded junctions 
that in part determine the amount of force required to 
overcome friction (2).

A major factor in friction is the lubrication type and 
regime. Wilson categorized the regimes into four types: 
thick film, thin film, mixed, and boundary (20). The 
actual regime operating during sheet metal forming is a 
function of lubricant, load, surface roughness and relative 
velocities (2,20). No lubricant results in a "dry" 
condition described by Wilson (20) as a boundary regime 
which allows for a maximum of asperity interaction and 
welding during contact. A mixed regime consists of partial 
metal-metal contact and thin film lubrication, i.e. fluid 
in the valleys between the asperity peaks (20). Thin film 
lubrication has a film of lubricant between the two 
surfaces that has a thickness about the same as the 
roughness of the rougher material. There is very little 
metal-metal contact. Thick film lubrication regimes have a 
lubricant thickness substantially greater than the surface 
roughness peaks of the material (20). The most common 
regime in deep drawing or stretch bending of sheet metal is 
mixed (both boundary and thin film) where there is direct 
tool workpiece interaction as well as lubricant
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interference during sliding between the sheet and tool 
(20). The lubrication regime in operation may be 
characterized by the Stribeck curve (Figure 1.6) where 
friction coefficient is plotted versus a parameter that is 
a function of lubricant viscosity, 77, relative velocity, v, 
and pressure, p, specifically:

Z2_v
P [1.12]

The friction coefficient is highest for a boundary 
condition. It decreases as a greater amount of lubricity 
becomes thin film (mixed region), to a minimum as the thin 
film becomes a thick film. As film thickness increases, 
friction increases because of the energy required to shear 
a greater amount of lubricant.

1.3 Introduction Summary and Research Objectives

The purpose of this thesis project was twofold : to
design and fabricate a test fixture that would allow the 
bending under tension test to be performed at CSM and 
evaluate the friction behavior of a series of coated sheet 
steels. Once the fixture was completed, it was necessary 
to evaluate and characterize the output of the friction
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77 v / p  —

The S tr ib e c k  c u rv e . 
A = boundary lu b r ic a t io n  
B = mixed lu b r ic a t io n  
C = hydrodynamic lu b r ic a t io n

Figure 1.6 Stribeck curve, where ^ = friction coefficient, 
77 = dynamic viscosity, v = relative velocity, 
and p = pressure. The different lubrication 
regimes are indicated on the plot (17).
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tester. This included both machine evaluation as well as 
an analysis of data reduction methods to calculate friction 
coefficients and average contact pressures.

Once the machine was evaluated and proven reliable and 
adequate, a mechanical test program was undertaken to 
investigate the effects of both material properties of the 
sheet and forming variables on friction during forming.
This was accomplished in several ways. First an extensive 
test program was undertaken to acquire a database to 
evaluate friction coefficients for different materials 
under similar forming conditions as well as to have a 
standard with which to make further comparisons. Once a 
data base of statistical significance was established, 
changes in test parameters that would influence both 
material property and forming variables, but allow them to 
be evaluated independently, were conducted.

Asperity interaction and deformation were investigated 
with SEM analysis on the tested samples in an effort to 
understand the tool-workpiece interfacial behavior during 
friction testing. True contact areas between the sheet 
metal and tool were calculated by point counting techniques 
and surface deformation and damage was investigated under a 
variety of test conditions.

In summary, this research project is an investigation
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of the factors influencing friction during forming through 
a mechanical test program that determines friction 
coefficients under simulated forming conditions that can be 
varied in a systematic manner.
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2.0 EXPERIMENTAL PROCEDURE

2 .1 Introduction

The purpose of the bending under tension test is to 
evaluate friction coefficients under varying applied 
conditions and parameters. Lubrication, displacement rate, 
metal-metal interaction, and flow properties of the 
coatings all affect friction coefficients, which in turn 
affect sheet metal formability. Friction coefficients were 
evaluated under a wide range of test conditions in this 
research work. The materials tested will first be 
described, followed by a description of the friction test 
apparatus and test procedures. Coating deformation studies 
will also be discussed.

2.2 Test Material Matrix

A wide variety of coating compositions and application 
methods exist. Commercially available coatings include
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electro-galvanized and hot dip coating weights from 0 to 
120 g/m2. The coatings are either pure zinc or zinc-alloy 
coatings such as zinc-iron, zinc-aluminum, or zinc-nickel. 
The materials chosen to study have an average nominal 
coating thickness of about 70 g/m2 and include a variety of 
coating types and application techniques. A large 
selection of sheet materials have been obtained and stored 
at the CSM Department of Metallurgy. The materials 
available are listed and characterized by Burford (21) and 
Wilson (22). Wilson's evaluation narrowed the list of 
materials to be investigated to six types of sheet metal 
chosen as a representative group of the materials 
available. The steel sheets evaluated are listed in Table 
2.1. These six materials are being studied under a number 
of investigations that fall under the general heading of 
sheet metal formability (21,22,23,24).

Three of the materials (Stelco 70G70G, Rouge 60G60G, 
and Inland 70G70G) are electro-galvanized zinc with a 
nominal coating weight of about 7 0 g/m2. The number 
following the manufacturers name indicates the nominal 
coating weight in grams per square meter of surface area 
for each side. A "G" designates electro-galvanized zinc. 
The other three selected coatings are zinc hot dip (Stelco 
60HD), an electro-galvanized zinc iron alloy (Rouge 40A40A)
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and a hot dip zinc (Inland 60N40N) in which substrate iron 
atoms are allowed to diffuse into the coating forming a 
zinc iron alloy (Galvanneal). These also have nominal 
coating weight of about 70 g/m2. An "A" designates zinc- 
iron galvanized coating, "HD" is a zinc hot dipped coating, 
and "N" represents a "Galvanneal" coating (these are 
summarized in Table 2.1). The steels investigated are 
commercially available and were provided by the 
manufacturers indicated. Corresponding mechanical and 
physical properties are also listed in Table 2.1 as well.

2.3 Friction Tests

2.3.1 Friction Test Description

Bending under tension tests were performed on an 
apparatus designed and built at the Colorado School of 
Mines. It is used with an MTS (Model 312.21) 44.5 kN 
(10,000 lb) load frame and MTS 442 controller. The 
machine, shown pictorially in Figure 2.1 and schematically 
in Figure 2.2, consists of four major components : a
structural frame, a roller assembly (arrow b. Fig. 2.1), 
the MTS system to apply the primary tensile force, and a 
hydraulic system (arrow a. Fig. 2.1) to control the
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Figure 2.1 Friction test system, designed and fabricated 
at the Colorado School of Mines, Golden, 
Colorado. This system is used to implement the 
bending under tension test.
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HYDRAULIC CYLINDER LOAD CELL

ROLLER

SHEET METAL STRIP

LOAD CELL

MTS LOAD FRAMESUPPORT FRAME

LOAD CELL
GRIP

DISPLACEMENT
BACK TENSION 
HYDRAULIC CYLINDER ROLLER

ASSEMBLY SHEET METAL STRIP 
GRIP

LOAD CELL

MTS HYDRAULIC 
ACTUATOR

Figure 2.2 (a) Schematic of friction tester structural
frame and MTS hydraulic load frame. (b) Detail
of friction test components.
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reaction force.
A structural frame which adapts directly to the MTS 

load frame holds the roller assembly and provides correct 
alignment with the two hydraulic systems that provide 
forces to pull the strip over the roller. The frame is 
constructed of 51 mm x 51 mm (2" x 2") structural steel
tubing and can be easily removed and stored as a complete
unit.

The second main component is the roller assembly which 
can be configured with fixed, free, or driven rollers. The 
current design configuration may utilize 6.35 mm (0.25"),
12.2 mm (0.5") or 25.4 mm (1.0") rollers. Up to 101.6 mm
(4.0") diameter rollers may be used. This investigation 
utilized a 25.4 mm (1.0") diameter roller, made of case 
hardened steel (Rc 60) with a ground and polished surface 
finish of 0.25 urn to 0.40 pm rms (10 to 16 micro-inches 
rms). The rollers used were Thomson hardened linear 
bearing rods (Thomson 60 Case shafts, Class "L"). A roller 
bearing steady rest is provided to prevent deflection of 
the smaller diameter rolls at high contact pressures.

The assembly is designed to accommodate a 51 mm (2") 
maximum width sheet metal strip, though the machine could 
easily be adapted to a wider strip. The contact angle 
between the strip and roller is 90 degrees. Each roller is
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mounted on an adjustable base plate, fixed at 45 degrees to 
the two load axis. By changing bearing holding blocks, 
different tool radii may be utilized. The base plate is 
adjustable on the frame for precision alignment of the 
roller. The rollers are supported by bearings in special 
bearing blocks and can be prevented from rotating with the 
use of a shaft lock.

The primary tensile force (F1 in Figure 1.5b) is 
produced by the third major component of the machine, which 
is an MTS (model 312.21) 44.5 kN (10,000 lb) load frame.
The sheet metal strip is clamped in a grip, which is 
attached to a 10 kip load cell mounted on the MTS actuator. 
The MTS system has a maximum stroke of 152 mm (6") which is 
the limiting factor in the length of strip which may be 
tested.

Finally, a hydraulic system provides controlled back 
tension (F2 in Figure 1.5b) on the sheet metal strip. A 
hydraulic system was used because it allows for a wide 
variation in back tensile forces, while being able to 
maintain a steady force at any one setting. A schematic of 
the back tension hydraulic system is shown in Figure 2.3. 
The system consists of a hydraulic cylinder with a back 
pressure regulating valve. The valve bleeds fluid out of 
the forward cavity of the cylinder to maintain a steady
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rA/V^ X T T

N :)

Figure 2.3 Hydraulic back tension system control diagram.
The piston is pulled out of the cylinder, by 
the sheet metal strip, while a constant 
pressure is maintained in the front cavity of 
the hydraulic cylinder. Constant pressure, 
i.e. constant force is maintained on the strip 
by allowing the hydraulic fluid to leave the 
pressure side of the cylinder at a controlled 
rate, through the pack pressure control valve, 
into a reservoir. There is a hand pump and 
three way valve, to return the cylinder to its 
original start position.
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pressure, as the sheet metal strip is displaced over the 
roller by the MTS load frame. This steady pressure 
provides for a constant force for back tension on the sheet 
metal strip. The back pressure valve is a mechanical valve 
with six different spring configurations to provide for 
sensitivity within the desired operating range. Table 2.2 
lists the operating pressure ranges along with the 
corresponding forces exerted on the sheet metal strip, by 
the hydraulic cylinder. A screw allows for adjustment 
within any one spring range. The hydraulic fluid used in 
the back tension system is returned to a reservoir through 
a three way valve. The reservoir is part of a hand pump 
which may be used to return the cylinder to its initial 
start position and place a pretension on the test strip if 
desired. The system may be adjusted to provide for a 
minimum force of 0.18 kN (40 lb) up to a maximum back 
tension force of 36.7 kN (8250 lb). The hydraulic control 
system is mounted on the side of the structural frame and 
is a closed, self contained system. The back tension is 
directly measured with an in line 44.5 kN (10,000 lb) load 
cell.
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2.3.2 Friction Test Procedure

Friction testing was performed with the MTS system in 
stroke control, i.e. displacement rate was predetermined. 
The back tension force was set at the desired load with the 
back pressure control valve. Thus, sheet metal strip 
displacement rate and back tension force were controlled. 
The pulling force required to overcome the back tension, 
friction, and bending forces of the sheet metal strips was 
measured. Both the front and back tension loads were
monitored and recorded during the test runs by a computer
data acquisition system. The data acquisition system is
comprised of a Compaq Deskpro 386s computer with a
MetraByte Model EXP-16 Universal Analog Input (A/D 
converter) and Labtech Notebook (version 4.3.4) data 
acquisition software. A sampling rate of 100 data points 
per second was used to record load 1 and load 2 (F1 and F2 
in Figure 1.5b), at times, t.

A dual slope function on the MTS 442 controller, 
function generator was used in displacement control to 
eliminate a peak load spike that occurred due to the 
mechanical back pressure valve seeking its equilibrium 
position setting. Figure 2.4a shows typical recorded load 
versus time for a friction test under the conditions listed
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.4 (a) Typical friction test data, for a test
using a single slope function on the MTS 
function generator. A severe load spike is 
seen at time equals 1.2 seconds, when the test 
is initiated. This is the result of the 
mechanical back tension control valve seeking 
equilibrium. (b) Elimination of the load spike 
by using a dual slope function on the MTS 
function generator.
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and with a single slope function. A slight preload 
(approximately 0.67 kN, 150 lb) is placed on the test strip 
before the test is initiated. At about 1.2 seconds a load 
spike (non-equilibrium condition) occurs when the test is 
initiated and before the hydraulics come to equilibrium at 
the set back tension load. Figure 2.4b shows a similar 
test obtained with a dual slope function and the subsequent 
elimination of the load spike. Under a dual slope control 
configuration, the first 12.2 mm (0.5") of travel has an 
imposed displacement rate was 15.9 mm/sec (37.5 in/min).
The rate for the remaining 114.3 mm (4.5 in) of 
displacement was increased to the desired test speed in the 
range of 21.2 mm/sec (50 in/min) to 84.7 mm/sec (200 
in/min). The first slope of 15.9 mm/sec (37.5 in/min) was 
determined by trial and error and found to give good 
experimental results.

