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ABSTRACT 

Interest in utilizing aluminum alloys in automobiles has increased in recent years as a 
result of the desire to lower automobile weight and, consequently, increase fuel economy. 
While aluminum alloy use in cast parts has increased, outer body panel applications are still · 
being investigated. The industry is interested in improving the formability of these sheet 
alloys by a combination of alloy design and processing. A different avenue of improving 
the formability of these alloys may be through patterning of the sheet surface. Surface 
patterns hold the lubricant during the forming process, with a resulting decrease in the 
sheet-die surface contact. While it has been speculated that an optimum surface pattern 
would consist of discrete cavities, detailed investigation into the reduction of forming 
friction by utilizing discrete patterns is lacking. 

A series of discrete patterns were investigated to determine the dependence of the 
forming friction of automotive aluminum alloys on pattern lubricant carrying capacity and 
on material strength. Automotive aluminum alloys used in outer body panel applications 
were rolled on experimental rolls that had been prepared with a variety of discrete patterns. 
All patterns for each alloy were characterized before and after testing both optically and, to 
determine pattern lubricant capacity, using three dimensional laser profilometry. A draw 
bead simulation (DBS) friction tester was designed and fabricated to determine the forming 
friction of the patterned sheets. Tensile testing and frictionless DBS testing were 
performed to ascertain the material properties of each sheet. The most striking result of this 
work was the inversely linear dependence of forming friction on the lubricant carrying 
capacity of the discrete patterns. Other important observations include the fact that forming 
friction trends for particular patterns remained the same between alloy sheets of similar 
thickness, with forming friction increasing both with material strength and with pattern 
degradation resulting from roll wear. In addition, patterns 2 J.tm or less in depth were 
destroyed by post-test surface roughening while patterns greater than 2 Jlm in depth 
maintained most of their shape, following the rise and fall of the rougher post-test surface 

topography. The inversely linear dependence of forming friction on discrete pattern 
lubricant carrying capacity and the increase of forming friction with material strength were 
used to develop a constitutive equation for use in describing the forming friction behavior 
of the discretely patterned surfaces. 
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1 .. INTRODUCTION 

Automotive aluminum alloys are currently increasing in use to help lower the 

weight and increase the fuel efficiency of today's automobiles. One of the ways thought 

to help maximize the formability of these alloys in outer body panel applications is to 

design a surface pattern that holds lubricant to minimize the contact, and thus the forming 

friction, between the sheet surface and the die forming the part. In an iterative fashion, 

this surface design has been taking place for automotive steel alloys. Some constraints 

on such design, however, are the desire to achieve an acceptable painted finish on the 

deformed part and concern with the transfer of the chosen design during final rolling with 

patterned rolls. One method of assessing different designed patterns in the automotive 

industry is friction testing, which is an indicator of part formability. Relating these 

formability results and quantifiable surface measurements has, however, been difficult. 

The work here was designed specifically to find such a relationship for the dependence of 

forming friction on discretely patterned surfaces. 

1.1 Automotive Aluminum Utilization 

There is a large incentive in today's automotive industry to create lighter, more fuel 

efficient automobiles. U.S. Congressional pres·sure tn increase Corporate Average Fuel 

Economy (CAFE) and the Partnership for a New Generation of Vehicles (PNGV) are the 

main driving forces behind this incentive. The PNGV is a joint effort by U.S. auto 

makers and the federal government, announced in September 1993, with the goal of 

producing an affordable, family sized sedan with a CAFE of 35 km/1 (80 mpg) within ten 

years.Il One of the easiest ways to increase the fuel efficiency of an automobile is to 

reduce its overall weight. Common ways to reduce weight include using thinner sheet for 

autobody panels, using a unibody constfJ.lction rather than a frame construction, and using 

alloys with higher specific strength. All of these methods are presently in use, with the 

first one having reached its maximum with today's alloys. Manufacturers are restricted 

from using sheet thinner than that which is currently used in.today's automobiles because 

of the difficulty of ensuring panel stiffness and dent resistance. The use of thinner sheet 

is demonstrated daily by the ease with which newer car doors dent when impacted, in 

contrast to the comparatively dent-resistant older cars. 

Aluminum alloys, with higher specific strength than steel alloys, are increasingly 

utilized in automobile construction, both in cast part and in sheet form, to help lower 

weight and increase fuel efficiency ,12 Automotive aluminum sheet outer body panel 

usage is generally limited to less complicated, shallower parts such as hoods, because of 

formability concerns. Exterior body panel aluminum alloys have lower form~bility than 

steel alloys used for the same application because of lower uniform elongations and 
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generally greater anisotropy in their forming properties resulting from a mixture of 

different crystallographic textures. 13 While these problems are being worked on with 

improvements arising from alloy composition and processing, other approaches to 

improving formability need to be explored to help increase the use of aluminum alloys in 

outer body panel applications. One possible approach for a given alloy is through surface 

patterning. 

1.2 Aluminum Formability 

Utilizing the properties of the alloys themselves, automotive aluminum alloys are 

formed into body panels in the naturally aged, or -T4 condition. This room temperature 

aged state is capable of greater uniform elongation, and therefore better formability, than 

any elevated temperature aged condition. Unfortunately the greater uniform elongation 

capability arises from lower alloy strength, an undesired feature in a finished part. This is 

compensated for by elevated temperature aging, and consequent precipitation hardening, 

of the panels after the auto body is assembled, during the cycle where the coatings of paint 

are baked on to the surface of the body. Current alloy compositions attempt to maximize 

both -T4 sheet formability and precipitation hardening-based strength gains after forming 

during the paint bake cycle. 

In addition to composition, processing is also used to maximize the formability of 

aluminum sheet, as it can greatly affect the crystallographic texture components present 

in the sheet.l4 Processing today differs from that even five years ago in order to 

maximize the isotropic textures, and minimize the anisotropic textures, in order to 

improve the directional formability of these alloys. 15 The ultimate desire is to create a 

sheet that is equally formable in all directions. 

1.3 Part Forming 

The formability of automotive outer body panels from a particular alloy is 

controlled by the alloy's deep drawing capability which, in turn, is controlled by the 

alloy's composition and processing. Deep drawing is a process where sheet metal is 

drawn into a die by a punch (Figure 1) 16 to form a complex part. The sheet is restrained 

from flowing into the die too quickly by clamping around the die edges with a flat binder. 

If the clamping force restraining the sheet is appreciably greater than the drawing force 

pulling the sheet into the die, the sheet will tear. Conversely, if the drawing force is 

greater than the restraining force by too great a margin, the material will be drawn into 

the die too quickly and wrinkling will result. In many operations the restraint provided 

by the flat binder is inadequate, and drawbeads are added to the binder. Draw beads are 

D-shaped rods set into the flat binder at critical restraining points which utilize both 

bending deformation and sliding friction to restrain the sheet (Figure 1). 
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Punch 

Flat Binder 

Drawbead 

Shoulder 

Figure 1 Forming process showing die and punch with close up of draw bead (from 16) 

For a given sheet alloy, with a given composition and processing, one way to 

improve the deep-drawability of a part is to reduce the forming friction, or surface 

contact, between the sheet surface and the forming die. One of the most effective ways to 

reduce the surface contact is to utilize a lubricant during the forming process, a common 

practice in automotive stamping. The lubricant effectiveness is maximized when the 

sheet surface holds the lubricant in place, a process that a sheet pattern can greatly affect. 

Contact minimization results in reduced frictional resistance of the sheet to part 

formation, where greater friction may indicate that the sheet is sticking to the die, with 

the possibility of the sheet tearing rather than yielding and flowing along the die surface. 

Sheet-die contact minimization also results in a minimization of possible surface damage 

from adhesion and galling that might cause the part to be rejected. 

While four main lubrication regimes have been defined (Figure 2), the majority of 

deep drawing forming operations take place in the mixed field lubrication regime where 

some asperity contact takes place and some hydrostatic lubrication takes place.J7-I9 It 

should be noted that as understanding of this regime has progressed, some authors have 

taken into account the dynamic method of the process as well as deformation of the 

asperities and renamed hydrostatic as microhydrodynamic or micro-plastohydrodynamic 

(micro-PHD).J8,I9 This latter terminology will be used below if material deformation is 

involved. The other lubrication regimes include boundary lubrication, where an 

extremely thin lubricant layer coats the surfaces and asperity deformation dominates, and 
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thin and thick film lubrication, where no asperity contact takes place and the lubricant 

completely separates the two surfaces.l7 

-------lubricant - -
~~~ec~~ 

' ' ' ' ' 
(b) Thin Film 

tooling 

workpiece 

(d) Boundary 

Figure 2 Friction regimes defined by Wilson (from I7) 

While all these regimes are considered to be active during different parts of the deep 

drawing process, the interaction of the sheet surface with the die during the mixed field 

lubrication regime is critical to pattern design because it is during this forming regime 

that the pattern influence on lubricant retention is the greatest. In other words, to 

facilitate the protective action of the lubricant, the sheet surface needs to be able to 

physically hold the lubricant both to provide micro-PHD resistance and to continue to 

feed lubricant out to the higher, possible contact areas as the surface profile flattens. The 

work here, discussed in greater detail below, was designed to help clarify the dependence 

of forming friction on the lubricant retention capability of automotive aluminum alloys 

used in outer body panel applications in order to improve the formability of these alloys. 

1.4 Automotive Alloy Pattern Use 

Historically, the majority of sheet metal used by the automotive industry in outer 

body panels has consisted of various types of steel alloys.J2,110 Even today, with the push 

toward lighter automobiles, the majority of automotive sheet metal used is still 

steel)2,110-117 This has resulted in the majority of forming research in the area of 

automotive sheet alloys taking place on low carbon steels. The real push to increase 

understanding of the relationship between surface patterning and forming friction of steel 

sheet heightened when the automotive industry switched from bare steel to galvanized­

zinc coated or zinc-alloy coated steel; the soft Zn-coated steel was found to be much 

more difficult to form than the bare steel used previously. Even the shot-blasted surface 

pattern in use at the time, better at retaining lubricant than the previously used mill finish, 

did not do enough to minimize the interaction between the soft zinc coating and the hard 

steel dies, resulting in sticking and galling and increased part rejection. Iterative pattern 
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advances have greatly improved the formability of these coated alloy sheets, and 

investigation into surface pattern effects on these sheets is still ongoing. 

With the increasing use of automotive aluminum sheet in outer autobody panel 

applications, many of the problems encountered with the changeover from bare steel to 

Zn-coated steel sheet appear to be repeating themselves with aluminum. The vast 

majority of automotive aluminum sheet currently in use is patterned with the highly 

directional mill finish. This has the result that the surface of the sheet may not 

adequately retain enough lubricant in certain forming directions to prevent adhesion 

between the aluminum and the die. This is as critical for aluminum as it is for Zn-coated 

steel, as aluminum is highly adhesive and tends to gall readily,l18-I22 Unfortunately 

automotive aluminum alloy sheet is generally not patterned for economic reasons. Any 

patterning of the sheet results in greater cost, and therefore a lower capability of being 

cost-competitive with patterned Zn-coated steel sheet. While elongation and anisotropy 

forming issues currently necessitate a less complex outer body panel design for the vast 

majority of AI alloys, the incentive to increase AI alloy outer body panel use is growing . 

. Increasing use of AI alloys will necessitate adapting the alloys to the more complex parts 

currently made out of steel alloys. Consequently both alloy design and patterning of the 

AI alloy sheet surfaces to improve formability are becoming of greater concern. 

1.5 Surface Definition and Pattern Design 

A surface may be defined in a number of ways, including pattern shape and 

directionality, roughness averages, peak to valley height, and the wavelengths that 

actually make up the surface. Optical characterization is most commonly used to 

determine shape and directionality while surface profilometry tends to be used to quantify 

roughness parameters. Both two and three dimensional surface profilometry techniques 

have been used more frequently in recent years to determine the wavelengths that make 

up the surface by performing Fourier analysis. · A Fourier transformation takes the 

profilometry data and breaks it down into the contribution, or power, of each wavelength 

that exists on the profiled surface. Different perceptions of what wavelengths constitute 

roughness exist for different surfaces. For example, glass surfaces would consider 

roughness to be in the nanometer range and waviness in the tens of microns range. For 

the macroscopically patterned surfaces considered here waviness is considered to consist 

of wavelengths greater than 800 ~m (0.031 in), roughness covers the wavelength range 

from 800 ~m (0.031 in) down to 20 ~m (787 ~in), and microroughness includes 

wavelengths below 20 ~m (787 ~in). Results based on wavelength analyses will be 

discussed below. 
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In an approach different from wavelength analysis, it has been put forth that the best 

surface topography for containing the lubricant consists of small surface 

cavities_l8,19,123,124 Research on isolated microcavities 100 J..Lm (3937 J..Lin) in diameter 

and between 10 J..Lm (394 J..Lin) and 20 J..Lm (787 J..Lin) deep that were introduced into a sheet 

surface demonstrated roughly a magnitude drop in strip drawing friction versus a normal 

mill finish sheet pattern. 123 Prior to this isolated microcavity work, one investigation into 

Lasertex patterning made a recommendation of 250 J..Lm (9842 J..Lin) spacing and Ra > 1.5 

J..Lm (59 J..Lin) for 200 J..Lm (7874 J..Lin) diameter cavities, in order to maintain indentation 

isolation.I24 In order to increase knowledge in this area the discrete patterning tested 

here, discussed in greater detail below, was designed to help solidify recommendations 

for future pattern designs. 

1.6 Formability versus Paintability 

In addition to formability, patterning affects the paintability, or final painted 

appearance, of automobiles. To form a surface, the common belief is the rougher the 

surface the better. To obtain a smooth painted surface the opposite is thought to be true, 

with mirror-finish being the desired starting state. This has the result that the press shop 

that forms the parts and the paint shop which paints the formed parts desire sheet patterns 

that are in direct conflict with one another. Thus in designing a pattern for formability, 

the design must be constrained by the desire to achieve good paintability. Research 

focusing on the paintability of sheet surfaces has indicated that, for certain paint systems, 

shorter surface feature wavelengths may be painted over and not visible to the naked eye 

while longer wavelengths are visible through the painted surface.I24-127 Recent work has 

indicated that wavelengths under 500 J..Lm (0.020 in) have a greater influence on reducing 

forming friction than wavelengths over 500 J..Lm (0.020 in).l28 These shorter wavelength 

features are believed to be small cavities on top of asperities that provide micro-PHD 

resistance during forming. It appears, therefore, that controlling the imprinted 

wavelengths on sheet surfaces can allow a sheet to have both acceptable forming and 

painting properties, removing the conflict b~tween formability and paintability and 

clarifying the constraint on the surface design. 

In addition to particular wavelength components of untested surfaces, surface 

roughening from the forming operation affects both the subsequent formability and 

paintability of these surfaces. Roughening results from both individual grain rotation 

during forming to accommodate strain in the material, and from rotation of groups of 

grains of similar crystallographic texture. The amount of roughening is known to 

increase with increasing grain size,I9,129 but some question has arisen as to which grain 

size parameter is the most important. 130 As alloy composition and processing control the 
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microstructure of a material, they are major factors in determining the post-forming 

surface roughness. The research performed here investigated post-test surface 

roughening of outer body panel aluminum alloys, and investigated the correlation with 

different grain size parameters. 

1. 7 Patterning and Roll Finish 

Patterns are imprinted on automotive sheet metal by performing the final sheet 

rolling operations with patterned rolls, where the pattern on the roll is coined onto the 

surface of the sheet metal. The roll pattern is imparted to automotive steel alloys during 

the final two cold rolling operations. The first cold rolling operation imprints an initial 

pattern and reduces the as-received hot-rolled sheet thickness around 70%, the coil of 

steel is heat treated, then the final "skin pass" roll imprints the final pattern on top of the 

initial pattern and reduces the sheet thickness between 0.5% and 2%. The double 

imprinting operation is not used with aluminum alloys because of heat treating 

requirements. In order to maintain formability, no further work hardening takes place 

after the heat treatment, which occurs immediately after the final reduction. Thus the 

final cold rolling reduction as well as the pattern transfer takes place during the final 

rolling operation of aluminum alloys, which can reduce a sheet thickness up to 15%. In 

order to maintain acceptable pattern transfer, however, work has shown that reductions 

must be limited to less than 4%.131 In the present work an ideal pattern is considered to 

be one where perfect coining of the roll pattern onto the sheet takes place with no 

distortion, while a "real" pattern is that measured using profilometry of the sheet surface 

and includes the influences of smearing, sliding, and roll wear. 

Some patterning techniques discussed briefly here are illustrated in Figure 3. As is 

evidenced by the advances in roll patterning technology discussed below, and by research 

into the transfer of the roll pattern to the sheet surface, the pattern itself has undergone 

evolution as the search persists for the sheet finish that will result in not only optimum 

forming properties, but also optimum painting properties.I23-137 Mill finish (MF), the 

oldest finish used, originated from the grinding of the rolls in the mill between rolling 

operations. The circumferential grinding marks on the roll, resulting from a grinding pad 

moving along the length of the roll as it rotates, imprint on the sheet as a series of 

longitudinal peaks and valleys. One of the first post-grinding patterns utilized was shot­

peening, where the surface of the roll was bombarded with shot. The finer the shot used, 

the finer the crater pattern created on the roll surface. Many steel mills today have old, 

now unused, shot peening machines on site. Currently, after grinding in the mill most 

rolls are sent out to sub-contractors for electro-discharge texturing (EDT), a process in 

which a spark is used to blast away very small pieces of the roll surface. As this 
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technique is used with increasing frequency, the control over the process is improving, 

with finer patterns available today compared to those applied previously.B8 

b) 

d) 

Figure 3 

Grinder 

Mill Finish 
a) 

Shot Peening 
c) 

Laser 

Laser Texturing 
e) 

Illustration of different roll texturing processes: a) Mill Finish, b) Shot 
Peening, c) Electro-Discharge Texturing, d) Laser Texturing, and 
e) Electron Beam Texturing 

Another, more discrete, after-grinding pattern imprinted on the roll is laser texturing 

(LT), where a laser is used to melt part of the roll, and either CO or 02 gas is used to 

blow the molten metal out of the hole. Depending on the angle at which the gas is blown 

onto the surface, either a ring or semi-circular hill around the valley result. Electron 

Beam Texturing (EBT), the most recent technique of after-grinding roll-pattern 

application, has the finest resolution of any of the techniques in use today. In this 

expensive technique, originally developed for the printing industry, the entire roll is 

lowered into a vacuum chamber and patterned with an electron beam; the force of the 