The specific friction test procedure is summarized as 
follows: the desired test geometry (roller diameter,
material, etc.), displacement rate, and back tension are 
predetermined and set ; the MTS hydraulic actuator is fully 
extended while the back tension hydraulic system is 
retracted(Figure 2.2b). A cleaned and lubricated specimen 
(procedure is described in detail in a following section) 
is inserted in the sheet metal grips, after the strip is
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bent by hand over the roller. The strip is drawn tight 
with the back tension system and a desired preload of about 
0.67 kN (150 lb) is placed on the strip. This was done to 
incorporate a uniform preload during the testing of 
different materials, to enhance the reproducibility of the 
experiments. The test is initiated and the strip is 
displaced over the roller at a constant rate and back 
tension, with the exception of the start up procedure 
mentioned earlier. The roller may be free to turn or fixed 
depending on the type of test desired. Both loads (pulling 
and back tension) are recorded during the test run, 
described in detail above. At the end of the stroke of the 
MTS hydraulic actuator, the test is terminated. The strip 
is removed and both actuators are returned to their initial 
starting positions. An example of the data converted to 
appropriate loads and plotted versus time, is shown in 
Figure 2.5 for both a free roller and fixed roller 
configuration. Figure 2.5a shows data for a free roller 
test configuration, with a difference in F1 and F2 of about 
0.85 kN. The difference is greater in the fixed roller 
configuration (Figure 2.5b), about 3.18 kN, due to the 
force required to overcome friction between the test strip 
and the non-rotating shaft.

Using the Labtech Notebook data acquisition software.
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Figure 2.5 (a) Typical friction test data, for a freely
turning roller. The loads shown (load 1 and 
load 2) are the average of the recorded data 
over the time window indicated by the straight 
horizontal line. (b ) Friction test data for a 
fixed roller configuration.



T-3796 47

described above, a time window is visually specified by the 
operator over which load values are averaged (shown in 
Figure 2.5). For example, in figure 2.5a, a time window of 
1.7 to 3.9 seconds was specified, with the resulting, 
corresponding average load values shown on the plot. The 
load values are then recorded and used in subsequent 
calculations to find the friction coefficient and the 
average contact pressures.

Steps have been undertaken in an effort to further 
standardize the bending under tension test for the 
determination of friction. A method to periodically verify 
friction test results has been established. An uncoated 
substrate (Stelco), which during initial testing was shown 
to exhibit highly reproducible friction measurements, was 
identified and is used as a "standard calibration sample". 
Periodically, samples of this material were retested, and 
the results were compared to previous data on the same 
sheet to insure that measured friction values remain 
consistent with time and can be reproduced by different 
investigators. The specific properties of the "standard 
calibration material" are : 247 MPa (35 ksi) oy, 338 MPa
(49 ksi) UTS, 40 Ra, 209 Pc and ju = 0.16 (roughness data 
from Stelco tests on top side of sheet) (22).
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2.3.3 Friction Test Specimens

Friction test specimens were sheared from the as- 
received material to widths of 50.8 mm (2.000") (+0.254 mm, 
-0.127 mm) (+0.010",-0.005") in the orientations desired. 
The strips were cut to length and marked. Prior to 
testing, each strip and the roller were cleaned with 
Mineral Spirits Reg. (Siegel Oil Company, Denver, Co) and 
lubricated with a thin film of Texaco Almag Oil (Product 
Code 1564) to specifications provided by the NADDRG 
guidelines for LDH testing.

2.4 Deformation Studies

The sheet metal samples were evaluated, both before 
and after testing, in a JEOL JXA-840 Scanning Electron 
Microscope (SEM). The resulting surface micrographs were 
used to characterize the surface morphology of the coatings 
and the effects of friction testing on the deformation 
behavior and mode of damage accumulation in the coatings. 
Point counting to document the area fraction of flattened 
asperities was performed on surface images of test 
materials both before and after testing at various contact 
pressures, and the resulting data were used to calculate
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the true contact area between the coated sheet material and
the friction test roller. The response of the coating, by
flow or fracture, to friction testing was documented. 
Finally, the steel roller surface was examined, and 
photographed to help in the explanation of the response of
friction to the test system.

2.5 Data Reducing Techniques

The bending under tension test involves two sets of 
load measurements, one with a free roller and one with a 
fixed roller. In a free roller configuration the roller 
rotates and no sliding takes place between the test 
specimen and the roller. As a result, only bending of the 
sheet occurs. In a fixed roller configuration, the roller 
is clamped to prevent rotation. In this configuration the 
test specimen slides over the roller, causing a friction 
condition between the test specimen and the roller.

Each test yields two sets of load-displacement data, 
which are averaged over the desired potion of the test (as 
shown in Figure 2.5) to determine a pulling force, F1, and 
a back tension force, F2 (Figure 2.5). This averaging 
technique compensates for electronic noise and long range 
cyclic fluctuations of the mechanical back tension valve.
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The data obtained then is a free roller pulling force, F*, 
a free roller back tension force, F*, a fixed roller 
pulling force, Fx, and a fixed roller back tension force,
F2. The fixed and free roller data for a given test are 
obtained with identical test geometries and control 
conditions; i.e. equivalent roller diameter and type, back 
tension force setting, displacement rate, and lubrication.
A friction coefficient can be calculated from the four load 
values using the Equations [1.8] through [1.11] mentioned 
previously for the bending under tension test. In the 
following paragraphs the specific data analysis procedures 
are summarized.

First, a bending force, Fb, is calculated as:

[2.1]

From Eq. [1.10] the friction coefficient, jj, is:

C In
F 1 adjusted [2.2]

where C, a constant which includes the roller radius, r, 
and sheet thickness, t, is:
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2 (r + 0.5t) 
7T r

and F1 ad;justed = F1 - Fb and is the fixed roller pulling force 
corrected for bending. The average contact pressure, p, is 
found with Eq. [1.11].

The natural logarithm of the ratio of F: adjusted to F2 
determines the friction coefficient when multiplied by the 
proper constant, C .

A sample friction coefficient calculation follows :

Figure 2.5 shows raw data for Rouge 40A40A, converted 
to corresponding loads, for a free and fixed roller 
test, under the following conditions:

o 25.4 mm (1") diameter roller 
o Case hardened steel roller (Rc 60) 
o Displacement rate of 42.3 mm/sec (100 in/min) 
o Texaco Almag oil lubrication 
o 50.8 mm (2") wide test strips 
o 1.24 mm (0.049") thick test strips 
o Strips tested on side outside of coil 
o Strips oriented parallel to rolling direction

The free roller pulling and back tension loads from 
Figure 2.5a are :

F* = Load 1 = 8.79 kN 
F* = Load 2 = 7.94 kN
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From E q .[2.1], the bending force is calculated as:

Fb = Fx - F2 = 8.79 - 7.94 = 0.85 kN

The fixed roller pulling and back tension loads from 
Figure 2.5b are :

F1 = Load 1 = 11.34 kN 
F2 = Load 2 = 8.16 kN

From E q .[2.3], the constant is calculated as:

2 (r + 0.5t) _ 2 (12.2 + 0.5*0.62) _ n ^
C " 7T r " 7T 12.5 ' °'637

From E q .[2.2]z the friction coefficient is calculated 
as :

p = C In — ---6 = 0.637 In 11,3g4 16 °'85 = 0.16

The average contact pressure which corresponds to the 
friction coefficient calculated above is determined from 
Eg.[1.11] as :

p = ^ 2^ - 2 - 2*5048*1272§ = 0.00257 kN/mm2 = 2.57 MPa
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For good statistical reproducibility several tests 
should be run, and average load values taken to calculate a 
friction coefficient. Since the friction coefficient is a 
function of the natural log of the ratio of F1 adjugted to F2, 
the data is plotted as F2 versus F1 adjusted as shown in Figure 
2.6a. A linear relationship was found between F2 and 
Fi adjusted anc* a line was fit through the data using a least 
squares best fit linear regression (Figure 2.6b). The 
linear regression results in an R2 = 0.98 which suggests 
good linearity for the plot shown in Figure 2.6b. The 
slope of this line is the ratio of F1 adjusted to F2

There are two assumptions in the derivation of 
Equations [2.1] to [2.3]. The first assumption is that the 
Coulombic friction law is applicable; that is, the friction 
force varies linearly with normal force. The second 
assumption is that the force distribution over the arc of 
contact on the roller obeys the pulley equation; that is, 
the contact pressure is uniform. If the coefficient of 
friction is a constant, then for the same strip thickness, 
t, and roll radius, r, the ratios of F1 adjusted to F2 would be 
constant. If F: adjusted were plotted as a function of F2 then 
this constant ratio would imply that the plot would yield a 
straight line. The slope of this line would be equal to 
e^0 where C is defined in Eq. [2.4]. Because of the linear



Ad
ju
st
ed
 
Pu
ll
in
g 

For
ce 

(kN
) 

Ad
ju
st
ed
 
Pu
ll
in
g 

For
ce 

(kN
)

T-3796 54

b

Figure

12

--------- 1 ■ — .I1-
Stelco 70G/70G

---1— — i

o
%

— 1-----

-

ê

% -

o 8 -
0

e

— «-----— i _ i __1_______ _1_____
4 6 8

Back Tension Force (kN)
10

Stelco 70G/70G12

9

6

3

0
0 2 4 6 8 10

Back Tension Force (kN)
2.6 (a) Friction test data for Stelco 70G70G at

increasing back tension settings. Increasing 
back tension increases the average contact 
pressure between the test strip and the roller 
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linear regression line fit through data.
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relationships between F1 ad;justed and F2 the data obtained and 
discussed in this report are presented in plots as shown in 
Figure 2.6.

If there were no back tension force, F. ..  ̂, would be
' 1 adjusted

equal to F , (from Eq. [1.9]). For this case, the average 
contact pressure would be equal to zero and hence F̂  would 
be zero. Therefore, a plot of F1 ad:justed versus F2 should be 
a linear graph with the line going through the origin. A 
best fit line through a set of experimental data should 
have a y-intercept of zero. Figure 2.6b, a plot of data 
obtained on Stelco 70G/70G, has a positive y-intercept and 
shows that the experimental data deviates from the theory. 
The data suggest that the friction coefficient varies with 
contact pressure. This is in violation of the previously 
mentioned assumptions and will be discussed in the 
following sections.
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3.0 EXPERIMENTAL RESULTS

3.1 Introduction

Friction tests were performed on the six coated sheet 
metals identified in Table 2.1. Friction test controls and 
different test specimen orientations were tested to 
investigate the response of friction to these parameters.
A standard friction test configuration (described in the 
following section) was created and used to evaluate 
friction coefficients as a function of average contact 
pressure. This resulted in a large data base for an 
analysis of the bending under tension test and for 
comparison with additional data obtained with varying test 
conditions. Friction coefficients were then calculated 
from tests in which test displacement rates were varied as 
well as test strip orientation, i.e. testing the side of 
the strip corresponding to the inside of the coil or 
perpendicular to the rolling direction.



T-3796 57

3.2 Standard Friction Test Results

The first extensive test program determined the 
friction coefficient as a function of average contact 
pressure for the six experimental coated sheet steels 
identified in Table 2.1. The standard test variables were 
held constant during the evaluation. The test parameters 
were as follows :

o 25.4 mm (1") diameter roller 
o Case hardened steel roller (Rc 60) 
o Displacement rate of 42.3 mm/sec (100 in/min) 
o Texaco Almag oil lubrication 
o 50.8 mm (2") wide test strips 
o Strips tested on side outside of coil 
o Strips oriented parallel to rolling direction

During testing, the average contact pressure (from Eq. 
[1.11]) was varied by changing the back tension on the 
sheet with the use of the back tension control valve. 
Several tests (usually three) were run at each valve 
setting for all materials in order to obtain statistical 
reproducibility. Back tension loads ranged from 
approximately 2.67 kN (600 lb) to 8.90 kN (2000 lb) force 
with the use of several different intermediate valve 
settings. This force range corresponded to average contact
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pressures from approximately 5.52 MPa (800 psi) to 16.55 
MPa (2400 psi).