beam blows the molten metal up onto the roll surface to create a ring around a valley. 

Both laser texturing and EBT impress regular, isolated valleys into the surface of the 

sheet metal, resulting in a well-defined lubricant carrying volume. It is important to 

realize that while the search for the optimum formable and paintable surface has resulted 

in large advances in roll patterning, much of the advancement has been through trial and 

error rather than through a systematic study of the patterning effects. The research 

discussed below was designed to contribute to the understanding of patterning effects in a 

systematic manner, allowing further, more informed, advances in pattern design. 
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1.8 Draw Bead Simulator Testing 

One method of evaluating the effectiveness of different surface patterns is the draw 

bead simulator. The draw bead simulator (DBS) is a friction testing machine developed 

by Harmon Nine in the 1970s to assist in the evaluation of sheet metals and lubricants 

used for stamping operations.I6 The DBS machine simulates the controlling action of the 

drawbead in the forming process. While a number of different machines exist that 

simulate various aspects of the forming process,l39 the draw bead simulator has been 

found to be useful in indicating the deep drawing performance of both sheet metal alloys 

and different lubricants, and so has come into common usage in the forming industry as a 

quality control device. 

The draw bead restraining force consists of both bending deformation and sliding 

friction. The two components are separated out by performing two tests of identical 

tooling geometry: a roller bead test for bending deformation only and a fixed bead test 

for combined bending deformation and sliding friction (Figure 4). The roller bead test is 

assumed to have negligible friction from the support rollers, and no sliding friction 

component, and the sliding friction generated during fixed bead testing is assumed to be 

Coulombic in nature. Thus, the bending deformation component of the roller bead test is 

directly subtracted from the bending deformation plus sliding friction components of the 

fixed bead test to determine an experimental number for sliding friction. The simple 

equation used for determining the coefficient of friction16, ~.is: 

Dlixed- Droller ~=----"-)_• ___ _ 

1tCfixed 
(Eqn. 1) 

where D is the drawing force for fixed and roller beads, 1t is the geometric contact angle 

of both sides of the sheet with the fixed beads, and C is the clamping force for the fixed 

bead test. This equation is accepted to be a rough and simple equation used for the 

purposes of ranking the friction response of materials and lubricants. 

In certain situations, it is necessary to perform sliding friction tests on only one side 

of a sheet, rather than both, as is indicated above. The experiments designed here utilized 

this single-sided test because the patterns on the two sides of the discretely patterned 

sheet did not match. The forming friction equation above, used when performing double­

sided tests, was modifiedl40 to represent single-sided tests, where only one side of the 

sheet is tested with a fixed bead, by dividing the geometric contact angle by two: 

2(Dfixed- Droller) 
~ = ---"------

1tCfixed 
(Eqn. 2) 
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where D is the drawing force for fixed and roller beads, rc/2 is the geometric contact 

angle of both sides of the sheet with the fixed bead, and C is the clamping force for the 

fixed bead test. 

Croller cfixed 

~ Dfixed 

a) b) 

Figure 4 DBS Tooling Geometries: a) roller bead test, b) fixed bead test. 

A number of authors have explored the validity of certain assumptions modelling 

the DBS testl41-151 while others have greatly facilitated understanding of the DBS test by 

exploring various physical machine and specimen parameters and their effect on the DBS 

test results. 18,152-158 The test parameters investigated here, such as the validity of the 

single-sided test equation, are investigated and discussed in greater detail later. 

1.9 Previous Work 

Previous forming research, most of which was performed using both coated and 

uncoated steel alloys, tended to concentrate on searching for a relationship between tool 

and/or sheet metal surface parameters and sliding friction.I59-171 Some of this research 

was performed on discretely patterned Lasertex or EBT patterns, but the vast majority 

was performed on either the highly directional mill finish pattern or the more random 

EDT pattern. Of this research, no direct relationship has been found between at least 

sixteen simple two dimensional arithmetic parameters based on the surface profile, such 

as various ways of calculating surface roughness, and the values of sliding friction 

measured. One of the trends that has been noted is that greater surface roughnesses lower 

the friction. While exceptions to this trend have been noted,lll this general relationship 

is considered insufficient to characterize sheet surfaces, as it characterizes only the 

amplitude and not the wavelength or wave shape of the roughness profile.I19 

One researcher used a hybrid parameter of asperity spacing and height combined 

with a surface roughness parameter to calculate the mean free volume for Zn-coated steel 

sheet.l71 He found a linearly inverse relationship between this volume parameter and 

forming friction, where the slope was dependent on the crystallographic texture 
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differences of the Zn coatings. Another researcher discovered a more reliable correlation 

between forming friction and a particular regime of the Fourier power spectrum for Zn­

coated sheet steel alloys patterned with EDT rolls.l28,I68 The indication of this research 

was that wavelength contributions under 500 J..Lm (0.020 in) had a greater effect on 

reducing forming friction than wavelengths over 500 J..Lm (0.020 in). It is not as likely 

that the same relationship would exist for discretely patterned surfaces, however, because 

of their deterministic nature. An example of this would be infinitely deep discrete 

patterns less than 500 J..Lm (0.020 in) in diameter and spaced under 500 J..Lm (0.020 in) 

apart, adding tremendously to the wavelength contribution, but not reducing the forming 

friction any more than some critical, shallower depth. 

It was this lack of information on the dependence of forming friction on discrete 

patterns that motivated the current research discussed below. The work here was 

performed with the goal of determining such a· relationship and forming a constitutive 

equation based on this relationship that may be used in the future to guide pattern design. 

1.10 Current Work 

Increasing interest in the use of automotive aluminum alloys for outer body panel 

applications stems from congressional mandates to increase automotive fuel efficiency. 

These alloys are, however, less formable than steel alloys used in the same applications 

because of a combination of lower uniform elongation and anisotropic properties based 

on crystallographic texture. One of the ways to help maximize the formability of these 

alloys and make them more usable in complex parts, as opposed to the relatively simple 

parts they are used in now, is to design a surface that holds lubricant in such a way that it 

minimizes the contact, and thus the forming friction, between the sheet surface and the 

die forming the part. In the automotive industry one method used to assess the 

formability of different alloys, lubricants and patterns is DBS friction testing. Relating 

these and other formability results to quantifiable surface parameters has, however, been 

difficult. Furthermore, while excellent overviews of all aspects of the automotive 

forming of aluminum alloys exist,I72-176 a thorough understanding of the relationship 

between pattern parameters and forming friction in these alloys is still incomplete. The 

work here was conducted to fill this knowledge gap by using experimentation specifically 

designed to find the dependence of forming friction on discretely patterned surfaces. 

In order to determine a constitutive relationship between discrete patterns and 

forming friction, three automotive aluminum alloys used in outer body panel applications 

were rolled on EBT patterned rolls that contained eight different patterns across each roll. 

Two of the alloys were rolled with two different eight-patterned rolls, and the third was 

rolled with two matching eight-patterned rolls. For comparison, MF patterned sheet split-
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ingot processed from the same material was obtained for the first two alloys, ·and··EDT--­

patterned sheet split-ingot processed from one of the first two alloys was also obtained; 

EDT patterned sheet split-ingot processed from the second alloy was unavailable, as were 

MF and EDT patterned sheet split-ingot processed from the third alloy. A DBS test 

machine was fabricated to perform forming friction tests on all surface patterns. Validity 

of the data from this new test machine were of possible concern, so comparative MF and 

EDT tests were performed on a machine elsewhere that has been involved in a series of 

round robin DBS tests. 155 Tensile tests and roller bead tests were used to determine 

material properties, and to help assess the effect of material strength on the forming 

friction of these alloys. Single-sided DBS tests were performed on all EBT patterns 

while both single- and double-sided DBS tests were performed on MF and EDT patterns 

to check the assumption that the contact area of the sheet surface with the fixed bead 

during the single-sided sliding friction test was exactly half that of the double-sided test. 

All patterns were three dimensionally profiled both before and after DBS testing. The 

EBT pattern profilometry data was used to calculate the pre-DBS test pattern lubricant 

carrying capacity, both volume and area, of each pattern for each alloy. Post-test 

profilometry data was used to determine a minimum critical discrete pattern depth and 

the degree of surface roughening. The MF and EDT pre-test pattern profilometry data 

was used to assess the directional wavelength contributions of the respective patterns, and 

to determine if the 500 !liD wavelength association with forming friction seen with Zn-

coated sheet steel applied to these aluminum alloys. Finally, a constitutive equation for 

use in discrete pattern design was derived from the forming friction dependence on 

pattern volume. 
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2. EXPERIMENTAL PROCEDURE 

2.1 Draw Bead Simulator Test Machine 

A draw bead simulator was designed and constructed utilizing a tension/ 

compression servo-hydraulically driven load frame already in existence.El Specific 

details of the design and construction of this machine are given in Appendix A. The 

draw bead simulator tooling consisted of two sets of dies, with a male and female fixed 

bead die set and a male and female roller bead die set. Figure 5 shows a photograph of 

the overall test setup, while Figure 6 shows a top view of the grips and drawing assembly 

and Figure 7 shows a rear view of the fixed bead dies with a specimen inserted before the 

top die is lowered into place. The die beads consisted of 9.525 mm (0.375 in) diameter 

D2 tool steel rods hardened to HRC 62. The drawing force for the test, measured using a 

load cell behind the specimen grips, was provided by a screwdrive driven by a computer 

controlled servomotor. The clamping force, provided by the computer controlled servo­

hydraulic test machine, was measured using four button load cells inserted directly under 

the top die. Specimen location and test velocity were measured using a linear motion 

transducer, while bead depth was measured using a linear voltage differential transducer 

(L VDT) attached to the load frame pull rod and calibrated for bead position. Load cell 

and L VDT calibrations were performed before the strain gauge setup tests, described in 

Appendix A, and again before the load cell setup tests. 

Figure 5 Front View of DBS test machine. 
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Figure 6 Top view of DBS test setup showing grips and pulling assembly. 

Figure 7 Rear view of DBS test setup showing fixed bead setup (before insertion) 
with specimen; the guide rollers shown keep the specimen level. 

2.2 Test Material 

Three different automotive aluminum alloys used in outer body panel applications 

were obtained.E2 These alloys, imprinted with a variety of surface finishes (Table 1), 

were obtained in the naturally aged condition used for part forming. EBT sheets 

consisted of eight different patterns across each sheet side (Figure 8). AA2008 and 

AA6009 sheets, rolled with two different eight-patterned rolls, contained sixteen different 

single-sided patterns. AA6111 sheets, rolled with matching eight-patterned rolls, 
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contained eight different double-sided patterns. EBT patterns between the different 

alloys were nominally the same size and distribution, with different patterns having 

different depths as well as different ring sizes and distributions. The sixteen different 

EBT patterns were used in this study to determine the dependence of forming friction on 

discrete pattern volume. Pattern information from the sheet surfaces is quantified and 

discussed. MF patterned AA2008 and AA6009 sheets were used along with an EDT 

patterned AA2008 sheet to compare the more commonly used patterning techniques to 

EBT. Split-ingot processed MF and EDT sheets from the remaining alloys were not 

available. The AA2008 and AA6009 sheets were 1.09 mm (0.043 in) thick, while the 

AA6111 sheets were 0.914 mm (0.036 in) thick. The appearance of the EBT patterns on 

the 6111 sheets, resulting from a greater final thickness reduction, is compared to those 

on the 2008 and 6009 sheets. The effect of roll wear on the pattern is also discussed. 

~ 
2008-T4 
6009-T4 
6111-T4 

Surface Finishes 
MF, EDT, 2 shrets (.1 and .2) of 16 different FBT topographies, 8 per shret side 
MF, 1 sheet of 16 different EBT topographies, 8 per sheet side 
2 sheets (.1 and .2) of 8 EBT to o ra hies, matchin on both sheet sides 

Table 1 Number and Type of Alloy Surface Finishes Available 

Figure 8 Schematic showing patterning across sheet surfaces. 

2.3 Material Characterization 

The microstructure of each alloy sheet was determined by mounting specimens 

from each alloy type in three perpendicular directions, i.e., in the plane of the rolling 

direction, perpendicular to the rolling plane along the rolling direction, and perpendicular 

to the rolling plane transverse to the rolling direction. Specimens were polished to 0.05 

J.Lm (2 J.Lin) and etched with Keller's Etch (1 ml HF, 1.5 ml HCl, 2.5 ml HN03, 95 ml 

distilled H20) to reveal grain boundaries. Grain size and aspect ratio differences between 

the different alloys are quantified and related to post-DBS test surface roughening. 

Each alloy used in this study was split-ingot cast, i.e., the initial cast ingot was split 

before reducing the ingot thickness down to sheet under nominally identical conditions 
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until the combination final reduction and patterning roll. As a consequence, no 

significant compositional or mechanical property differences were expected to exist 

between the different sheets within an alloy type. These assumptions were both checked. 

The chemical composition of samples from each sheet type was determined using 

Wavelength Dispersive X-Ray (WDXRF) analysis for Cu and a Vacuum Emission 

Spectrograph for the rest of the elements; two readings were taken from each sample and 

averaged.E3 Mechanical property differences were checked by performing tensile tests 

and roller bead, or "frictionless," DBS tests. Tensile specimens were polished to 600 grit 

before testing to remove surface patterning and notch effects. A schematic of the tensile 

specimen used here is shown in Figure 9. All tests were performed on a computer 

controlled servo-hydraulic tensile test machine at room temperature at a strain rate of 

lQ-3. Elongation was measured using a 25.4 mm (1 inch) gage length 50% extensometer 

calibrated before each test session. Frictionless DBS tests were performed during the 

course of normal DBS friction testing of each alloy pattern set. 

R 19mm ~ 
(0.75 in) 

------~· 38.10 mm_l----1--1--+ 
(1.500 in) 

._38.10mm ----~~t----­
(1.500 in) 

9.525m~ 
(0.375 in) 

38.10mm~ 
(1.500 in) 

76.41 mm 
(3.000 in) 

8 

~----------- 152.40 mm------------t~ 

Figure 9 

2.4 Pattern Characterization 

2.4.1 Characterization Methods 

(6.000 in) 

Schematic of tensile test specimen. 

All patterns were characterized using optical microscopy to determine feature size 

and orientation. Three dimensional profiling was performed on representative specimens 

of all surfaces both pre- and post-DBS testing using a laser profilometer with a 1 Jlm (39 

Jlin) spot size both before and after DBS testing to enable the calculation of pattern 

volume, or lubricant carrying capacity.E4 A representative 1.0 mm x 1.0 mm (0.039 in 

sq.) square area of each surface was scanned at an x andy resolution of 2.5 Jlm (39.4 

Jlin), and a z resolution of< 0.1 Jlm (3.9 Jlin). For all patterns this area was assumed to 

be representative of the entire sheet surface. 

Page 16 



All flat specimens were best fit planar leveled because the sheet specimens did not 

lie perfectly flat on the laser profilometer' s travel table. Leveling occurred by subtracting 

a plane defined by regression lines calculated in the x and y directions of the surface. All 

tested specimens, curved in the test direction from the testing process, were planar 

leveled then polynomially leveled to the second degree in the test direction. Polynomial 

leveling subtracted a curved plane fitted to the mean of the surface curvature. Some 

tested specimens were also polynomially leveled to the second degree transverse to the 

test direction for comparison. Bearing area curves were calculated for all surfaces, and 

pre-test pattern differences as well as pre- and post-test comparisons are performed. Two 

dimensional wavelength characterization using FFT power spectra was performed from 

the profilometry data for all specimen types to compare pre- and post-DBS test surfaces. 

2.4.2 Pattern Lubricant Carrying Capacities 

The ideal EBT pattern lubricant carrying capacity, where perfect coining of the 

perfect roll pattern onto the sheet surface was assumed, was calculated from information 

about ring size and spacing on the rolls.E5 The volumetric calculation (Eqn. 3) used the 

. theorem of Pappus and the area of a parabolic section to calculate the volume of a 

circular ring with a parabolic cross-section assuming perfect rings and perfect coining.E6 

The theorem of Pappus was chosen because it was the simplest way found to calculate 

the area of a torus, or circular imprint with a particular cross section. It defines the 

volume for a given plane section of area A rotated about an axis in the plane. For a 

semicircular revolution the volume is V =As where s is the length of the circular arc 

traced by the area's center of gravity. For a complete revolution the volume is V = 2nrA. 

Based on the actual surface profiles, the area of a parabolic section was chosen as the 

cross section of the imprint rather than a perfect half-circle. Here V represents the ring 

volume, r represents the radius to the· center of the ring rim, A represents the cross­

sectional area, h represents the ring depth, and l represents the parabola width (Figure 

10). 
2 4 

V = 2nrA = 2nr(- hl) = -nrhl 
3 3 

(Eqn. 3) 

a) b) 
Figure 10 Ideal volume calculation parameters for V= 4/3nrhl; r is the distance to the 

rim center, I is the rim width and his the ring depth. (from E6) 
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The real EBT pattern lubricant carrying capacity was calculated from the laser 

profilometry data. Each profilometry data point was considered to reside in a square 2.5 

J..Lm (98 J..Lin) on a side. Pattern volume was obtained by subtracting imprinted surface 

values from the "unimprinted" sheet surface height. These individual height values were 

summed, and the total was multiplied by 6.25 J..Lm2 (9688 J..Lin2) to give the pattern 

volume. Pattern area was obtained by calculating the number of points below the MF 

shelf value and multiplying by 6.25 J..Lm2 (9688 J..Lin2). The shelf value used in these 

calculations was the average value of the surface with only a MF pattern, i.e., the height 

of the surface below which all EBT pattern volume was assumed to exist. This shelf 

value was derived using a histogram representing all height values from a given surface 

(Figure 11). For larger, deeper EBT patterns, the value was taken as the average of the 

peak representing the MF surface, which resided above the peak representing the EBT 

pattern imprint. For smaller, shallower EBT patterns where there was only one peak the 

value was taken as the average value of that peak. This may have resulted in an 

underestimation of the pattern volume and area of those surfaces. Sheet pattern volumes 

are compared to the ideal roll pattern volumes, and both real and ideal volumes and real 

areas are considered in a constitutive relationship to the DBS formirig friction of those 

patterns. 

chosen average 
height 

chosen average 
height 

a) -5.000 0.000 5.000 b) -2.500 0.000 2.500 

Figure 11 Histogram of surface heights a) for patterns >2 J..Lm in depth and b) for 
patterns <2 J..Lm in depth. 

2.4.3 Post-Test Pattern Appearance 

Post-DBS test surface roughening of the different patterns is compared to pre-DBS 

test surface appearances, and the influence of pattern depth on retention of a pattern after 

testing is discussed. Post-DBS test surface roughening between similar patterns of the 

different alloys is compared, and differences are discussed in terms of possible influence 

on further forming friction. 
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2.5 Draw Bead Simulator Tests 

2.5.1 Draw Bead Simulator Test Parameters 

All DBS test specimens within a topography were cut from a single alloy sheet 

using a shear with stops set for high accuracy of specimen width. This accuracy is 

important, as specimen width variations have been shown to affect test results. E7 A set of 

seven or eight specimens in a row were sheared, with the outer pieces being used for the 

roller bead tests and the inner for the fixed or mixed bead tests. This specimen 

configuration was used to subtract out any local variations in sheet properties, as 

thickness and strength variations both across and along a sheet have been shown to 

influence test results.E7 Specimens were deburred on all edges using a fine file and 

Buehler 600 grit SiC paper to eliminate the possibility of specimen burrs damaging test 

beads and influencing test results. 

DBS test specimens were drawn a distance of 152 rnrn (6 in) at a velocity of 85 

rnrnlsec (200 in/min) using a 23 ern (9 in) long specimen. Mixed bead, single-sided, tests 

utilized a male fixed bead and female roller beads while fixed bead, double-sided, tests 

used both male and female fixed beads, and roller bead tests used both male and female 

roller beads (Figure 12). All strain gauge setup tests were performed with the top, male, 

die tightened to approximately 34 N-rn (300 in-lb). All load cell setup tests were 

performed with the top die preloaded upon die insertion to between 667 N (150 lb) and 

725 N ( 163 lb ), with the load distributed evenly between the front and the back of the die, 

and the bottom die tightened to approximately 34 N-rn (300 in-lb). To minimize 

lubricant variation, all tests were performed using lubricant from a single batch of 

Parker+Arnchern MP-404 prelube.E8 This lubricant has a viscosity of 72.8 mPa-s (72.8 

Centipoise) at 38°C (100°F).E9 All specimens were cleaned with acetone and a clean 

shop wipe before applying lubricant. Excess lubricant was applied to all specimens, and 

to the fixed beads before the first fixed or mixed bead test in a test set, so that lubricant 

film thickness was established by the process.ElO All roller bead tests were run without 

lubricant for cleanliness, based on the assumption of negligible friction. The fixed beads 

were ground in the longitudinal direction using 600 grit SiC paper between test sets.Ell 

Each test set consisted of four or five mixed or fixed bead tests and two or three roller 

bead tests (Table 2); the number of tests depended on the number of specimens cut and 

on the width of the pattern on the sheet. A direction set consisted of all surfaces for one 

sheet side and one direction of an alloy lot. Calibration specimens were run before and 