Friction test samples were prepared and lubricated as 
described in Section 2.3.3. The samples were tested in the 
as-sheared condition, and all tests were performed on 
specimens prepared parallel to the rolling direction and on 
the surface which corresponds to the outside of the sheet 
metal coil.

From Section 2.5, a predicted friction coefficient is 
shown to be the result of data from two separate tests 
(free and fixed roller). One way to analyze these data is 
to run several tests for each roller configuration and 
average the load data for the corresponding test. For 
example, run five similar fixed roller tests and average 
the load results F1 and F2 for these tests ; then perform 
similar steps for a free roller test. A friction 
coefficient at a single contact pressure could then be 
determined. It has been found that the equation to predict 
friction coefficients is very sensitive to variations in 
loads, which results in a high data population required to 
calculate accurately a friction coefficient. To maximize 
the information obtained from a limited number of test runs 
at different contact pressures, a second way to analyze the 
data is to use the best fit line (Figure 2.6b) through the
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data to determine F1 adjusted as a function of F2, and use this 
function to determine the friction coefficient and the 
average contact pressure. The load values used in the 
determination of the best fit line from the actual friction 
tests are given in Appendix B.

The results of the best-fit line data reduction method 
are shown in Figure 3.1. Also shown in Figure 3.1 are 
friction coefficients (in parentheses and brackets) that 
are a result of additional data reducing techniques which 
are discussed below. Friction coefficients were determined 
as a function of average contact pressure for the six 
materials tested. In the case of Rouge 40A40A, Stelco 
60HD, and Rouge 60G60G the friction coefficient decreases 
as average contact pressure increases. Inland 60N40N and 
Stelco 70G70G have constant friction coefficients 
independent of contact pressure and Inland 7 0G7 0G exhibits 
increasing friction as contact pressure increases. This 
variation in friction coefficient with average contact 
pressure is in violation of the assumption of Coulombic 
friction in the derivation of the data reducing equations. 
Coulombic friction encompasses a friction coefficient that 
is independent of normal or contact pressure.

Figure 3.1 shows a significant variation in friction 
coefficients for the six sheets relative to one another.
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Inland and Stelco 70G70G exhibit the highest average 
friction coefficients at about 0.19 and 0.18. Inland 
60N40N and Rouge 40A40A have intermediate values of 0.17 
and 0.16 for average friction coefficients. Stelco 60HD 
and Rouge 60G60G are on the low end with average 
coefficients of friction at 0.14 and 0.12.

Two additional data reducing techniques were 
developed, to assess the previously mentioned violation of 
the Coulombic friction assumption. Friction coefficients 
evaluated with these methods were used to determine the 
degree to which the theory deviates from the actual data. 
The first of these two methods are a calculation of 
theoretical constant friction, which incorporates 
calculated curves based on Eq. [2.2] in which a jl/ is
specified and the slope of F1 adjusted vs. F2 is predicted. 
Using these slopes, constant friction lines are 
superimposed over the experimental data, as shown in Figure 
3.2a. The best fit line is calculated through the data 
obtained at the higher forces, and nearly lies on the 0.18 
constant friction coefficient line. From this plot, one 
may interpolate an average friction coefficient, and 
qualitatively evaluate the degree to which the experimental 
values deviate from the theoretical. At higher average 
contact pressures the deviation of the actual data from the
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Figure 3.2 (a) Friction test data for Stelco 70G70G with
best fit experimental line and theoretical 
constant friction lines. (b) Friction test 
data, with best fit line forced through zero, 
as the theory dictates.
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theoretical constant friction lines is small. The 
deviation becomes pronounced at low average contact 
pressures. The results from these interpolations are shown 
by the numbers in parentheses in Figure 3.1 which presents 
plots of ]j versus average contact pressure for the six 
sheets. Friction coefficients reported in the text are a 
result of this data reducing method.

The second additional method used to calculate 
friction coefficients and evaluate the basic assumptions is 
to force the best fit line of the F. vs. F_ data1 adjusted 2

through zero, as in Figure 3.2b. This requires that the 
experimental data conform to the theory. A friction 
coefficient that is constant and independent of contact 
pressure would have a 0 y-intercept, for a linear curve fit 
through the data. The results of this data reducing 
technique are summarized in Figure 3.1 (numbers in 
brackets).

The initial data reducing method, based on the actual 
data, and the two additional techniques that conform to the 
theory give similar results. An error analysis of the 
friction test, based on Eq. [2.2], yields an accuracy of 
the calculated friction coefficient of ±0.01. All three 
data reducing methods yield virtually the same results as 
seen in Figure 3.1. While the actual friction data



T-3796 64

deviates from the theoretical model, the deviation is small 
within the range of average contact pressures investigated. 
The friction coefficient does vary with average contact 
pressure, but this variation is almost negligible as a 
change in friction coefficient of 0.01 is relatively small.

The plot of F1 adjusted v s . F2 should approach zero at low 
contact pressures. Tests were performed to investigate 
this, and the results show F1 adjusted vs. F2 approaches zero 
in a slightly nonlinear fashion. Figure 3.3 shows plots of 
F. .. . , vs. F_ for Inland 70G70G and Stelco 60HD. The best1 adjusted 2

fit lines are through the data at the higher contact 
pressures (circles). In the case of the negative y- 
intercept (Figure 3.3a) for Inland 70G70G the test results 
at low forces are higher than the best fit line and vice 
versa for Stelco 60HD with the positive y-intercept (Figure 
3.3b). These comparisons show that for both materials the 
data approach a zero y-intercept at low force values. 
Theoretically, the data should go through a y-intercept of 
zero, at low pulling and back tension forces. The examples 
shown are evidence that this occurs. The data at the low 
force values indicate that the fit is not linear over the 
entire pressure range and indeed approaches zero at lower 
forces. This indicates that at some value of contact 
pressure, the data obtained experimentally, becomes
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Inland 70G/70G12

Control Valve Range "B" 
Control Valve Range "X"

0 2 B6 104
Back Tension Force (kN)

Stelco HD6012

Control Valve Range "8" 
Control Valve Range "X"

0 2 4 6 8 10
Back Tension Force (kN)

Figure 3.3 A comparison of data at low back tension forces 
(diamonds), with extrapolated high back tension 
force data (best fit line). (a) Inland 70G70G
and (b) Stelco 60HD exhibit low force data 
approaching a zero y-intercept when compared to 
high force data.
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linear as pressure increases, when plotted as shown in 
Figure 3.3.

It is interesting to note that a positive or negative 
y-intercept of the best fit line implies friction 
decreasing with increasing contact pressure, or vice versa. 
While these variations are slight, it may be interesting to 
investigate this phenomena.

3.3 Effects of Test Variables on Friction Coefficients

A second set of tests was conducted to evaluate the 
dependence of friction on test parameters, specifically 
test strip orientation and test displacement rate. The 
test conditions and results for the standard test 
conditions were described and discussed in the previous 
section. Table 3.1 is a summary of the friction test 
results obtained in the standard tests as well as the 
additional data discussed in this section. The complete 
table is presented here for reference. The standard test 
results are used as a baseline for comparison of further 
testing. The appropriate test conditions are also 
described in Table 3.1. The applicable raw load data is 
presented in Appendix C.
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3.3.1 Evaluation of Sample Orientation

Previously, tests were performed to evaluate friction 
differences in sheets with different coatings and 
manufacturers. The results of this effort are reported in 
the previous sections. Testing was extended to evaluate 
differences within the individual sheets, such as testing 
on the inside and outside of the coil, or on specimens 
prepared parallel or perpendicular to the rolling 
direction. The differences and similarities exhibited are 
discussed below.

All friction tests discussed in the previous section 
were performed on the side of the sheet corresponding to 
the outside of the coil. The coatings may vary from side 
to side due to differences in manufacturing processes and 
treatments. As indicated by Wilson's work (22), some 
of the sheets exhibited different surface roughness 
measurements on opposite sides. Friction tests were 
performed on the inside surface of the coil with some 
varying results, which are presented in Table 3.1. The six 
materials were tested on the side of the sheet 
corresponding to the inside of the coil as compared to 
standard friction test data on the outside of the coil.
Both sets of data are for test strips parallel to the
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rolling direction. Inland 70G70G and Rouge 60G60G showed 
an increase in friction coefficient of 0.06 and 0.04 
respectively, between the outside and inside of the sheet. 
Stelco 70G70G showed a slight difference (0.01) and Stelco 
6 0HD, Rouge 40A40A, and Inland 60N40N exhibited no 
differences between the two sides of the sheet. Figure 3.4 
shows data for Inland 70G70G and Inland 60N40N. Figure 
3.4a exhibits the large difference (0.19 compared to 0.25) 
shown by the Inland electro-galvanized sheet. Figure 3.4b 
shows no difference in friction coefficient for Inland 
Galvanneal between the inside and outside of the sheet 
(0.16 in both cases).

The effect of test strip orientation with respect to 
the rolling direction was investigated. Previously strips 
were tested in the orientation parallel to the rolling 
direction (see Table 3.1, standard test results). Friction 
tests were performed on the six materials, on test strips 
oriented perpendicular to the rolling direction of the 
sheet. In this comparison of test results, testing was 
conducted on the side of the sheet corresponding to the 
outside of the coil in both cases. The results of this 
testing are presented in Table 3.1 and examples of the data 
are shown in Figure 3.5. Inland 70G70G showed the greatest 
difference of 0.07 (Figure 3.5a), followed by the Rouge
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Inland 70G/70G12

Tested on Outside of Coil 
Tested on Inside of Coil

0 2 4 6 8 10
Back Tension Force (kN)

Inland 40N/60N12

9

6

3
Tested on Outside of Coil 
Tested on Inside of Coil

0
0 2 64 8 10

Back Tension Force (kN)
Figure 3.4 Differences of friction response for samples 

tested on the sheet surface corresponding to 
outside and inside of coil. (a) Inland 70G70G
shows a large variation. (b) Inland galvanneal 
shows little difference between inside and 
outside.
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Inland 70G/70G12

/a *0.12

Samples Cut Parallel to RD 
Samples Cut Perpendicular to RD

0 62 a 104
Back Tension Force (kN)

Inland 40N/60N12

Samples Cut Parallel to RD 
Samples Cut Perpendicular to RD

6 80 2 104
Back Tension Force (kN)

Figure 3.5 Difference of friction response for samples
parallel and perpendicular to rolling direction 
of sheet. (a) Inland 7 0G7 0G shows a large
difference. (b) Inland galvanneal shows no 
difference.
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60G60G (0.03) and Stelco 70G70G (0.01), with Stelco 6 0HD, 
Rouge 40A40A, and Inland 60N40N (Figure 3.5b) showing no 
differences in friction coefficients when testing parallel 
or perpendicular to the rolling direction.

Stelco uncoated substrate is being used as the 
"standard calibration sample" discussed previously in 
Section 2.3.2. When plotted in Figure 3.6 with the coated 
results, little difference is exhibited between the coated 
and uncoated steel. The uncoated steel is similar 
to the Stelco 70G70G substrate, effectively making a 
comparison between a coated sheet, and a sheet stripped of 
the coating that shows an almost identical friction 
coefficient of about 0.18.

3.3.2 Evaluation of Friction Test Displacement Rate

Testing was conducted to examine the effects of 
displacement rate on friction coefficients under the 
standard test conditions, which include constant test strip 
orientation. Tests were conducted at displacement rates of
21.2 mm/sec (50 in/min) and 84.7 mm/sec (200 in/min), in 
addition to the standard value of 42.3 mm/sec (100 in/min). 
The results of these tests are summarized in Table 3.1 and 
two example data sets are presented in Figure 3.7. As
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Stelco 70G/70G12

9

6

3
S70G/70G
Uncoated Substrate

0
0 2 6 a4 10

Back Tension Force (kN)

Figure 3.6 Comparison of friction on coated and uncoated 
substrate. Solid black diamond is an average 
of 15 tests. Little difference in friction is 
exhibited between coated and uncoated sheet.
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Stelco 70G/70G

/i>0.30

P  /1-O.IO

6 -

Displacement Rate: 50 in/min
Displacement Rate: 100 in/min
Displacement Rate: 200 in/min

0 2 64 a 10
Back Tension Force (kN)

Stelco HD60
12

Displacement Rate: 50 in/min
Displacement Rate: 100 in/min
Displacement Rate: 200 in/min

aa2 100 4
Back Tension Force (kN)

Figure 3.7 Effects of displacement rate on friction. (a) 
Stelco 70G70G exhibiting a large dépendance on 
displacement rate. (b) Stelco HD60 shows 
little variation with displacement rate.
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shown in Figure 3.7a, Stelco 70G70G exhibits a strong 
dependence of friction on displacement rate. At low 
displacement rates of 21.2 mm/s (50 in/min) the friction 
coefficient was 0.30, while medium (42.3 mm/s, 100 in/min) 
and high (84.7 mm/s, 200 in/min) rates showed decreases of 
friction coefficients to 0.18 and 0.10 respectively.
Figure 3.7b shows that the friction coefficient for Stelco 
60HD is independent of displacement rate (friction 
coefficient of 0.14 for all rates). Generally, 
when differences were exhibited, the slower displacement 
rate had a higher friction coefficient. Stelco 70G70G and 
Rouge 60G60G also exhibited a dépendance of friction on 
displacement rate as seen in Table 3.1. Rouge 40A40A and 
Inland 60N40N were similar to Stelco 60HD in that friction 
coefficients were constant at all displacement rates.