after each direction set to check and correct for any drift in output from machine or 

environmental effects. Both individual test values and average test set values were used 

in Eqns. 1 and 2 to calculate forming friction. 
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a) 

C mixed C roller 

! D mixed 

b) c) 

Figure 12 Schematic of a) fixed, b) mixed, and c) roller bead test setups. 

Test Set 
Direction Set 

# Sheet Sides Tested #Patterns Tested #Directions Tested 
one 
one 

one 
eight 

one 
one 

Table 2 Description of DBS test set and direction set terminology. 

2.5.2 Draw Bead Simulator Machine and Specimen Validation 

As with any new machine, there was some concern over the validity of the results 

from the fabricated Draw Bead Simulator. In order to ensure confidence in the test 

results, a number of measures were taken to explore both the machine parameters and the 

specimen parameters. First, die deflection was measured to ensure the test strip was not 

being pinched during drawing. Second, results between the gauge and load cell test 

setups were compared to determine if the overall trends differed between the two setups, 

which would indicate something fundamentally wrong with the machine. Third, 

specimens were tested on another DBS machine and compared to the local tests. Fourth, 

bluing tests were performed to determine actual contact angles of the sheet with the top 

and bottom dies. This was done to determine the validity of the assumption stated above 

that the geometric angle of contact in the normal, or double-sided, DBS friction equation 

may simply be halved for the single-sided test. Fifth, single-sided and double-sided tests 

were performed on both machines (from #3) to further check this assumption. Sixth, 

these comparison tests were performed on specimens of two different widths to confirm 

the validity of using a narrower specimen for the EBT patterned material. Last, the 

estimated error for all tests was calculated and compared to actual test scatter. 

2.5.2 #1 Die Deflection Measurements 

To ensure that the specimens were not being pinched during testing between the 

male bead and either the front or the rear female bead, deflection of the fixed bead dies 

was measured using both 25.4 mm (1.00 in) and 50.8 mm (2.00 in) bare steel 0.81 mm 

(0.032 in) thick specimens. Die deflections were measured with a shim gauge. The 

specimens were tested without lubricant in order to measure maximum possible die 

deflections. 
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2.5.2 #2 Gauge Setup versus Load Cell Setup Tests 

MF and EDT patterned material was tested single-sided using both test setups on 

the fabricated DBS machine. EBT single-sided tests and roller bead tests using the strain 

gauge setup with a mistakenly barely tightened female roller bead die were repeated 

using the load cell setup described above. All EBT tests were performed on specimens 

25.4 mm (1.00 in) wide in order to obtain enough specimens from each pattern on a 

sheet. These results are compared within and between alloy types to determine if there 

was a change in pattern-based trends between the two test setups. 

2.5.2 #3 Local versus Denver DBS Tests 

DBS tests were performed locally on the fabricated machine and on a DBS test 

machine at the University of Colorado, Denver, that has been used in round robin 

testing.El2 The results of the tests (Table 3) are compared and considered in validation of 

the data from the fabricated machine. 

Location Pattern Test T~pe Specimen Width Machine Setup 
Denver MF,EDT Mixed 25.4 mm (1 in) Load Cell 
Denver MF,EDT Fixed 25.4 mm (1 in) Load Cell 
Denver MF,EDT Mixed 50.8 mm (2 in) Load Cell 
Denver MF,EDT Fixed 50.8 mm (2 in) Load Cell 
Local MF, EDT (Denver tested) Mixed 25.4 mm (1 in) Strain Gauge 
Local MF, EDT (Denver tested) Fixed 25.4 mm (1 in) Strain Gauge 
Local MF, EDT (Denver tested) Mixed 50.8 mm (2 in) Strain Gauge 
Local MF, EDT (Denver tested) Fixed 50.8 mm (2 in) Strain Gauge 
Local MF,EDT Mixed 25.4 mm (1 in) Strain Gauge 
Local MF,EDT Fixed 25.4 mm (1 in) Strain Gauge 
Local MF,EDT Mixed 25.4 mm (1 in) Load Cells 
Local EBT Mixed 25.4 mm (1 in) Strain Gauge 
Local EBT Mixed 25.4 mm (1 in) Load Cells 

Table 3 DBS test matrix 

2.5.2 #4 Specimen-Bead Contact Measurement 

Double-sided DBS tests were performed with bluing grease applied to both the test 

sheet and the bead surfaces before testing. Tests were performed using both 25.4 mm 

(1.00 in) and 50.8 mm (2.00 in) wide 0.81 mm (0.032 in) thick bare steel specimens to 

investigate the possibility of the sheet skipping while travelling over the beads and to 

measure the contact angle of the sheet with the beads. The angle of contact was 

measured to check the validity of the assumption stated earlier (Section 2.8) that the 

geometric contact angle in the DBS forming friction equation for double sided tests (Eqn. 

1) could simply be halved for the single sided tests (Eqn. 2). 
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2.5.2 #5 Single-Sided versus Double-Sided Tests 

Different specimen configurations were tested both on the fabricated machine and 

in Denver to explore the other specimen choices made here. Single-sided and double­

sided DBS tests were performed using MF and EDT specimens to further investigate the 

validity of the assumption of halving the geometric contact angle of the sheet with the 

beads when calculating single-sided versus double-sided forming friction. This was a 

possible concern, for the majority of EBT testing was expected to be performed single­

sided because of the different patterns on the two sheet sides. 

The Denver test machine setup required 46 ern (18 in) long specimens, the last 152 

rnrn (6 in) of which were drawn through the test beads. The tested specimens were cut 

down to 23 ern (9 in), and the half not deformed by the Denver DBS test beads was tested 

on the fabricated DBS machine using the strain gauge setup with the top and bottom dies 

tightened to approximately 34 N-m (300 in-lb). Single-sided, double-sided and roller 

bead tests were repeated using the same strain gauge setup on 25.4 mm (1.00 in) wide 

specimens cut from the alloy sheets to check if there was an effect from previous 

straining on the non-DBS deformed specimens cut from the tested Denver samples. 

Single-sided 25.4 rnm ( 1.00 in) specimen width tests were repeated on previously 

untested material using the load cell setup to check behavior between the two setups. 

2.5.2 #6 Specimen Width Comparison 

Two different specimen widths, 25.4 mm (1.00 in) and 50.8 mm (2.00 in), were 

tested on both the fabricated machine and the Denver machine and the results compared. 

Specimen width was of concern because 25.4 mm (1.00 in) wide specimens had to be 

used for EBT tests, rather than the generally used 50.8 mm (2.00 in) wide specimens, 

because of material limitations. 

2.5.2 #7 Estimated Error 

Estimated error was calculated for all tests to check against the actual test scatter. 

DBS forming friction for the double sided tests was calculated using Eqn. 1 while Eqn. 2 

was used for the single sided tests. Estimated error was calculated for all machines using 

Eqns. 4, 5, and 6, below. Eqn. 4 represents the general error propagation equation, 

modified for DBS forming friction. Eqns. 5 and 6 represent the derivations for fixed and 

mixed bead DBS friction Eqns. 1 and 2, respectively, where Dt represents the drawing 

load for the fixed or mixed bead test, Dr represents the drawing load for the roller bead 

test, and Ct represents the clamping load for the fixed or mixed bead test. 

Eqn.4 
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Eqn. 5 

Eqn.6 

Table 4 gives the values used in the estimated error equations for the tests 

performed at Denver and for both test setups used locally. All three variables for the 

Denver test setup for 25.4 mm (1.00 in) wide specimens were considered to be the 

estimated repeatability of the load cells used in the test setup, 9 N (2 lb ). This same value 

of 9 N (2 lb) was used for the drawing load cell error for both the strain gauge and the 

load cell local test setups. For locally tested 25.4 mm (1.00 in) wide specimens tested on 

the strain gauge setup, the clamping delta value was considered to be the spread between 

the up and down slope of the calibration curve, or 110 N (25 lb ). For load cell test setups, 

the clamping delta value was considered to be the same repeatable load cell error as the 

. drawing error, 9 N (2 lb). Only single-sided 25.4 mm (1.00 in) specimen test estimated 

error was calculated for comparison across all pattern types, because both double-sided 

and 50.8 mm (2.00 in) test specimens were not DBS tested for all patterns. The 

differences in calculated error for the strain gauge setup and the load cell setup are 

discussed. 

Location Test Type Specimen Width ~{ Wr !1Cf 
(mm) (N) (N 

Denver Fixed Load Cell 25.4 9 9 9 
Denver Mixed Load Cell 25.4 9 9 9 

Local Fixed Strain Gauge 25.4 9 9 110 

Local Mixed Strain Gauge 25.4 9. 9 110 
Local Mixed Load Cell 25.4 9 9 9 

Table 4 Estimated Error Values for 25.4 mm (1.00 in) Wide Specimen DBS Tests 
Performed at Denver and Locally 

2.5.3 Draw Bead Simulator Pattern Dependence Tests 

The main point of this work is to determine pattern influence on forming friction. 

For MF and EDT patterns the results from the tests above (Sections 2.5.2 #2 through #4) 

were used as a baseline comparison for the EBT results (Section 2.5.2 #2). The EBT 

results were used to ascertain the influence of both the pattern lubricant carrying capacity 

and alloy strength on the forming friction of the material. Lubricant carrying capacity 

includes both the volume of lubricant held by the pattern and the area of lubricant contact 

with the dies. 
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3. RESULTS 

The results from the tests and analyses performed are given below under the three 

main categories of material characterization, pattern characterization, and draw bead 

simulation tests. Material characterization covers alloy composition, tensile properties 

and frictionless forming properties while pattern characterization gives optical and 

profilometry results for the untested patterns. The draw bead simulation section includes 

information on the tests performed to validate both the fabricated DBS tester and the use 

of the single-sided test specimen, and covers the influence of the surface patterns on 

forming friction and the change in appearance of the friction tested specimens. 

3.1 Material Characterization 

3.1.1 Alloy Composition 

Analyzed alloy compositions are shown in Table 5, validating the expectation that 

the split-ingot processing of the alloys did not result in appreciable compositional 

differences. The two sheets of EBT nominally identical within alloy type for AA2008 

and AA6111 are labeled below as EBT .1 and EBT .2. All variations except the Cr content 

of specimen 2008 EBT.2 and the Mn content between the 6009 specimens are within the 

5 to 10% variation expected from the analyses, and these differences may be normal for 

variation within a large ingot. 

Allo~ (surface) Com12osition 
Si Fe Cu Mn Mg Cr Zn Ti Al 

2008 (MF) 0.61 0.18 0.93 0.07 0.38 0.01 0.01 0.01 rem 
2008 (EDT) 0.62 0.18 0.94 0.07 0.39 0.01 0.01 0.01 rem 
2008 (EBT.1) 0.62 0.18 0.99 0.08 0.41 0.01 0.03 0.01 rem 
2008 (EBT.2) 0.64 0.19 0.98 0.06 0.42 0.003 0.01 0.01 rem 
6009 (MF) 0.71 0.45 0.35 0.39 0.52 0.04 0.05 0.01 rem 
6009 (EBT) 0.72 0.44 0.34 0.47 0.54 0.04 0.04 0.01 rem 
6111 (EBT.1) 0.74 0.27 0.86 0.25 0.68 0.03 0.06 0.01 rem 
6111 (EBT.2) 0.74 0.27 0.85 0.25 0.69 0.03 0.06 0.01 rem 

Table 5 Measured Alloy Compositions of As-Received MF, EDT, and EBT Sheet (wt%) 

Keeping in mind the fact that composition and processing control a material's 

microstructure and that same composition and resulting microstructure control a 

material's properties, some predictions may be made from these compositions as to the 

appearance and behavior of the respective alloy sheets. For AA2008, presuming identical 

processing conditions, the different sheet properties do not look like they will be 

appreciably different, as all the analyzed values are very close together. For AA6009, the 

much larger Fe and Mn content, compared to both AA2008 and AA6111, should 
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contribute to a significant increase in the number of inclusions which, in turn, should 