Variations of friction coefficients with displacement 
rate may be due to coating-tool interface temperature 
effects. Direct measurements of near interfacial 
temperatures between the coated sheet and steel roller were 
obtained with the test apparatus shown in Figure 3.8. It 
consisted of a steel roller with a hole nearly drilled 
through it. A contact thermocouple was welded to the thin 
web of metal (127 pm, 0.005" thick). The contact surface 
between the sheet and roller remains unaltered.
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Temperature rises of 10° C were measured during test runs 
lasting 3 seconds, under standard test conditions. The 
thermocouple is 127 jjm away from the interface, while the 
coating is about 10 jjm thick. The local interfacial 
temperatures were probably much greater, than the 
temperatures measured at this distance from the interface. 
New temperature measuring methods may be developed as an 
area of further study for future investigations.

3.4 Scanning Electron Microscopy

SEM analysis was performed on the as-received zinc 
coatings and on coatings after contact with the roller 
during friction testing, to both characterize the surfaces 
and to aid in the understanding of friction mechanisms. 
Prior to testing, there was a small amount of flattening of 
asperities on the as-received coatings due to processing 
and handling of the material. Figures 3.9 and 3.10 show 
SEM photomicrographs of the surface of each coating at low 
and high magnifications of the as-received materials. The 
coating morphologies vary depending on the application 
technique and alloy content. Figure 3.9 shows electro
galvanized (Inland 70G70G, Stelco 70G70G, and Rouge 60G60G) 
surface morphologies for zinc coatings at low and high



T-3796 78

Figure 3.9 Low and high magnification SEM micrographs of 
as-received coatings. (a) and (b) Inland
70G70G. (c) and (d) Stelco 70G70G. (e) and
(f) Rouge 60G60G. Rolling direction is 
horizontal.
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Figure 3.10 Low and high magnification SEM micrographs of 
as-received coatings. (a) and (b) Inland 
60N40N, (c) and (d) Stelco 60HD, and (e ) and 
(f) Rouge 40A40A. Rolling direction is 
horizontal.
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magnifications. There are flattened spots on the sheet, 
probably caused by shipping and handling. Figure 3.10 
similarly shows surface morphologies for Inland 60N40N, 
Stelco 60HD, and Rouge 40A40A, also at low and high 
magnifications. These also show evidence of handling in 
the form of flattened spots on the coating surface. Inland 
60N40N appears to have been temper rolled after the coating 
was applied.

The manner in which the coating accommodated 
deformation during the friction test also varied with 
coating type and application. The coatings tested showed 
evidence of cracking with the exception of the Inland and 
Stelco electro-galvanized material (Inland 70G70G and 
Stelco 70G70G). The Inland and Stelco EG materials 
accommodated the applied shear stress due to friction by 
flow shown in Figure 3.11 which is a series of SEM 
micrographs of the friction test samples contact surface. 
The rest of the coatings (Rouge 60G60G, Inland 60N40N, 
Stelco 60HD, and Rouge 40A40A) all accommodated the 
stresses imposed due to friction testing by a combination 
of flow and fracture as shown in Figures 3.11 and 3.12. 
Figures 3.11 and 3.12 have all undergone friction testing 
at high contact pressures that are similar to one another. 
In Figure 3.lie coating cracks can be observed on the Rouge
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Figure 3.11 Low and high magnification SEM micrographs for 
friction test samples under standard test 
conditions and high contact pressures. (a)
and (b) Inland 70G70G, (c) and (d) Stelco 
70G70G, and (e) and (f) Rouge 60G60G. Rolling 
and testing direction are horizontal.
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Figure 3.12 Low and high magnification SEM micrographs for 
friction test samples under standard test 
conditions and high contact pressures. (a) 
and (b) Inland 60N40N, (c) and (d) Stelco 
60HD, and (e) and (f) Rouge 40A40A. Rolling 
and testing direction are horizontal.
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60G60G material after friction testing. Aluminum rich 
inclusions were observed in the cracks in Stelco 60HD 
(arrows in Figures 3.12c and d ) . Small true contact areas 
are observed for Rouge 40A40A shown at the arrow in Figure 
3.12e. The specific coating type determined the degree to 
which flow or fracture occurred. This will be discussed in 
more detail in the following section.

3.5 Coating Deformation Study

The surface morphologies for the electro-galvanized 
(Inland 70G70G, Stelco 70G70G, and Rouge 60G60G), hot 
dipped (Stelco 60HD), galvanneal (Inland 60N40N), and zinc- 
iron electro-deposited (Rouge 40A40A) were described and 
shown in the previous section. The coatings in the as- 
received condition exhibited some flattening of the surface 
due to processing and or handling. Table 3.2 is a list of 
the amount of surface flattening that is present on the as- 
received material.

During a friction test, the surface of the sheet is 
exposed to both normal and shearing forces. The coating 
flattens due to these stresses and a true contact area 
develops between the test strip and the roller that is less 
than the nominal contact area. Contact area ratios as a
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Table 3.2 Amount of Asperity Flattening of Coated Sheet 
Steel in As-Received Condition.

Material Amount Flattened
______________________________________ ( percent)
Inland 70G70G 1
Inland 60N40N 18
Stelco 70G70G 5
Stelco 60HD NA
Rouge 60G60G 3
Rouge 4 0A40A 3
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function of average contact pressure were evaluated for the 
six sheets investigated and compared to the results of 
Rangarajan (23) obtained previously. The true contact area 
ratio is the actual amount of area in contact with the 
roller divided by the nominal area. Figure 3.13 is a 
summary of these results which plots true contact area 
ratio versus average contact pressure. The data were 
obtained by performing point counting on SEM images of 
tested samples to determine the actual amount of material 
in contact with the roller. Inland 70G70G, Stelco 70G70G 
and Stelco 6 0HD showed similar true contact area behavior 
to each other, while the Rouge 60G60G, Inland 60N40N, and 
Rouge 40A40A all had much lower true contact areas that 
were relatively constant as average contact area increased. 
Figure 3.13 is for standard test conditions, listed at the 
beginning of the experimental results section. Friction 
testing was conducted under additional test conditions, and 
an evaluation of the true contact area for the electro
galvanized materials (Inland 70G70G, Stelco 70G70G, and 
Rouge 60G60G) under these alternative test conditions was 
carried out.

True contact areas were evaluated for friction tests 
performed on the side of the sheet which corresponds to the 
inside of the coil, on test strips oriented perpendicular
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to the rolling direction, on high displacement rate tests 
(85 mm/s, 200 in/min), and on slow displacement rate tests 
(21 mm/s, 50 in/min) for the three electro-galvanized 
materials mentioned previously. Figure 3.14 is a summary 
of these results in the form of a plot of true contact area 
ratio versus average contact pressure for Inland 7 0G7 0G. 
Inland 70G70G showed the largest differences in measured 
friction coefficients when specimens were tested 
perpendicular to the rolling direction orientation and on 
the side of the sheet corresponding to the inside of the 
coil, as seen in Figure 3.14. In Figure 3.15, Stelco 
70G70G shows differences in true contact area behavior for 
samples tested on the inside of the coil and at low and 
high displacement rates. Rouge 60G60G, shown in Figure 
3.16 exhibited relatively constant true contact area 
behavior, yet all the alternative test conditions evaluated 
were slightly lower. The implications of these results 
will be discussed in the Discussion and Conclusion sections 
of this thesis.
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4.0 DISCUSSION

4.1 Introduction

The results summarized in the previous chapter showed 
that the measured frictional response of the six coated 
sheet steels depends on coating type and test conditions. 
In this chapter measured friction coefficients are 
interpreted based on an analysis of coating properties and 
lubrication conditions. To provide a basis for analyzing 
the friction data, coating properties (specifically 
strength, crystallographic texture, and surface roughness) 
obtained in other investigations on the same six sheet 
steels are briefly reviewed. True contact measurement 
areas are also discussed, and related to the coating 
properties, as well as to specific friction coefficients.
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4.2 Summary of Coating Properties

4.2.1 Coating Strength

The strengths of the six coated sheet steels were 
evaluated in the microhardness study of Deits (24). 
Microhardness measurements of the coatings were obtained on 
lightly polished surfaces, normal to the sheet surface, and 
the results, plotted as hardness versus depth of 
penetration, are shown in Figure 4.1. Microhardness was 
plotted as a function of penetration depth. The coating 
thickness is about 10 pm, and beyond a certain indenter 
penetration depth, the steel substrate will begin to affect 
the measurement. Figure 4.1 shows a relatively high 
hardness for the Inland 60N40N and Rouge 40A40A coatings, 
both of which contain zinc and iron. The three electro
galvanized materials (Inland 70G70G, Stelco 70G70G and 
Rouge 60G60G) as well as the hot dip coating (Stelco 60HD) 
have lower coating hardnesses, that are similar to each 
other.

The coatings fall into two distinct groups of 
hardness. Rouge 40A40A and Inland 60N40N have high 
hardnesses which are similar in hardness versus penetration 
depth behavior. Inland 70G70G, Stelco 70G70G, Rouge
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Figure 4.1 Microhardness evaluation as a function of depth 
of penetration of the indenter on the coating 
of the six coated sheet steels investigated. 
Deits (24)
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60G60G, and Stelco 60HD also exhibit similar hardness 
magnitude and behavior. A higher hardness implies a higher 
relative UTS and lower ductility for a coating, when 
compared to the lower hardness materials. Harder coatings 
then would have a greater tendency to crack under 
conditions of imposed plastic strain.

4.2.2 Coating Crystallographic Texture

Coating texture also plays an important role during 
coating deformation in friction testing. Deits (24) 
investigated the textures of the as-received electro
galvanized coatings with a Rigaku rotating anode X-ray 
diffractometer. Diffraction patterns were generated from 
filtered Cu-Ka radiation with a wavelength of 1.5405 Â .
With the diffraction method utilized, only planes parallel 
to the sheet surface contribute to the diffracted 
intensities, and relative intensities were used to evaluate 
the distribution of plane orientations in comparison to a 
random powder. In Table 4.1 the relative intensities for 
diffraction from a random powder are summarized along with 
the data for Inland 70G70G, Stelco 70G70G, and Rouge 
60G60G. For each material the intensities are scaled to 
the maximum intensity peak. In a random powder the maximum
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Table 4.1 Coating Texture Analysis for As-Received
Electro-galvanized Sheet Steel. Deits (24)

Relative Intensities

Plane Random Inland Stelco Rouge
__________ Powder 70G70G 70G70G 60G60G
(0001) 53 69 15 19
(1010) 40 3 5 24
(1011) 100 26 91 100
(1012) 28 22 66 10
(1013) 25 100 100 13
(1120) 21 54 55 21
(1122) 23 7 30 7
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intensity peak is the (lOll). By comparing the 
distribution in peak intensities for each coating with the 
powder pattern, a qualitative understanding of differences 
in crystallographic texture can be developed.

Rouge 60G60G exhibits similar distribution in 
intensities as the random powder but with a more prominent 
(lOll) peak. In contrast, both Inland 70G70G and Stelco 
70G70G are significantly different from the random powder 
and both exhibit prominent (10Ï3) peaks.

The texture differences in the three coated steels 
indicate that the coatings possess different average basal 
plane orientations with respect the sheet surface. If 
Inland 7 0G7 0G and Stelco 7 0G7 0G have a predominance of 
grains with (1013) planes that are oriented parallel to the 
sheet surface, they would possess basal planes inclined at 
an angle of 35° to the surface (as calculated from 
crystallography). In contrast, for Rouge 60G60G, grains 
with (lOll) planes parallel to the surface would have basal 
planes inclined at 65° to the surface. If it is assumed 
that the measured intensities relate to the number of 
grains with orientations described by the diffracting 
plane, then it can be assumed that a significant fraction 
of basal planes in Rouge 60G60G are inclined at about 65° 
to the surface and Inland 70G70G and Stelco 70G70G have
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basal planes inclined at about 35°. Rangarajan (23) showed 
a strong basal plane orientation parallel to the sheet for 
Stelco 60HD. This technique has been applied previously to 
evaluate coated sheet steels (25). In the following 
discussion. Inland 70G70G and Stelco 70G70G will be 
referred to as having basal plane orientations 35° to the 
sheet surface, while Rouge 60G60G will be referred to by a 
65° designation.

Most slip systems in HCP zinc operate on the basal 
plane. If there is a predominance of basal planes near 
parallel or at low angles (35°) to the sheet surface, the 
crystals can accommodate a frictional shear stress parallel 
to the sheet surface by slip and plastic flow. However, a 
predominant basal plane orientation of 65° to the sheet 
surface would create a high critical resolved shear stress 
on the basal planes, when a frictional shear stress is 
applied. This would promote cracking of the coating. The 
crystallographic texture of the coating then, can influence 
the mechanism by which the coating accommodates stress 
imposed during friction testing of the sheet steel.

4.2.3 Coating Surface Roughness

Surface roughnesses were reported by Wilson (22) for
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several of the coated sheet materials investigated. 
Roughnesses were evaluated by the Chrysler Corporation, 
Stelco Inc. and Rouge Steel Co. Data were obtained for : 
Stelco 70G70G, Stelco 60HD, Rouge 60G60G, Inland 70G70G, 
and Inland 60N40N for the side of the sheet corresponding 
to the outside of the coil, and/or the side on the inside 
of the coil and/or in direction parallel and perpendicular 
to the rolling direction. No surface roughness data is 
available for Rouge 40A40A. Figure 4.2 is a plot showing 
Ra roughness on the y-axis and the corresponding Pc 
roughness on the x-axis for five of materials by the three 
different testing laboratories, for conditions 
perpendicular to the rolling direction and on the outside 
of the coil. The Ra roughness is an arithmetic mean of all 
points in the sampling length and has units of pin, while 
the Pc roughness is a peaks per inch designation, being the 
number of height maximums above a minimum cut-off recorded 
on the surface profile (22). The results for the different 
laboratories are encircled for the individual materials and 
group relatively well with one another as seen in Figure 
4.2. The data are plotted in this manner to be able to 
make relative comparisons between the different materials, 
and not to show a relationship between Ra and Pc.
Similarly, Figures 4.3, 4.4, and 4.5 show data for
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respectively, the inside of the sheet perpendicular to the 
rolling direction, the outside of the sheet parallel to the 
rolling direction, and the inside of the sheet parallel to 
the rolling direction. The Inland 60N40N shows the highest 
roughnesses while the Inland 70G70G and the Stelco 70G70G 
exhibit the smoothest surfaces. Rouge 60G60G and Stelco 
6 0HD exhibit intermediate roughness values as shown in 
Figures 4.2 through 4.5. There is a significant difference 
in roughness between the sides corresponding to the inside 
and outside of the coil, when characterized perpendicular 
and parallel to the rolling direction for Stelco 60HD and 
Inland 70G70G. The differences for the other materials as 
well as for a comparison between parallel and perpendicular 
to the rolling direction on the side corresponding to the 
outside of the coil are relatively small or nonexistent.

When the test strip is pulled over the roller during 
friction testing, the roughness perpendicular to the 
displacement of the sheet is most important. The standard 
friction test is with a test strip orientation parallel to 
the rolling direction and on the outside of the coil. The 
relevant surface roughness data is for a perpendicular to 
the rolling direction trace displacement on the outside of 
the sheet, which is plotted in Figure 4.2.

The five materials studied may be grouped into three
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categories. Inland and Stelco 70G7 0G have the lowest 
roughness (Stelco Ra roughness of 34 and 33), Rouge 60G60G 
and Stelco 6 0HD have intermediate surface roughnesses of 49
and 54, and Inland 60N40N is the roughest material at an Ra
value of 63.

4.2.4 True Contact Area

The effects of pressure on contact area ratio is a
function of coating hardness, texture, and surface 
roughness, and may be used to help describe the frictional 
behavior of the materials relative to each other.
Contact area ratio data for the six sheets were introduced 
and presented in section 3.5. Figure 3.11 is a summary of 
these results showing similar true contact area behavior 
for Inland 70G70G, Stelco 70G70G and Stelco 6 0HD materials, 
all of which have predominantly basal plane orientations 
somewhat parallel to the sheet and similar coating 
hardnesses. Rouge 60G60G has a similar hardness to the 
three previously mentioned materials but a predominant 
basal plane orientation 65° to the sheet. It exhibits a 
much lower true contact area for a given average contact 
pressure when compared to the previously mentioned 
materials. Inland 60N40N and Rouge 40A40A are hard
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coatings and have a relatively low true contact areas as a 
function of average contact pressure and are relatively 
constant (see Figure 3.13) . While Rouge 60G60G has a soft 
coating hardness, its basal plane orientation of 65° to the 
substrate makes it behave similar the harder (Inland 60N40N 
and Rouge 40A40A) coatings from a true contact area 
standpoint.

The six materials investigated may be grouped by true 
contact area behavior. Inland and Stelco 7 0G70G, and 
Stelco 60HD behave similar to each other in that as average 
contact pressure increases, true contact area increases, 
until a saturation point is reached at about 7 0% true 
contact area (Figure 3.13). Rouge 60G60G, Rouge 40A40A, 
and Inland 60G60G all behave similarly to each other with 
low true contact area behavior that is relatively constant 
as average contact pressure increases (Figure 3.13).

4.2.5 Coating Deformation Mechanisms

From the SEM analysis in section 3.4, it can be seen 
that the coating accommodates the stresses imposed during 
friction testing by flow or a combination of flow and 
fracture. Inland and Stelco 70G70G, with soft coatings and 
predominant basal plane orientations at an angle of 35° to
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the sheet surface, accommodates the stress by flow. Rouge 
60G60G with a soft coating and predominant basal plane 
orientation at 65° to the sheet surface exhibits both flow 
and coating cracking. Stelco 60HD has a soft coating with 
basal planes parallel to the sheet surface and inclusions 
in the coating. It exhibits a large amount of both flow 
and fracture. Inland 60N40N and Rouge 40A40A with hard 
coatings have a minimum amount of flow, and show surface 
cracking.

The six sheet materials investigated group into the 
categories of stress accommodation by flow (Inland and 
Stelco 70G70G) or a combination of flow and fracture (Rouge 
60G60G, Inland 60N40N, Stelco 60HD, and Rouge 40A40A).

4.3 Effects of Coating Properties on Friction

4.3.1 Coating Properties

From the previous section on coating properties and 
behaviors, distinct groupings were observed for the six 
coated sheet metals investigated. Table 4.2 is a summary 
of these results and is referred to in the following 
sections to explain the response of friction to test
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parameters. Also included in Table 4.2 are a listing of 
the friction coefficients from Table 3.1 under standard 
test conditions, i.e. tests parallel to the rolling 
direction and on the outside of the sheet.

Inland 70G70G and Stelco 70G70G have similar coating 
hardnesses, textures in the longitudinal direction, and 
roughnesses. Under the standard friction testing 
conditions they exhibit similar friction coefficients (0.19 
and 0.18 respectively) and similar coating deformation and 
contact area ratio behavior.

At the other coating hardness extreme is Rouge 40A40A 
and Inland 60N40N, which exhibit similar contact area ratio 
behavior to each other, i.e. low contact area ratios that 
are relatively constant with average contact pressure 
(Figure 4.6). Rouge 40A40A has a friction coefficient of
0.17 and Inland 60N40N a friction coefficient of 0.16 under 
standard friction test conditions.

With the exception of the Rouge 4 0A40A and Inland 
60N40N materials, the trend is an increase in friction 
coefficient with an increase in contact area ratio. Rouge 
40A40A, Inland 60N40N, Rouge 60G60G, and Stelco 60HD all 
developed cracks in the coatings as a result of the shear 
stresses induced by friction testing and some flow of the 
coating. Only the Inland 70G70G and Stelco 70G70G
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accommodated the friction test by flow of the coating 
without cracking.

During standard friction tests, the highest friction 
coefficients were found in the Inland 70G70G and Stelco 
70G70G materials (0.19 and 0.18 respectively). These had 
the smoothest surfaces (Ra of 34 and 33 respectively), soft 
coatings, predominant basal plane orientations 35° to the 
sheet, and largest contact area ratios relative to most 
other sheets tested. Surface deformation during testing 
was by flow and not fracture of the coating.

Rouge 40A40A has a friction coefficient of 0.17 and 
has a very low contact area ratio and high hardness 
relative to the Inland 70G70G and Stelco 70G70G. Similarly 
Inland 60N40N has a friction coefficient of 0.16, same 
relative hardness as Rouge 40A40A and a contact area ratio 
behavior slightly higher than Rouge 40A40A. It was the 
roughest of the measured materials at an Ra roughness of 
63.

Rouge 60G60G exhibited a low friction coefficient of
0.12 for the standard test conditions. It is a soft 
coating, with a predominant basal plane orientation 65° to 
the sheet. It has a similar contact area ratio to Rouge 
4 0A40A and Inland 60N40N but less than Inland 70G70G and 
Stelco 70G70G. It exhibited coating cracking in addition
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to flow of the coating to accommodate stresses during 
friction testing. It has a much lower friction coefficient 
than the Inland and Stelco 70G70G materials yet the 
coatings are somewhat similar in nature to each other. The 
two main differences are the surface roughness is about 
twice as rough for the Rouge 60G60G at an Ra roughness of 
49, compared to Ra roughnesses of 33 and 34 for the Inland 
and Stelco 70G70G respectively (Stelco arithmetic mean 
roughness values for the outside of coil in longitudinal 
direction are used for Ra values) and the coating texture 
has basal planes at an angle of 65° to the sheet as opposed 
to 35° for the Inland and Stelco 70G70G materials.

Finally Stelco 60HD is on the low relative end of the 
friction data (friction coefficient of 0.14 under standard 
testing conditions). It is a soft coating, with a basal 
plane orientation parallel to the sheet, a surface 
roughness similar to Rouge 60G60G (Ra 54), high contact 
area ratio behavior (similar to Inland and Stelco 70G70G), 
and accommodates coating deformation during friction 
testing by both flow and fracture.

4.3.2 Lubrication

The lubricant and method of application were identical
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for all friction tests. However due to variations in 
deformation and fracture behavior of the coatings, the 
interactions of the coating with the lubricant may have 
developed significantly different effective lubricant 
layers between the materials. The relative velocity of the 
sheet over the tool is constant for all tests under primary 
testing conditions (0.423 mm/sec, 100 in/min). The 
viscosity of the lubricant is relatively constant during 
testing, though it decreases with increasing temperature, 
which during friction testing occurs, locally at the sheet 
metal-roller interface. Under higher friction conditions 
the heating is greater and the lubricant viscosity is 
lower. From Figure 1.6 and E q . [1.12] it can be seen that 
the friction coefficient depends on the product of dynamic 
viscosity and the velocity, normalized by the nominal 
contact pressure. According to Wilson (20) in most sheet 
metal forming operations, significant regions operate in 
thin film or mixed lubrication regimes which encompass 
region B in Figure 1.6. Changes in lubricant viscosity may 
have significant effects on friction coefficient in this 
region. The relationship for the Stribeck curve was 
derived for lubricant flow through a gap or channel between 
the two contacting surfaces. For uncoated steel, sliding 
over a smooth surface, at low contact pressures, Emmens



T-3796 112

(17) showed a good correlation to the Stribeck curve. For 
a hardened steel surface in contact with steel sheets 
having different surface roughnesses, it was shown that as 
roughness increased, friction coefficient increased as a 
function of the square of the roughness height.

The material in this investigation encompasses a soft 
and rough material in sliding contact with a hardened steel 
roller, at high contact pressures. For these conditions, 
based on drawbead simulator results, Wilson (22) showed 
that as surface roughness of the coated sheet increases, 
friction coefficient decreases. This correlation is true 
for the Inland and Stelco 70G70G, Rouge 60G60G, and Stelco 
60HD in this investigation. The Inland and Stelco 70G70G 
sheets have relatively smooth surfaces (Ra 34 and 33, 
respectively) and friction coefficients of 0.19 and 0.18. 
Rouge 60G60G (Ra 49) and Stelco 60HD (Ra 54) have lower 
friction coefficients at 0.12 and 0.14. These materials 
exhibit similar coating hardnesses and contact area ratio 
behavior with each other. The Rouge 60G60G has smaller 
amounts of true contact area at a given average contact 
pressure.