provide a greater number of grain nucleation sites and result in a finer grain size. These 

inclusions should be larger in both the 6009 and the 6111 alloys, as a higher Mn content 

combines with the Fe to create second phase intermetallic precipitates larger than those 

resulting if only Fe were present.Rl The much lower Cu in the AA6009 sheets indicate 

lower strengths, compared to AA2008 and AA6111 sheets here, arising from a lower 

concentration of hardening GP zones and solute clusters. R2 This lower concentration 

also indicates a lower precipitation-based bake hardening capability in this alloy. It will 

be interesting to see whether the higher strength predicted from the Hall-Petch relation 

for the smaller grain size expected of the AA6009 alloys compensates for the strength 

loss expected from the smaller amount of Cu in these sheets. For nominally identical 

processing conditions, it is not expected that the small difference between the Mn 

contents of the two different AA6009 sheets will generate a large difference in properties, 

as both amounts are very large and their effects should be similar. For the reasons listed 

above regarding Fe and Mn content in the AA6009 sheets, one would expect to see a 

larger number of inclusions in AA6111 than in AA2008 sheets, but not as many nor as 

large as those in AA6009. AA6111 also contains appreciable amounts of Cu, Mg and Si, 

resulting in two different hardening systems being active at the same time (CuAl2, 

Mg2Si, and CuMgAl2). Even in the solid solution and solute cluster stage expected of 

the -T4 condition, this is likely to result in the highest strengths of all the sheets tested 

here, in' addition to the best bake hardenability. The nominally identical compositions of 

the two AA6111 sheets lead to the expectation that the two sheet properties will also be 

nominally identical, presuming identical processing conditions. The Cr, Zn and Ti 

present in trace amounts in all sheets may contribute to grain refinement from pinning of 

the grain boundaries during initial ingot casting.R3 The Zn may also contribute to 

suppressing stretcher strain marks, large areas of necking on the sheet surface that form 

during deep drawing and make a sheet surface unacceptable for outer body panel 

applications.R3 The trace amounts are not otherwise expected to appreciably contribute 

to differences in either the grain structure or the mechanical properties of the alloys. 

3.1.2 Alloy Grain Structure 

All sheets consisted of pancake-shaped grains, larger in the rolling plane than 

through the thickness of the sheet, resulting from the rolling process. Representative 

micrographs are shown in Appendix C (Figures Cl through C3). The AA2008 sheets 

contained an equiaxed bimodal grain size distribution around 40 f.!m (1575 f.!in) and 80 

f.!m (3150 f.!in), with an average grain size of 56 f.!m (2205 f.!in) for MF and EDT and 52 

f.!m (2047 f.!in) for EBT.l and EBT.2. Average grain thicknesses for the AA2008 sheets 
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were 23 j..lm (906 j.!in) for the MF sheet, 21 j..lm (827 j..lin) for EDT, 18 j..lm (709 j..lin) for 

EBT.1, and 25 j..lm (984 j..lin) for EBT.2. The AA6009 sheets contained a range of grain 

sizes, slightly elongated in the rolling direction, from 20 j..lm (787 j..lin) to 110 j..lm ( 4331 

j..lin), with an average grain size of 43 j..lm (1693 j..lin) for the MF sheet and 40 j..lm (1575 

j..lin) for the EBT sheet. Average grain thicknesses were 14 j..lm (551 j..lin) for the MF 

sheet and 15 j..lm (591 j..lin) for the EBT sheet. The AA6111 sheets also displayed a 

bimodal grain size distribution, slightly elongated in the rolling direction, around 40 j..lm 

(1575 j..lin) and 100 j..lm (3937 j..lin), with an average grain size of 60 j..lm (2362 j..lin), and 

thicknesses of 15 j..lm (591 j..lin) for both EBT.1 and EBT.2. Grain aspect ratios, given 

below in Table 6, reflect the grain size measurements given above. Inclusion content of 

the AA6009 sheets was twice that of the 2008 sheets and 50% greater than that of the 

AA6111 sheets. Inclusion size in the AA6009 sheets was five times that of the AA2008 

sheets (an average diameter of 10 j..lm (394 j..lin) vs. 2 j..lm (79 j.!in)), while the AA6111 

sheets displayed a mix of the small and large precipitates. The larger precipitates heavily 

decorated the grain boundaries in the alloys while the smaller precipitates mostly resided 

in the grain interiors. 

Alloy RP RP:Thickness RP:Thickness 
(1/w) (lit) (w/t) 

2008 MF 1.0 2.4 2.4 
2008 EDT 1.0 2.6 2.6 

2008 EBT.1 1.0 2.8 2.8 
2008 EBT.2 1.0 2.1 2.1 

6009 MF 1.1 3.2 3.0 
6009 EBT 1.1 2.9 2.7 

6111EBT.1 1.1 4.1 3.7 
6111 EBT.2 1.1 4.1 3.7 

Table 6 Grain Aspect Ratios for AA2008, A6009, and AA6111 sheets, where RP is the 
rolling plane, 1 is the grain length, w is the grain width, and t is the grain thickness. 

The smaller grain size for the AA6009 sheets and the greater inclusion content and 

size for the AA6111 and AA6009 sheets over the AA2008 sheets conformed to the 

predictions based on the alloys' compositions. The larger grain size of the 6111 sheets 

was not indicated, however, and results from the different final processing of these sheets 

with a greater rolling reduction, compared to AA2008 and AA6009 sheets, resulting in 

wider, thinner squashed grains. 

3.1.3 Alloy Tensile Properties 

Tensile tests were performed on all alloys for each pattern type to characterize the 

mechanical properties of each sheet. All specimens were polished both on the faces and 

on the sides to remove notch effects, with the exception of most of the AA6111 
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longitudinal specimens. A minimum of two tests were performed both parallel to and 

transverse to the rolling direction of each alloy and each sheet. Average engineering 

yield strengths, ultimate tensile strengths, and uniform elongations, including minimum 

and maximum test scatter values, are shown in Table 7 for the longitudinal (L) direction 

and in Table 8 for the transverse (T) direction. 

Alloy Yield mm UTS min U 't mm Total E min 
max max m ormE max max 

(MPa) (MPa) (MPa) (MPa) (%) (%) (%) (%) 

2008 MF-L 157 156 281 279 22.2 22.0 26.4 26.3 
158 282 22.3 26.5 

2008 EDT-L 156 153 278 273 21.2 19.2 25.8 25.2 
157 282 24.2 27.9 

2008 EBT.1-L 163 162 288 285 20.7 19.2 24.4 23.4 
165 290 21.9 25.4 

2008 EBT.2-L 167 166 289 288 19.2 18.3 23.9 23.3 
168 290 20.2 24.5 

6009 MF-L 161 159 276 276 19.5 18.9 26.6 26.3 
163 277 20.0 26.8 

6009EBT-L 163 163 274 271 19.1 18.1 23.7 22.6 
163 277 20.7 24.7 

6111 EBT.1-L 204 198 334 326 23.5 21.7 27.9 26.4 
213 342 26.7 30.4 

6111 EBT.2-L 205 
. 204 

335 335 23.8 23.6 28.1 28.0 
205 336 24.0 28.3 

Table 7 Engineering yield, ultimate, and elongation values for the longitudinal direction 
of AA.2008, AA6009, and AA6111 patterned sheet. 

Alloy Yield min UTS min U 't min Total E min 
max max m.ormE max max 

(MPa) (MPa) (MPa) (MPa) (%) (%) (%) (%) 

2008 MF-T 142 142 267 267 24.6 24.0 34.1 33.7 
145 268 25.1 34.5 

2008 EDT-T 143 142 269 267 24.5 22.4 32.2 29.2 
144 271 27.4 36.2 

2008 EBT.1-T 148 147 273 272 25.4 25.2 30.4 29.8 
148 274 25.5 30.9 

2008 EBT.2-T 153 152 280 280 24.9 23.7 32.7 32.1 
154 280 26.8 33.1 

6009 MF-T 151 150 272 272 23.0 22.8 27.5 27.4 
152 272 23.1 27.6 

6009 EBT-T 149 148 264 263 20.7 20.2 25.1 24.5 
150 266 21.5 26.1 

6111 EBT.1-T 189 188 331 329 24.1 23.6 27.9 27.0 
191 333 24.4 29.3 

6111 EBT.2-T 186 185 330 330 23.1 22.6 28.1 27.5 
186 330 23.7 28.6 

Table 8 Engineering yield, ultimate, and elongation values for the transverse direction of 
AA2008, AA6009, and AA6111 patterned sheet. 
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As expected from the compositions of the sheets, AA2008 MF and EDT results 

were similar, but EBT YS and UTS values were slightly higher. This may be attributable 

to the fact that the grain sizes were slightly smaller in the EBT sheets than in the MF and 

EDT sheets. In addition, while the strengths and elongations of the different 2008 alloy 

sheets are within ten percent of each other, this difference is significant because it 

directly indicates frictionless roller bead test result differences, discussed later. 

Also as expected from composition information, values for AA6009-L overlapped, 

but AA6009-T EBT UTS and elongation values were consistently lower than those for 

AA6009-T MF. The smaller grain size of the 6009 sheets appears to have compensated 

for the lower Cu content in this alloy, with the yield and ultimate strengths falling either 

within or very close to the range of the 2008 sheet values. 

The 6111 sheets followed the compositional prediction of the highest strengths in 

both the longitudinal and the transverse directions. In addition to the minimum of two 

tests performed for AA6111 EBT.1-T and EBT.2 -L and -T directions, eighteen tests 

were performed on AA6111 EBT.1-L specimens unpolished on their patterned faces cut 

from nine locations across the width of the EBT.l sheet to determine if patterning 

influenced the tensile properties. The nine locations included a test strip along one edge 

of the sheet, and specimens cut from each of the eight patterns across the sheet width. 

YS and UTS results showed a 3.5% increase near the sheet edges, compared to a 1% 

scatter in values for all interior tests. Rather than pattern influence, it is likely that the 

increase toward the sheet edges resulted from processing dynamics rather than from 

pattern influence, as no influence of pattern on the tensile properties was visible for all 

other tests. Other than the rise in both yield and ultimate 'tensile strengths toward the 

sheet edges (included in the averages and shown as the maximum test values, above), 

AA6111 tensile values overlapped. 

3.1.4 Alloy Frictionless Forming Properties 

Roller bead tests were performed to ascertain the frictionless forming characteristics 

of all alloys. It was necessary to correct for the thickness differences of the AA6111 

sheet to allow direct comparison against the AA2008 and AA6009 roller bead drawing 

forces. This correction is based on the work of Yellup and Schey.R4,R5 Yellup found 

that drawing stress varies linearly with sheet thickness and concluded, based on this, that 

drawing force varies with the square of the sheet thickness. Schey later demonstrated this 

power law dependence for a variety of steel alloys and for AA5052. Figure 13 plots all 

roller bead test results obtained here along with Schey's results for AA5052. The 

drawing load normalized by both the specimen width and the specimen UTS in Nfmm2 is 

plotted against the specimen thickness. The power law fit shown in Figure 13 acceptably 

Page 28 



confirms the dependence of the roller bead drawing force on the square of the thickness 

for the materials tested here. 

0·7 
0 2008,6009,6111 

OO 0.6 e 5052 (R5) 

~ 
;;;;J 0.5 
*-
~ ~ 0.4 ._ = '-' 0.3 
Q ,_. 
Q 0.2 

y = 0.261 *x"(2.018) 
0.10.6 0.8 1.0 

Thickness 
1.2 1.4 1.6 

(mm) 

Figure 13 Roller bead drawing forces normalized by sheet thicknesses and ultimate 
tensile strengths plotted against thickness, after Schey (R5), showing the 
dependence of frictionless drawing forces on the sheet thickness. 

Using this relationship, AA6111 roller bead test results were divided by the square 

·of the AA6111 sheet thickness, 0.835 mm2 (0.0013 in2), and multiplied by the square of 

the AA2008 and AA6009 sheet thicknesses, 1.19 mm2 (0.0018 in2). The scaled drawing 

loads from this calculation were checked using the power law equation shown in Figure 

13 using the UTS values shown in Tables 6 and 7. Values calculated from the power law 

equation showed excellent agreement with values calculated using the thickness-squared 

ratio. The thickness-corrected AA6111 roller bead drawing forces for the load cell setup 

are plotted in Figure 14 along with the AA2008 and AA6009 drawing forces, showing 

minimal variation across the sheets. 
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Figure 14 

EBT 1 EBT 2 EBT 3 EBT 4 EBT 5 EBT 6 EBT 7 EBT 8 MF EDT 
Pattern (A and B Sides Averaged) 

Plot of AA2008, AA6009, and AA6111 roller bead drawing forces across 
the EBT sheet width, and of AA2008 MF and EDT and AA6009 MF sheets; 
AA6111 forces have been corrected for the thickness difference. All tests 
performed within one pattern number for both A and B sides were averaged. 
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Both AA6111 and AA6009 show similar roller bead drawing loads in the 