Rouge 40A40A and Inland 60N40N do not fit into the 
previous correlation of decreasing friction coefficient 
with increasing surface roughness, when using the bending
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under tension friction test. The Inland 60N40N material 
has a surface roughness (Ra) of 63, yet a friction 
coefficient of 0.16 which is less than Inland and Stelco 
7 0G7 0G, but greater than Rouge 60G60G and Stelco 60HD.
Rouge 40A40A is similar to Inland 60N40N in that they both 
have high coating hardnesses and similar contact area ratio 
behavior. No roughness data are available for Rouge 40A40A 
to make a surface roughness comparison.

Increases in friction coefficients due to increase in 
coating hardness was shown by Nakamura, et.al. (26) which 
may help to explain the behavior of Inland 60N40N and Rouge 
40A40A. Nakamura, et.al. (26) showed an increase in 
drawing force for increasing coating hardnesses, using 
coated sheet metal in a strip drawing test similar to 
Wojtowicz's , only testing one side of the sheet. This is 
synonymous to an increasing friction coefficient with 
increasing coating hardness. They attribute this 
relationship to surface morphologies, with the harder 
coatings having a lower contact area ratio than the soft 
coatings. This author believes that the harder coatings 
(Rouge 40A40A and Inland 60N40N) with lower contact areas 
are operating in a different lubrication regime (more 
towards boundary layer) than the soft coatings (Inland 
70G70G, Stelco 70G70G, Rouge 60G60G, and Stelco 60HD),
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giving them a different friction behavior. The 
significantly lower true contact areas have correspondingly 
higher contact pressures, that contribute to this 
difference in lubrication regime.

4.3.3 Summary of Standard Friction Test Discussion

To summarize. Inland 70G70G and Stelco 70G70G have 
similar surface roughnesses (Ra 34 and 33, respectively), 
contact area ratio behavior, and friction coefficients 
(0.19 and 0.18, respectively) under standard friction test 
conditions using the bending under tension test. They also 
have soft coating hardnesses.

Stelco 6 0HD and Rouge 60G60G also have soft coating 
hardnesses, yet have greater surface roughnesses (Ra 54 and 
49, respectively) than the Inland and Stelco 70G70G.
Stelco 60HD has the same contact area ratio behavior as 
Inland and Stelco 70G70G, while Rouge 60G60G is much lower 
(Figure 3.13). They correspondingly have lower friction 
coefficients at 0.14 for Stelco 60HD and 0.12 for Rouge 
60G60G. The higher surface roughness, is the main 
contributing factor to the lower friction coefficients for 
the Rouge 60G60G, though the lower true contact area 
behavior may also have an effect.
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Inland 60N40N and Rouge 40A40A have much harder 
coatings (Figure 4.1) than the four previously mentioned. 
Inland 60N40N has the highest surface roughness (Ra 63), 
and an intermediate friction coefficient of 0.16. Rouge 
40A40A also has an intermediate friction coefficient, 
albeit somewhat high, of 0.17. These materials behave 
differently than the four previously mentioned, mainly due 
to the higher coating hardness and different corresponding 
surface morphologies. The lubrication regime is probably 
different than that of the previous materials, in that a 
dryer or boundary type lubrication regime is in operation 
as opposed to mixed lubrication.

4.4 Alternative Friction Test Parameters

An investigation was conducted to determine the effect 
of test strip orientation on measured friction 
coefficients. Materials were tested in an orientation 
perpendicular to the rolling direction and on the side of 
the sheet corresponding to the inside of the coil. During 
standard testing, all sheets were tested on the side 
corresponding to the outside of the coil and parallel to 
the rolling direction. Table 3.1 is a summary of these 
results. In addition to this, testing was conducted at
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higher and lower displacement rates, compared to the 
standard tests. During standard testing, a displacement 
rate of 42 mm/s (100 in/min) of the test strip over the 
roller was used. Testing was conducted at displacement 
rates of 21 mm/s (50 in/min) and 85 mm/s (200 in/min) to 
investigate the effects of displacement rate on the 
response of friction to the system. Several differences in 
the response of friction to changes test parameters were 
observed.

Inland 70G70G has a friction coefficient of 0.19 for 
the standard test conditions, and 0.12 for test samples 
with an orientation perpendicular to the rolling direction, 
both of which are tested on the side of the sheet 
corresponding to the outside of the coil. The true contact 
area for the sample perpendicular to the rolling direction 
is much lower than for samples tested parallel to the 
rolling direction, shown in Figure 3.14. Similarly, the 
true contact area for a friction test on the inside of the 
sheet is higher than for the side of the sheet 
corresponding to the outside of the coil. The friction 
coefficient for the outside of the sheet is 0.19 (standard 
test conditions) while the inside of the sheet has a 
friction coefficient of 0.25. In this case, as the true 
contact area increased the friction coefficient increased.
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The top and bottom side of the Inland 70G70G material 
exhibited Ra surface roughnesses of 34 and 21 respectively 
using data obtained from Stelco (22), which also helps to 
explain the increase in friction coefficient. The bottom 
is smoother and has a higher friction coefficient. For 
lower and higher displacement rate tests, the friction 
coefficients (0.37 and 0.27) were higher than for the 
intermediate displacement rate tests (0.19), yet the true 
contact area behaviors are very similar, which does not 
offer an explanation for the increase in friction 
coefficients.

Stelco 70G70G has friction coefficients of 0.17 for 
perpendicular test strips and 0.19 for the inside of the 
sheet compare to 0.18 for standard test conditions. All 
three values are similar, but the samples tested 
perpendicular to the rolling direction on the outside of 
the sheet have much lower true contact areas. Stelco 
70G70G has a low friction coefficient of 0.10 for a 85 mm/s 
(200 in/min) displacement rate and a high friction 
coefficient (0.30) for the slow displacement rate (21 mm/s, 
50 in/min) compared to 0.18 for the 42 mm/s (100 in/min) 
displacement rate. This is in agreement with work in the 
literature by Nakamura, et.al. (26) who found a dramatic 
decrease in friction coefficient with an increase in
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drawing velocity, for electro-galvanized materials using a 
simple strip draw friction test. They attribute this to 
the deforming resistance or strain rate sensitivity of the 
zinc coating. Rault and Entringer (29) observed the same 
phenomena, and showed an increase in friction coefficient 
of 0.10 when velocity decreased from 2 m/min to 0.1 m/min. 
This was for a strip draw test in which repeated sliding 
occurred without re-oiling inbetween draws. They 
attributed the increase in friction coefficient with 
decreasing drawing velocity to coating damage accumulating 
in the strip-tool interfacial region, and changing the 
lubrication regime. In the case of Stelco 70G70G in this 
investigation, the dependence of friction on displacement 
rate is probably due to the strain rate sensitivity of the 
zinc coating.

Rouge 60G60G has friction coefficients that are higher 
than the standard test configuration (0.12) for samples cut 
perpendicular (0.15), on the inside of the coil (0.16) and 
at low displacement rates (0.15). The surface roughness is 
fairly constant for the inside and outside of the sheet and 
for perpendicular and parallel orientations as well 
(Figures 4.2 through 4.5). The data obtained and presented 
in this thesis offers no good explanation as to why this 
occurs. The high friction coefficient (0.15) for the slow



T-3796 119

displacement test is in agreement with the previous 
explanations, but again no good explanation exists for a 
friction coefficient of 0.12 for high displacement rate 
tests that is the same as the standard test friction 
coefficient that was obtained at an intermediate 
displacement rate. A more complete cristallographie 
coating texture analysis may help to explain these results.

Inland 60N40N, Stelco 6 0HD, and Rouge 40A40A all 
exhibited friction coefficients that were constant under 
all changing friction test conditions. All three materials 
exhibited extensive coating cracking, during friction 
testing. A shear stress applied to the coating due to 
friction must reach a maximum value at which coating 
cracking occurs. This maximum applied shear stress may 
cause the coating to behave more uniformly, which in turn 
would make the response of friction to test strip 
orientation and displacement rate variations more constant.

4.5 Dépendance of Friction on Average Contact Pressure

The effects of variations in average contact pressure 
on measured friction coefficients were evaluated in the 
series of tests run with the standard set of conditions, 
and a dépendance of friction coefficient on average contact
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pressure was found (shown in Figure 3.1). In some cases 
the friction coefficients increased with average contact 
pressure (Inland 70G70G) or decreased (Rouge 40A40A, Stelco 
60HD, and Rouge 60G60G). Stelco 70G70G and Inland 60N40N 
exhibited roughly constant friction coefficients which were 
essentially independent of average contact pressures. For 
those materials which exhibited pressure dependant friction 
coefficients, the changes in friction coefficients occurred 
primarily at the lower contact pressures (Figure 3.1).

Differences in friction coefficient with average 
contact pressures are well documented in the literature. 
Nakamura, et.al. (26) found the relationships shown in 
Figure 4.6 which includes plots of changes in friction 
coefficient as a function of applied normal load for coated 
sheet samples evaluated with a strip draw friction test.
In Figure 4.6 E G represents electro-galvanized pure zinc 
coatings with a coating weight of 34 g/m2 and provides data 
for comparison with the results of Inland 70G70G, Stelco 
70G70G, and Rouge 60G60G. Zn-Fe are alloy electro
deposited steel sheet with the coating containing about 20 
weight percent iron in zinc and a coating weight of 40 
g/m2. This material is similar to Rouge 40A40A. G A is an 
anneal-galvanized coating with 12% Fe and 54 g/m2 coating 
weight, and is similar to Inland 60N40N studied in this
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Roughness 
Ra(um) P.P.I

pure zinc E G Zn 34. 0 0. 84 99
anneal- EGA 8.6%Fe 37. 4 0.78 141
galvani zed G A 11.7%Fe 53.8 0.75 161

electro Zn-Fe 19.7%Fe 40.6 0.84 105
deposited Zn-Ni 11.9%Ni 19.7 0.73 123

cold rolled C R - - 0. 75 81

b

Figure 4.6 (a) Changes of friction coefficient with normal
load for a strip draw friction test (v = 17 
mm/s, 39 in/min). (b) Material descriptions 
and characteristics. Nakamura, et.al. (26)
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investigation. EGA is an annealed electro-galvanized steel 
sheet (9% Fe, 37 g/m2) , and Zn-Ni is an electro-deposited 
Zn-Ni alloy containing 12% Ni and 20 g/m2 coating weight.
C R is a cold rolled steel sheet. The only coating type 
which was evaluated in this thesis and is not represented 
in the data in Figure 4.6 is a hot dip zinc coating.

In the strip drawing operation of Zn-Fe and Zn-Ni 
alloy coatings, Nakamura, et.al. (26) observed behavior 
which is similar to the results obtained on Inland 60N40N, 
and Rouge 60G60G materials in this investigation. In 
general, the friction coefficient increased with normal 
load (Figure 4.6). This increase with pressure was 
attributed to an increase in true contact area (26). In 
contrast, the electro-galvanized material showed a drastic 
decrease in friction coefficient with normal force, for the 
pure zinc coating. They attribute the decrease in friction 
coefficient to a decrease in the rate at which true contact 
area increases, possibly due to a change in lubrication 
condition as true contact area increases.

Iwaya, et.al (27) used a two sided strip draw process 
to investigate the effect of normal force on friction, for 
coated sheets, with much different results than Nakamura, 
et.al. (26). Figure 4.7 shows Iwaya, et.al.'s (27) results 
as plots of friction coefficient versus normal load, at a
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G A 4 4 . 6 0 . 7 8 1 2 2 2 6 6 0 7 0 3 0 .  9 3 5 . 7

GA > Zn-Fe flash - F A 43. 8 1 . 1 2 1 2 0 3 4 2 0 7 5 2 1 . 0 3 0 .  8

Cold rolled C R 0. 9 7 5 6 13 3 " 0 7 0 1 6 . 9 3 0 .  3

* 1 : Specimen • JIS .'0. 5 . * 2 :The hardness in the vicinity of the surfaceb
Figure 4.7 (a) Changes of frictional coefficient with

normal load. Drawing velocity of 5 mm/s (12 
in/min). (b) Material description and
properties. Iwaya, et.al. (27)
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drawing velocity of 5 mm/s (12 in/min). The testing is 
very similar to Nakamura et.al. (26) but at a slower 
displacement rate (5 mm/s compared to 17 mm/s). The 
electro-galvanized material exhibited a high friction 
coefficient that increased with normal force. The hot dip 
material also exhibited an increase in friction with an 
increase in normal forces. The rest of the materials shown 
in Figure 4.7 showed an initial decrease in friction with 
an increase in normal force. In general, the harder 
coatings exhibited lower friction coefficients, which is 
in contrast to Nakamura et.al.'s (26) work. These 
differences are probably due to the contact footprint 
differences of the drawing dies. In Iwaya et.al.'s (27) 
work the sheet was in contact with 300 mm2 area, 60 mm of 
which was in the drawing direction. In Nakamura et.al.'s 
testing 30 mm2 of die was in contact with the strip, 3 mm 
of which was in the drawing direction. In the long sliding 
contact case of Iwaya et.al., most of the oil would be 
wiped of by the time the sheet exits the die. For a bead 
drawing operation, Iwaya et.al. found an opposite 
relationship, from their strip drawing operation, in that 
as coating hardness increased, drawing force (friction 
force) also increased, which agrees with Nakamura et.al.
(26) and probably has a more similar lubrication condition
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than their strip drawing process.
Mâkimattila, et.al. (28), using a bending under 

tension type friction test, showed a friction coefficient 
which decreased with contact pressure for a hot dipped 
galvanized material, until a galling limit was reached at 
which the friction coefficient increased. These tests were 
performed without lubrication and on the die radii 
indicated. Mâkimattila, et.al. attribute the decrease in 
friction coefficient to a build up of coating material on 
the die, causing a smaller true contact area, hence a lower 
pulling (friction) force. This continues until severe 
galling of the coating begins to occur.

In this investigation, during standard friction 
testing, all of the materials (Rouge 40A40A, Stelco 60HD, 
and Rouge 60G60G) which exhibit friction coefficients that 
decrease with contact pressure (Figure 3.1) exhibited 
cracking of the coating as part of the friction testing 
results. This cracking may serve to entrap lubricant, 
which then would produce a more favorable lubrication as 
contact pressures increase.

Inland 60N40N and Stelco 70G70G exhibited constant 
friction coefficients while Inland 70G70G increases 
slightly with increasing average contact pressure (Figure 
3.1). A more complete coating texture analysis may aid in
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the explanation of these results.
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5.0 CONCLUSIONS

The bending under tension friction test is a versatile 
test that can be used to characterize friction for coated 
sheet steels. The friction test system designed and 
fabricated at CSM is adequate to successfully implement the 
bending under tension test. The data are reproducible, and 
the test is sensitive enough to discern subtle, as well as 
significant differences in the response of friction to the 
system.

The response of friction to the test system was 
characterized under various test conditions and correlated 
to coating properties. The following conclusions are drawn 
from this research project:

1. For soft coatings friction coefficient increased with a 
decrease in coating roughness (Inland 70G70G, Stelco 
70G70G, Rouge 60G60G, and Stelco 60HD).

2. Electro-galvanized coating textures with a predominant 
basal plane orientation 35° to the sheet surface
(Inland 70G70G and Stelco 70G70G) accommodate shear 
stress due to friction by plastic flow and deformation.
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3. Predominant zinc basal plane orientations of 65° to the 
sheet surface accommodate shear stress by a combination 
of cracking and plastic flow, due to the lower amount 
of critical resolved shear stress on the basal planes.

4. Harder coatings (Inland 60N40N and Rouge 40A40A) have 
high friction, probably due to a breakdown in 
lubrication mechanisms, because of low true contact 
areas, resulting in prohibitively high true contact 
pressures. They also have greater coating strength 
which requires more energy to deform, leading to 
increased friction.

5. Inland 70G70G, Stelco 70G70G, and Rouge 60G60G have 
higher friction coefficients at lower displacement 
rates, probably due to the strain rate sensitivity of 
the zinc which comprises the coating.

6. Coatings that crack under applied shear stress (Inland 
60N40N, Rouge 40A40A, Stelco 60HD, and Rouge 60G60G) 
exhibit a low dépendance of friction coefficients on 
test strip orientation and displacement rate.

Crystallographic coating texture, surface roughness, 
and coating hardness which influence true contact area 
behavior were found to be important mechanical properties, 
which govern the response of friction to the testing 
system.
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APPENDIX A: DERIVATION OF BENDING UNDER
TENSION TEST EQUATIONS
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Appendix A contains a reproduction of the derivation 
of the data reducing equations and necessary figures for 
the bending under tension test as it appears in Reference 
3.
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Principle of the present test device
(a) test arrangement schematically
(b) force components
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Calculation of the friction coefficient and the contact 
pressure.

The work done by the force increment dF during drawing 
an incremental length r^dB, Fig. 2b, is equal to the 
corresponding friction work uF^rde where F^ is the normal 
force against the sliding surface. Thus

dFr^de = yFNrde 

Since Fjj =* Fd9,

dFr^dB * yFd@rd@. or

d9 (AI-1)
c

Integration over the arc of contact (?/2) gives

F2 - Fb^, V 2
/ F  = / u i-F^ 0 c

d@ or

-, r F- - F.
u - i  • r 2  In (— ----- -) (AI-2)

Fi
The average contact pressure is obtained from

P ” i £ S? d9
where w is the width of strip. Introducing d@ from Eq. 
(AI-1) gives

p » - • • - (F. - F, - F, ) (AI-3)wr u 2 b i

Replacing » by the value given in Eq. (AI-2) leads to
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APPENDIX B: STANDARD FRICTION TEST DATA
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This appendix contains data, with some subsequent data 
reduction, for friction tests described as standard 
friction test conditions. These data are from plots of 
load versus time data acquisition. The loads are average 
loads over a time window specified by the operator. The 
first reported data is for a free roller configuration.
This data yields the bending force Fb which is used in 
subsequent data reduction. The second set of data for each 
material is the fixed roller data, from which a friction 
coefficient and average contact pressure is calculated.

Load 1 is the pulling force and Load 2 is the back 
tension force. Load 1 Corr. is Load 1 minus the bending 
force calculated from the previous page in each case.
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Inland 70G70G free roller test data:

I 7  0 G / 7  0G D a t  a
F r e e  r o l l e r

No.. Va 1 ve L o a d  1 L o a d  2 D i f f e i ■'6(1
t u r n  o u t 1 b s 1 b s

7 0 0 2 . 50 2 123 2 0 6 7 62
70 1 2 . 5 0 2 142 2 0 8  1 6 1
7 0 2 2 . 50 2 147 2 0 8 5 62
703 2 . 50 2 1 29 2 0 6 5 64
8 0 0 4 . 00 1 753 1 6 9 0 63
30  1 4 . 00 1 7 5 6 1 6 9 6 60
8 0 2 4 . 0 0 1 7 6 4 1 703 6 1

1 03 1 4 . 7 5 15 7 2 15 10 62
1 0 3 2 4 . 7 5 1 5 7 2 15 10 62

9 0 0 5 . 50 1 3 7 2 130 5 67
90 1 5 . 5 0 1 3 8 9 1 3 2 4 65
9 0 2 5 . 5 0 1 3 5 5 1 29 1 64

1 0 4 0 6 . 25 12 12 114 7 65
1 04 1 6 . 25 12 11 1 146 65
4 0 4 2 6 . 25 12 16 1 150 66
1 0 0 0 7 . 00 1 0 4 9 9 8 2 67
1001 7 . 00 1 0 4 6 9 7 9 67
1 0 0 2 7 . 0 0 1 0 4 3 977 66
10 10 8 . 2 5 7 1 0 647 63
10 11 8 . 2 5 6 9 6 6 3 4 62
10 13 8 . 25 7 1 7 6 5 8 59
1 0 2 0 8 . 2 5 7 2 4 66 1 63

Avg = 6 3 . 4 5



T-3796 139

Inland 70G70G fixed roller test data:

I 7 0 G / 7 0 G D a t  a
F i x e d  R o l l e r

No . Va 1 ve Lo a d  1 Loa d  2 L o a d  1
t u r n  o u t 1 b s 1 b s C o r  r .

704 2 , 50 2 6 3 7 2 0 3 5 2 5 7 3  .
7 05 2 . 5 0 27 8 1 2 0 0 0 2 7 1 7 .
303 4 . 0 0 22 1 0 167 1 2 1 4 6 .
8 0 4 4 . 00 2 3 5 9 1 650 2 2 9 5  .
8 0 5 4 . 00 2 4 5 6 1 697 2 3 9 2  .

1 033 4 . 7 5 2 0 3 3 1455 1 9 6 9  .
1 0 3 4 4 . 7 5 2 149 1 4 9 0 2 0 8 5  .
1 035 4 . 7 5 2 0 6 5 15 14 2 0 0  1 .

903 5 . 5 0 1 9 6 4 1 334 1 9 0 0  .
9 0 4 5 . 5 0 1 8 8 0 13 2 6 18 1 6 .
9 0 5 5 . 50 1 9 7 4 1 332 19 10 .

1 043 6 . 25 153 7 1 150 147 3 .
1 0 4 4 6 . 25 15 17 1 157 1453  .
1 0 4 5 6 . 25 1 5 0 2 1 163 143 8  .
1 0 0 4 7 . 0 0 1 3 2 9 96 4 1 2 6 5  .
1 0 0 5 7 . 0 0 1 2 9 0 9 5 6 1 2 2 6  .
10 13 8 . 25 953 663 8 8 9  .
10 14 8 . 25 9 6 5 6 63 90 1 .
10 15 8 . 25 9 5 0 66  1 8 8 6  .

5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
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Inland 60N40N free roller test data:

1 4 O N / 6 ON D a t a
F r e e  r o 1 1 e r

N o . Va 1 ve Lo a d  1 L o a d  2 D i f f e r s  ii'
t u r n  o u t 1 b s 1 bs

1 0 5 0 2 . 50 2 132 2 117 65
105 1 2 . 50 2 187 2 12 1 66
1 0 5 2 2 . 50 2 179 2 113 66
1 0 6 0 k . 0 0 1779 17 14 65
1 06  1 4 . 00 1 7 5 2 1687 65
1 0 6 2 4 . 00 1753 1 6 8 8 65
1 0 7 0 5 . 50 1 39 8 133 2 66
107 1 5 . 50 1 4 0 4 133 8 66
1 0 7 2 5 . 5 0 1 4 0 4 1 3 38 66
1081 7 . 00 1 0 5 5 987 68
1 0 8 2 7 . 00 1 0 5 8 9 9 0 68
1 083 7 . 0 0 1035 967 68
1 0 9 0 8 . 25 7 5 2 68 4 68
1091 8 . 25 7 4 0 673 67
1 0 9 2 8 . 25 727 6 5 9 68

A ve = 66 . 4 7
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Inland 60N40N fixed roller test data:

I 4 0 N / 6 0 N D a t a
F i x e d  R o l l e r

N o . Va 1 ve L o a d  1 L o a d  2 L oa d  1
t u r n  o u t l b s 1 bs C o r  r  .

1 0 5 4 2 . 5 0 27 1 3 2 0 8 0 2 6 4 7
1 0 5 5 2 . 50 2 6 8 2 207  7 26 1 6
1 0 5 6 2 . 5 0 2 6 8 6 2 0 8 4 2 6 2 0
1 0 6 3 4 . 00 2 2 5 2 1 726 2 186
1 0 6 4 4 . 0 0 2 2 3 5 1725 2 1 69
1 0 6 5 4 . 00 2 2 2 3 1721 2 157
107 3 5 . 5 0 1 7 6 4 1333 1 6 9 8
1 0 7 4 5 . 50 17 10 1 3 0 6 1 6 4 4
1 0 7 5 5 . 5 0 1 7 6 0 1343 1 6 9 4
1 0 8 4 7 . 00 1327 98  1 126 1
1 0 8 5 7 . 00 1 3 0 0 9 7 4 12 3 4
1 0 8 6 7 . 0 0 1 2 9 5 97 1 1 2 2 9
10 9 3 8 . 2 5 927 6 7 6 86  1
1 0 9 4 8 . 2 5 89  1 65  1 8 2 5
1 0 9 5 8 . 2 5 8 9 8 6 5 4 8 3 2
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Stelco 70G70G free roller test data :

S 7 0 G / 7 0 G D a t  a
F r e e  r o l l e r

No . Va 1 ve L o a d  1 L oa d  2 D i f f e r "5 11
t u r n  o u t 1 b s 1 b s

1 100 2 . 50 2 156 2 0 9 8 58
1 1 1 0 3 . 5 0 187 9 182 1 58
1 120 4 . 50 1 643 1 579 64
1 1 3 0 5 . 5 0 1 3 4 9 1284 65
1 140 6 . 5 0 1 1 3 5 107 3 62
1 150 7 . 5 0 92 1 354 67
1 160 8 . 25 7 3 8 67 1 67

Avg = 63



T-3796 143

Stelco 70G70G fixed roller test data:

T e s t

S7 0 G / 7  0G D a t a
F i x e d  R o l l e r

No , Va 1 ve L oa  d 1 L oa d  2
t u r n  o u t 1 bs 1 b s

1 1 1 3 . 5 0 2 5 9  1 1778
1 1 2 3 . 5 0 2 4 2 8 1820
1 1 3 3 . 5 0 23 7 0 1 834
1 2 1 4 . 5 0 2 187 1 54 1
122 4 . 50 2 1 08 1 576
123 4 . 50 2 136 1 547
1 3 1 5 . 5 0 172 1 1 3 0 6
132 5 . 5 0 1 756 1 309
133 5 . 5 0 1 7 2 0 12 9 6
14 1 6 . 50 1 54 1 1084
142 6 . 50 1 4 7 9 1 079
143 6 . 5 0 1 5 0 5 1 085
1 5 1 7 . 5 0 1373 843
152 7 . 50 1 192 8 4 6
153 7 . 50 120 2 8 4 6
1 6 1 8 . 25 93 1 663
162 8 . 25 9 14 6 6 8
163 8.25 894 6 6 2

Loa d  1 
C o r  r  .