longitudinal and transverse directions. All AA2008 specimens, however, show an 

increase of between 10% and 12% in roller bead drawing forces in the transverse 

direction compared to the longitudinal direction. The variation in directional drawing 

loads for the AA2008 sheets appears to have been indicated by the differences in tensile 

strengths shown in Tables 3 and 4, above. The drawing load variations for the different 

pattern finishes were also indicated, as the EBT UTS values were greater than the MF 

and EDT UTS values. 

3.2 Pattern Characterization 

3.2.1 Optical Measurements- Untested Patterns 

Optical micrographs of the available surface patterns for the 2008 alloys are shown 

in Figure 15, for the 6009 alloys are shown in Figure 16, and for the 6111 alloys are 

shown in Figure 17. Tables 9, 10 and 11 give the EBT pattern information measured 

from the EBT micrographs. Only one set of measurements is given for the 2008 and the 

6111 EBT patterns, as EBT.1 and EBT.2 patterns within an alloy type were nominally 

identical. Side A was chosen to be the sheet side that had a test strip running along one 

side of the sheet; side B had no test strip imprint. Pattern numbering was based on the 

location of the pattern on the sheet (Figure 8), with the pattern closest to the test strip 

designated as Pattern #1 and the pattern farthest away from the test strip designated as 

Pattern #8. Both average ring diameters and ring rim widths are given, with average 

diameters measured from ring rim center to rim center, rim widths measured from outer 

to inner ring edges and ring spacing measured from ring center to ring center (Figure 18). 

b) 

Figure 15 Micrographs of AA2008 Patterning a) MF (6009 similar), and b) EDT 
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Figurel5 Micrographs of AA2008 EBT Patterning c) lA, d) 2A, e) 3A, f) 4A, g) 5A, 
h) 6A, i) 7 A, j) 8A ' . " · . . , 
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Figure 15 Micrographs of AA2008 EBT Patterning k) lB, 1) 2B, m) 3B, n) 4b, o) 5B, 
p) 6B, q) 7B, r) 8B 
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•' 

Figure 16 Micrographs of AA6009 EBT Patterning a) lA, b) 2A, c) 3A, d) 4A, e) SA, 
. f)6A,g)?A,h)8A 
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Figure 16 Micrographs of AA6009 EBT Patterning i) lB, j) 2B, k) 3B, 1) 4b, m) 5B, n) 
6B,o)7B,p)8B 
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Figure 17 ·Micrographs ofAA6111 ~BTPatterning a) lA, b) 2A: c) 3A, d) 4A, e) SA, 
f) 6A, g) ?A, h) 8A .. 

! ... ., 
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Figure 17 Micrographs of AA6111 EBT Patterning i) lB, j) 2B, k) 3B, 1) 4b, m) 5B, 
n)6B,o)7B,p)8B 
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Pattern# Avg. Ring Avg. Ring Ring Rim Ring Rim Distribution Spacing 
Diam.-L Diam.-T Width-L Width-T 
(~m) (~m) (~m) (~m) (degree) (~m) 

2008.1A 150 150 40 25 45 225 
2008.2A 60 60 40 25 60 110 
2008.3A 120 140 50 25 45 300 
2008.4A 70 50 40 20 60 150 
2008.5A 60 55 40 20 45 138 
2008.6A 150 140 50 30 60 320 
2008.7A 90 55 20 5 45 95 
2008.8A 175 160 35 30 60 240 
2008.1B 150 130 40 20 60 240 
2008.2B 80 70 20 20 60 112 
2008.3B 140 125 50 25 60 320 
2008.4B 70 60 30 20 45 120 
2008.5B 75 70 35 10 60 147 
2008.6B 110 120 60 30 45 300 
2008.7B 75 70 35 20 45 105 
2008.8B 140 120 50 20 45 225 

Table 9 EBT pattern ring information for AA2008 EBT sheets listed by pattern number · 
and side, showing directional and average ring diameters, distributions, and spacings. 

Pattern# Avg. Ring Avg. Ring Ring Rim Ring Rim Distribution Spacing 
Diam.-L Diam.-T Width-L Width-T 
(~m) (~m) (~m) (~m) (degree) (~m) 

6009.1A 150 150 60 25 45 225 
6009.2A 70 65 45 20 60 112 
6009.3A 130 140 65 30 45 300 
6009.4A 70 50 45 10 60 150 
6009.5A 70 55 50 15 45 140 
6009.6A 150 150 60 20 60 320 
6009.7A 90 55 30 10 45 105 
6009.8A 175 165 50 25 60 240 
6009.1B 150 130 60 25 60 240 
6009.2B 70 70 45 20 60 112 
6009.3B 150 125 70 25 60 320 
6009.4B 75 65 45 15 45 140 
6009.5B 75 65 50 15 60 147.5 
6009.6B 120 110 70 30 45 300 
6009.7B 70 70 50 20 45 105 
6009.8B 140 120 70 30 45 225 

Table 10 EBT pattern ring information for AA6009 EBT sheets listed by pattern number 
and side, showing directional and average ring diameters, distributions, and spacings. 
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Pattern# Avg. Ring Avg. Ring Ring Rim Ring Rim Distribution Spacing 
Diam.-L Diam.-T Width-L Width-T 

(f..Lm) (f..Lm) (f..Lm) (f..Lm) (degree) (f..Lm) 

6111.1A 150 140 100 40 60 237.5 
6111.2A pattern too destroyed to make accurate measurements 60 
6111.3A 160 140 110 25 60 320 
6111.4A 90 80 80 10 45 140 
6111.5A pattern too destroyed to make accurate measurements 60 
6111.6A 140 120 110 30 45 300 
6111.7A pattern too destroyed to make accurate measurements 45 
6111.8A 160 130 110 40 45 225 
6111.1B 150 130 100 30 60 237.5 
6111.2B 70 70 40 20 60 110 
6111.3B 160 120 110 25 60 320 
6111.4B 80 60 75 20 45 140 
6111.5B 80 60 70 15 60 147.5 
6111.6B 140 110 110 40 45 300 
6111.7B 80 60 70 25 45 115 
6111.8B 150 110 120 30 45 120 

Table 11 EBT pattern ring information from AA6111 EBT sheets listed by pattern 
number and side, showing directional and average ring diameters, distributions, and 
spacings. 

Rolling Direction 

a) b) 

d) 

Rolling Direction 

~ 
~ 

Figure 18 Examples of a) and b) EBT pattern measurements, c) 60° interlocking 
hexagonal EBT ring distribution, and d) 45° EBT ring distribution 
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The patterns were split evenly between large (A and B side patterns #1, 3, 6, and 8) 

and small (A and B side patterns #2, 4, 5, and 7) ring diameters. Large patterns averaged 

140 J..lm (5512 J..Lin) in diameter and greater than 2 J..lm (79 J..Lin) in depth while small 

patterns averaged 65 J..Lm (2559 J..Lin) in diameter and less than 2 J..Lm (79 J..Lin) in depth. 

Pattern ring distribution fell into one of two types, either a 60°, interlocking hexagonal 

distribution, or a distributed square rotated 45° from both the transverse and the 

longitudinal directions (Figure 18). Pattern ring spacing ranged from the ring rims almost 

touching to spacings multiple ring diameters apart. 

Pattern rings on the 6111 alloys appeared highly elongated compared to similar 

patterns on the 2008 and 6009 alloys. In addition to greater elongation, the nominally 

matching patterns on the two sides of the 6111 EBT alloy sheets show different degrees 

of degradation exemplified by a breakdown in the pattern ring outline, leading to the 

destruction of some of the smaller, shallower patterns, and by obvious deep pits in the 

ring rims. 

3.2.2 Profilometry Measurements - Untested Patterns 

Profilometry data from all patterns was used to validate optical measurements. 

Directional FFT power spectra for EBT surfaces confirmed measured wavelengths of 

optically-resolvable features, such as impression size and spacing, in addition to 

displaying wavelengths from the residual MF pattern on the sheets. One fact that became 

apparent using the power spectra was that the residual MF patterning resulted in greater 

starting roughnesses transverse to the sheet rolling directions. 

Bearing area curves calculated from profilometry data show a distinctive knee for 

the larger, deeper patterns but not for the smaller, shallower patterns (Figure 19). The 

depth of this knee for the larger patterns correlates to pattern volume, with a greater knee 

depth indicating greater volume. The lack of a knee for the shallower patterns confirms 

the height histogram and the optical observations that the shallower pattern depths were 

on the order of the waviness of the sheet surfaces. The bearing area curves for the MF 

and EDT surfaces were similar to the shallower EBT pattern curves, as can be seen below 

(Figure 19). 
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Figure 19 Representative untested bearing area curves for deeper EBT patterns a) 
2008.1 1A and b) 6009 1A and shallower EBT patterns c) 2008.1 2A and d) 
6009 2A. Typical e) MF and f) EDT bearing area curves are comparable to 
the shallower EBT pattern curves. The distinctive knee in the deeper pattern 
curves is absent for shallower pattern curves, indicating a pattern depth on 
the order of the surface waviness. The lower knee for (b) represents a 
greater pattern volume than for the nominally identical (a). 

Ideal and real lubricant carrying capacities, defined in Section 2.4.2, were calculated 

for all ~BT surfaces. Ideal pattern volume, or the volume of lubricant the ideal pattern 

will hold, was calculated from the roll patterning information. Measured EBT pattern 

volumes were calculated from profilometry data of untested patterns by choosing a shelf 

value below which to calculate the lubricant volume the pattern was capable of holding. 

Both ideal and real volumes, calculated for an area 1 mm x 1 mm (0.039 in sq.) in size, 

are compared in Figure 20. The larger measured pattern volumes for the 6009 and 6111 

sheets, compared to the 2008 sheet volumes (Figure 20), correspond to a larger degree of 

pattern elongation, visible in the optical micrographs shown in Figures 15 through 17. 

The lack of a correlation between the ideal, roll based, pattern volume and the actual 

pattern volume may arise from roll wear and degradation of the pattern from the ideal, as 

well as from the method used to quantify the measured volumes. 
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Figure 20 Measured pattern volume, calculated from three dimensional profilometry 
data, is shown as a function of ideal pattern volume, calculated from roll 
patterning data for a) 2008 EBT.1 and EBT.2, and 6009 EBT and b) 6111 
EBT.1 and EBT.2 sheets. 

3.3 Draw Bead Simulator Machine and Specimen Validation 

As stated above, validation of the newly fabricated DBS test machine results were 

of concern both for current and future research on this machine. The precautions taken to 

ensure machine validity included measuring bead deflection, comparing test results 

within the two test setups on the fabricated machine, comparing test results between the 

fabricated machine and another DBS tester, and comparing estimated error to test scatter 

for all tests. For specimen validity, bluing tests were performed to measure specimen 

contact with the test beads and single-sided test results were compared to double-sided 

test results for two specimen widths. 

3.3.1 Die Deflection Tests 

Deflection measurements showed that the test strip was not being pinched. The 

rear, entrance female bead moved rearward between 0.025 mm and 0.038 mm (0.00 1 in 

and 0.0015 in) during testing, while the male bead moved forward 0.025 mm (0.001 in) 

and the forward, exit female bead moved forward between 0.025 mm and 0.038 mm 

(0.001 in and 0.0015 in). 

3.3.2 Strain Gauge versus Load Cell Setup Tests 

The forming friction results for the local strain gauge test setup, compared to the 

local load cell test setup results in Figure 21 and Appendix D, display a linear relationship 

valid for all pattern types and all alloys. This relationship indicates a repeatability for 

both test setups and lends confidence to the data collected from the fabricated machine. 
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Figure 21 Linear relationship between local DBS forming friction strain gauge setup 
results and load cell setup results. 

3.3.3 Local versus Denver DBS Tests 

DBS testing was also performed using MF and EDT patterned material on a DBS 

machine at the University of Colorado, Denver. The Denver machine has compared 

favorably to other DBS testers in round robin testing performed by the North American 

Deep Drawing Research Group (NADDRG), and so was considered a good machine 

against which to compare the newly fabricated machine. All MF and EDT tests 

performed locally are plotted in Figure 22 as a function of the MF and EDT tests 

performed on the Denver machine. The linear fits for mixed bead testing and fixed bead 

testing are roughly the same slope but slightly shifted, indicating a repeatable linear 

difference between the two machines, and lending support to the validity of the data 

collected on the local machine test setups. 
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~"C 
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fixed: y = -0.009 + 1.096x R = 0.98 

Q ; 0.02~~~~~~~~~~~~~---'----'----~~~~~~~~ 
0.02 0.04 0.06 0.08 0.10 0.12 0.14 

DBS-J.l Denver 
Figure 22 Local DBS test results for all MF and EDT tests plotted as a function of 