2 5 2 8  
23 65  
2 3 0 7  
2 1 24  
2 0 4 5  
207  3 
1 6 5 8  
1693  
1657  
1 4 7 8  
14 16 
1 4 4 2  
13 10 
1 129  
1 1 3 9  
868 
85  1 
83 1
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Stelco 60HD free roller test data:

3 - HD 6 0 D a t  a
F r e e r o l l

N o . V a l v e L o a d  1 Load  2 D i f  f  e r  e n <
t  u r  n o u t l b s 1 b s

1170 2 . 5 0 2 156 2 0 9 8 58
11 8 0 3 . 5 0 1 8 79 182 1 58
1 190 k . 50 1 643 1579 64
1 2 0 0 5 . 50 1349 1 284 65
12 10 6 . 5 0 1135 1073 62
1 2 2 0 7 . 50 92 1 854 67
12 3 0 8 . 25 738 67 1 67

Avg = 63
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Stelco 60HD fixed roller test data :

5 - HD 6 0 D a t  a
F i x e d  R o l l e r

No . Va 1 ve L o a d  1 L o a d  2
t u r n  o u t 1 b s 1 b s

117 1 2 . 5 0 2 5 6 9 207 0
117 2 2 . 50 2 5 3 6 2 0 8  1
1173 2 . 5 0 2 5 5 4 2 0 6 7
118 1 3 . 50 2 3 2 7 18 12
1 182 3 . 50 2 2 6 5 1823
1 183 3 . 50 2 2 8 0 1827
119 1 4 . 50 2 0 2 6 1 5 4 5
1 192 4 , 50 1 9 7 0 1 5 6 5
1 193 4 . 50 19 19 1 547
1 20 1 5 . 50 1 6 8 5 1 3 0 5
1 2 0 2 5 . 50 1677 1 3 0 4
1 203 5 . 50 1 6 5 8 1 3 0 0
12 11 6 . 5 0 1 3 6 9 107 6
1 2 1 2 6 . 5 0 1383 1 0 7 8
1213 6 . 5 0 1 3 5 2 1 070
1221 7 . 5 0 1 126 8 4 6
1 2 2 2 7 . 5 0 1 0 9 8 84 1
1223 7 . 50 109 5 83 1
123 1 8 . 25 8 9 2 6 5 8
1 2 3 2 8 . 2 5 8 9 4 6 6 7
1233 8 . 2 5 8 8 8 663

L o a d  1 
C o r r  .

2 5 0 6  
2 4 7 3  
2 4 9  1 
2 2 6 4  
2202 
22 1 7 
1963  
1907  
185 6 
1 6 2 2  
16 14 
1595  
1 306  
1 3 2 0  
1 289  
1063  
10 3 5  
1 032  

8 2 9  
83 1 
8 2 5



T-3796 146

Rouge 60G60G free roller test data :

R S 0 G / 6 0 G D a t  a
F r e e  r o l l e r

N o . Va 1 ve L o a d  1 Loa d  2 O i f f e r e n<
t u r n o u t 1 b s 1 b s

1240 2 . 5 0 2 150 2 0 8 6 64
1250 3 . 5 0 1 849 1 7 83 66
12 0 0 4 . 5 0 1627 1566 6 1
127 0 4 . 5 0 1594 1528 66
1272 5 . 5 0 1 366 1303 63
1 2 3 0 6 . 5 0 1 140 1078 62
129 0 7 . 50 9 0 9 8 3 8 7 1
1 3 0 0 8 . 2 5 7 3 4 6 6 2 7 2

Avg = 6 5 . 6 3
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Rouge 60G60G fixed roller test data :

T-

R 6 0 G / 6 0 G D a t  a
F i x e d  R o l l e r '

No . Va 1 ve L o a d  1 Lo a d  2
t u r n o u t 1 b s lbs

1 24 1 2 . 5 0 2 5 0 9 2 0 6 6
1 2 4 2 2 . 5 0 2 5 2 2 207  7
1 243 2 . 5 0 2 5 3 3 2 0 6 4
125 1 3 . 50 23 1 8 1 8 2 5
1 2 5 2 3 . 50 2 195 1826
1253 3 . 50 2 2 4 5 18 3 2
1 26 1 4 , 5 0 1 9 6 9 1 5 8 6
1 2 6 2 4 . 5 0 1 8 9 0 153 1
1 263 4 . 5 0 19 10 1 5 7 2
1273 5 . 5 0 1 6 0 9 12 9 9
1 2 7 4 5 . 5 0 1 66 1 1 3 2 4
1 2 7 5 5 . 50 1 5 8 6 1283
1 28 1 6 . 50 1333 1 0 7 0
1 2 8 2 6 . 50 1 3 6 4 1087
1 283 6 . 5 0 1 3 7 4 1 0 8 2
1 29 1 7 . 5 0 1 127 8 3 8
1 2 9 2 7 . 5 0 1 1 7 0 8 6 2
1293 7 . 50 1 123 8 5 8
130 1 8 . 25 8 4 5 6 3 9
1 3 0 2 8 . 2 5 8 4 8 6 4 0
1303 8 . 25 853 6 47

Lo a d  1 
C o r  r* .

2 4 4 3  
2 4 5 6  
2 4 6 7  
2 2 5 2  
2 129  
2 179  
1903  
1 8 2 4  
1 8 4 4  
1 543  
1595  
1 5 2 0  
1 267  
12 9 8  
1 3 0 8  
106 1 
1 1 04  
1 057  

7 7 9  
7 8 2  
787
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Rouge 40A40A free roller test data:

R4 0 A / 4 0 A D a t  a
F r e e  r o 11

No , Va 1 ve L o a d  1 Load  2 0 i f  f  e r  e n
t  u r  n o u t 1 bs 1 b s

13 10 2 . 5 0 2 192 2 0 0 5 187
1 3 2 0 3 . 5 0 1978 178 9 189
133 0 4 , 5 0 1752 1 56 1 1 9 1
1 340 5 . 5 0 1517 1 3 2 0 197
1 3 5 0 6 . 5 0 128 1 1084 197
1 3 6 0 7 . 5 0 1 0 4 3 85 1 197
1370 8 . 2 5 8 6 2 66 1 20 1

Avg = 194 . 14
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Rouge 40A40A fixed roller test data :

R4 0 A / 4  0A D a t  a
F i x e d  R o l l e r

No . Va 1 ve L o a d  1 Lo a d  2
t  u r  n o u t 1 b s 1 b s

13 11 2 . 5 0 2 9 5 0 2 10 1
13 12 2 .*5 0 2 8 3 3 2 111
13 13 2 . 50 2 8 5 4 2 103
1 3 2 2 3 . 5 0 24 1 3 176 1
1323 3 . 50 2 5 4 8 1833
1 3 2 4 3 . 50 2 5 5 5 1 8 3 2
133 1 4 . 50 2 2 0 5 1 569
13 3 2 4 . 5 0 2 2 0 2 157 1
1333 4 . 50 22 1 5 1574
134 1 5 . 50 1 8 8 9 1 3 2 4
1 3 4 2 5 . 50 1 927 13 18
1343 5 . 5,0 1 86 1 13 12
135 1 6 . 5 0 1607 1 085
13 5 2 6 . 50 16 13 1 09 6
1353 6 . 50 15 9 9 109 8
136 1 7 . 50 1 3 2 5 8 5 5
13 6 2 7 . 50 1 2 9 2 843
1363 7 . 50 1 2 5 5 83 1
137 1 8 . 2 5 108 1 66 1
1 3 7 2 8 . 25 1 0 4 9 6 4 9
1373 8 . 25 1083 6 6 8

L o a d  1 
C o  r t' .

2 7 5 6  
2 6 3 9  
2 6 6 0  
22 1 9 
2 3 5 4  
2 3 6  1 
2 0 1 1 
2 0 0 8  
2 0 2  1 
1 6 9 5  
1733  
1667  
14 13 
14 19 
14 05  
113 1 
1 0 9 8  
106 1 

887  
8 5 5  
8 8 9
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This appendix contains friction test data for tests 
run under conditions different than standard test 
conditions. The different test condition will be described 
at the top of the page. All other test conditions are the 
same as under standard test configurations. All test data 
reported in this Appendix is for a fixed roller 
configuration. Load 1 Corr. is Load 1 minus the bending 
force determined from free roller data, reported in 
Appendix B.
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X-valve range data. This is friction testing using 
the x-range back tension valve configuration. All 
conditions are similar to standard test conditions, except 
the back tension force is very low. This subsequently 
causes a low average contact pressure.

Material Load 2 Load
(lbs) (lbs)

Inland 70G70G 180 244
180 242
182 244

Inland 60N40N 180 233
178 233
180 235

Stelco 70G70G 182 281
181 245
182 245

Stelco 60HD 180 244
180 242
182 244

Rouge 6 0G60G 192 271
192 246
195 246
194 241
193 249
180 234
181 248
181 235

Rouge 4 0A40A Not Tested
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This is friction test data for the side of the sheet 
corresponding to the inside of the coil.

Material Load 2_________ Load 1 Corr.
(lbs) (lbs)

Inland 70G70G 1782 2620
1669 2758
1744 2640
1099 1628
1114 1620
1104 1645

Inland 60N40N 1862 2332
1857 2315
1858 2339
1124 1407
1131 1422
1130 1417

Stelco 70G70G 1826 2391
1818 2434
1812 2460
1098 1485
1085 1428
1112 1565

Stelco 60HD 1802 2215
1855 2250
1848 2248
1112 1397
1107 1354
1113 1373

Rouge 60G60G 1770 2353
1815 2274
1835 2295
1103 1367
1111 1367
1101 1380

Rouge 40A40A 1825 2365
1845 2367
1865 2401
1122 1449
1125 1441
1123 1440
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This is friction test data for test strips oriented 
perpendicular to the rolling direction.

Material______________Load 2_________ Load 1 Corr.
(lbs) (lbs)

Inland 70G70G 1179 1389
1176 1401
1163 1414
1183 1392
1192 1439

Inland 60N40N 1194 1510
1150 1440
1156 1450

Stelco 70G70G 1179 1666
1175 i486
1170 1500
1174 1507
1170 1551
1150 1515

Stelco 60HD 1159 1458
1174 1428
1173 1434

Rouge 60G60G 1161 1440
1170 1504
1170 1453
1177 1468
1161 1436

Rouge 40A40A 1173 1530
1178 1530
1146 1475
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This is friction test data for tests conducted at a 
displacement rate of 50 in/min.

Material______________Load 2_________ Load 1 Corr.
(lbs) (lbs)

Inland 70G70G 1327 2456
1333 2407
1327 2419

Inland 60N40N 1408 1773
1418 1772
1409 1775

Stelco 70G70G 1350 2198
1346 2217
1352 2082

Stelco 60HD 1367 1740
1383 1669
1409 1738

Rouge 60G60G 1381 1739
1389 1734
1382 1741

Rouge 40A40A 1420 1796
1419 1829
1424 1810
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This is friction test data for test displacement rates 
of 200 in/min.

Material______________Load 2_________ Load 1 Corr.
(lbs) (lbs)

Inland 70G70G 1703 2524
1646 2679
1724 2567

Inland 60N40N 1790 2239
1791 2234
1780 2224

Stelco 70G70G 1775 2097
1771 2017
1802 2069
1799 2094

Stelco 60HD 1818 2241
1811 2222
1806 2187
1805 2198
1792 2152
1776 2147
1774 2175

Rouge 60G60G 1790 2245
1797 2139
1793 2109
1772 2157
1765 2150

Rouge 40A40A 1775 2330
1778 2286
1767 2259