DBS tests performed at the University of Colorado, Denver, to validate the 
local test machine. 
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The data in Figure 22 include both retested MF and EDT specimens corrected for 

their previous straining by the slope in Figure 23, and load cell MF and EDT test data 

multiplied by the slope for strain gauge setup versus load cell setup test results given in 

Figure 21. The retest specimens, cut from sections of the longer Denver specimens that 

did not undergo drawbead deformation, showed a slight decrease in forming friction 

compared to specimens that underwent no prior straining (Figure 23). 

- 0.11 
r:l.l 

~ 0.10 
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y = 0.004 + 0.893x R = .99 
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DBS-!-1 Gauge Setup New Specimen 

Figure 23 Comparison of "retested" specimens cut from the portion of the 25.4 mrn (1 
in) wide specimens tested at Denver, and non-prestrained MF and EDT 
specimens. 

3.3.4 Specimen-Bead Contact Measurements 

As all EBT specimens had to be tested single-sided, the validity of using single­

sided versus double-sided testing was of concern. Tests for both the 25.4 mrn (1.00 in) 

and the 50.8 mrn (2.00 in) specimen widths showed that the tested strip did not skip while 

travelling over the male bead. This agreed with lubricant gathering behavior observed 

during. testing. They also showed that the contact angle with the male bead is between 4 

and 10% greater than the angle of contact with the two female beads, with neither contact 

angle reaching 180° (160 to 170° for the male bead, 75 to 80° on entrance female bead 

and around 80° for the exit female bead). 

3.3.5 Single-Sided versus Double-Sided Tests 

To further explore contact angle differences and differences in test dynamics, 

single- and double-sided tests were performed both locally and on the Denver machine. 

Figure 24, displaying single-sided tests as a function of double-sided tests, shows that 

there is a linear relationship between the two test types, validating the use of this test to 

evaluate the behavior of the EBT specimens. 
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Figure 24 Comparison of single-sided and double-sided DBS test results for all MF 
and EDT testing performed locally and at Denver showing a linear 
relationship. 

The greater forming friction values shown in Figure 24 for the single sided tests 

over the double sided tests agree with the greater contact angle observed for the male 

bead in the bluing tests. While the relationship shown in Figure 24 is linear, it combines 

with the contact angle measurements to show that a simple halving of the geometric 

contact angle in th~ forming friction equation is not perfect if one wants to compare 

absolute forming friction values between single-sided and double-sided tests. 

3.3.6 Specimen Width Comparison 

In addition to using single-sided tests, limited pattern widths across the full-wide 

sheet (Figure 8) dictated the use of 25.4 mm (1.00 in) wide specimens rather than 50.8 

mm (2.00 in) wide specimens. Comparison of the DBS forming friction of these two 

widths cut from the same sheet, shown in Figure 25, validates use of this specimen width, 

and corroborates previous work by Schey showing a virtual one-to-one correspondence in 

the forming friction values of the two test specimen widths.R5 

O · 14 e Gauges (corrected retest specimens) = 0.12 1::-t:,. ___ D_en_v_e_r _____________ ___, 

= ,_ := e o.1o 
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y = -0.006 + 1.003x R ~ 0.98 0.02 ~~~~~~~~~~~~~~~~~~~~~~~~--~ 

Figure 25 

0.02 0.04 0.06 0.08 0.10 0.12 0.14 
DBS Forming Friction (50.8 mm) 

Comparison of all 25.4 mm (1.00 in) and 50.8 mm (2.00 in) wide specimen 
tests, with "retest" specimens corrected for previous straining, showing a 
virtual one to one correspondence between the two specimen test widths. 
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3.3. 7 Estimated Error 

Overall MF and EDT test scatter for the Denver DBS tester was -3%, while the 

fixed bead error, calculated using Eqn. 5, was 3% ±1 % and the mixed bead error, 

calculated using Eqn. 6, was 4% ± 2%. Switching from the gauges on the die to the load 

cells under the top die in the fabricated machine reduced compression load scatter within 

a mixed bead test set from an average of 4% (ranging from 1% to 14%) to less than 1%, 

reduced test friction scatter from -8% to -5%, and reduced overall mixed bead test error, 

calculated from Eqn. 6, from 8% ± 3% to 5% ± 1%. Fixed bead test error for the gauge 

setup was 4% ± 1%. 

3.4 Dependence of DBS-J.L on Pattern 

3.4.1 Influence of MF, EDT Pattern and Alloy on Forming Friction 

Figure 26 illustrates the fact that both AA2008 and AA6009 MF-L specimens 

exhibited two to three times the forming friction of MF-T specimens, while AA2008 

EDT-L and -T specimens displayed equal forming friction. This result was expected 

from the patterns themselves, i.e., the highly directional mill finish only being able to 

retain lubricant in one direction, and the less directional EDT holding lubricant equally 

well in the two directions tested here. The MF and EDT behavior seen here also 

confirms other researchers' observations on both steel and aluminum alloys.R6-R8 The 

relationship between EDT pattern wavelength and forming friction observed with 

electrogalvanized (EG) steel EDT patterned surfacesR9 could neither be confirmed nor 

denied with these tests, as there was not a great enough variety of EDT patterns available 

to perform a statistically significant number of tests. 
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Figure 26 Column plot of DBS-J.L for 2008 and 6009 MF and 2008 EDT patterns 
showing vastly different forming friction for MF-L and MF-T from the 
directional patterning and nominally equal EDT-L and EDT-T forming 
friction from the more non-directional patterning. 
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3.4.2 Influence of EBT Pattern and Alloy on Forming Friction 

Finding the dependence of DBS forming friction on discrete EBT pattern lubricant 

carrying capacity is the main concern of the work performed here. For this dependence 

to be most useful, the patterns must influence the DBS friction in a repeatable manner 

between alloys of different strengths. A repeatable influence of the EBT pattern on DBS 

forming friction was observed between different alloys of the same thickness (Figure 27), 

with the lower mechanical strengths resulting in lower forming friction values. The trend 

for the thinner, more elongated patterns of the 6111 sheets is shown separately (Figure 

27). DBS forming friction results for all patterns and directions are plotted for reference 

in column form in Appendix E. Some of the same-thickness DBS-~ data are combined in 

Figure 28 to further illustrate the monotonic influence of mechanical strength on the 
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a) EBT DBS forming friction values for all 1.09 mm (0.043 in) thick 
specimens, showing a repeatable effect from particular patterns between 
alloys. The lower forming-~ values arise from lower UTS values. b) EBT 
DBS forming friction values for all 0.914 mm (0.036 in) thick specimens. 
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Figure 28 a) Forming friction results for similar EBT patterns showing the influence of 

mechanical strength on the single-sided DBS test friction value. 

The dependence of forming friction on pattern indicated in Figure 27 is replotted in 

Figures 29 and 30 to illustrate the dependence of forming friction on pattern volumes. 

Figure 29 shows the dependence of DBS friction in the sheet rolling direction on both the 

ideal and the measured untested discrete pattern volumes for the AA2008 and AA6009' 

sheets. The slope lines shown on the plots represent the linearly inverse correlation 

between the DBS forming friction and the pattern volumes, showing the same trend as 

the work by Hylton on coated sheet steei.RlO The dependence of forming friction on 

pattern volume correlated better for the measured lubricant carrying capacities than for 

the calculated ideal volumes. While the ideal volumes displayed a single slope for all 

pattern sizes, the measured volumes indicate a separate influence for the smaller, 

shallower ring sizes than for the deeper, larger rings. It is likely that the different slopes 

· for the two pattern depth dependencies of the measured volumes arose from the method 

used to calculate those volumes. While the deeper patterns displayed distinctive bimodal 

distributions in the height histogram (Figure 11 ), the shallower patterns displayed a single 

distribution which resulted from the waviness of the surface interfering with the pattern 

heights. It is also possible that the extreme shallowness of the rings displayed a deeper 

dependency from a faster loss of the micro-PHD effect and of lubricant as the sheet 

thinned and the surface roughened. 
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Figure 29 The dependence of single-sided DBS test forming friction on a) ideal and b) 
measured pattern volumes for specimens cut in the sheet rolling direction for 
2008 EBT.1, 2008 EBT.2, and 6009 EBT sheets. The forming friction 
shows a linear dependence on both ideal and measured pattern volumes. 

The forming friction dependence in the transversely oriented specimen direction on 

ideal and measured pattern volumes is shown in Figure 30. The influence of the residual 

mill finish pattern completely overwhelmed the discrete patterns tested here, to the point 

that the resulting forming friction values were nominally identical, regardless of pattern 

volume. The same relationship was observed for measured pattern area (Figure 31). This 

overwhelming background influence is supported by the profilometry based power 

spectra showing the residual presence of the MF pattern. 
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Figure 30 The dependence of single-sided DBS test forming friction on a) ideal and b) 
measured pattern volumes for specimens cut 90° to the sheet rolling 
direction for 2008 EBT.1, 2008 EBT.2, and 6009 EBT sheets. The forming 
friction is virtually independent of the pattern volume in the transverse 
direction, from the impact of the residual MF pattern on the sheet surfaces. 

To further understand the dependence of forming friction on pattern lubricant 

carrying capacity, the lubricant carrying area associated with the volumes shown above 

was calculated for the measured patterns. The resulting plot (Figure 31) shows a single 

inversely linear relationship between longitudinal forming friction and lubricant carrying 

area. This result correlates with Bowden and Tabor's theory that friction is linearly 

proportional to real contact area.Rll As with the volume plot shown above, the scatter in 

the plot is a direct result of the method used to choose the value at which to calculate this 

area, the same value below which the volumes displayed above were calculated, and the 

natural scatter obtained from the friction testing machine. Because of roll wear and other 

rolling dynamics that were apparently accounted for with the ideal volume calculation, 

forming friction was not linearly dependent on the ideal lubricant carrying area. 
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Figure 31 A single, inversely linear relationship between single-sided DBS test 
forming friction and discrete lubricant carrying area for 2008 EBT.1, 2008 
EBT.2, and 6009 EBT measured patterns cut a) parallel to the sheet rolling 
direction. As with pattern volumes, specimens cut b) transverse to the sheet 
rolling direction were independent of pattern area. 

For the thinner, highly-elongated patterns of the AA6111 sheets, forming friction 

increased with pattern volume in both the longitudinal and the transverse directions 

(Figure 32). This increase resulted from the smearing of the pattern, which caused a 

greater amount of material to be forced upward, above the level of the MF patterned sheet 

surface (Figure 33). This uplift of material in the center of the rings created a series of 

discrete contact points, with the contact area increasing with pattern volume. In addition 

to increasing contact area, riding on these points rather than on the original MF surface 

resulted in a loss of the beneficial micro-PHD pressure pockets the rings were meant to 

provide, as no seal between the ring rims and the bead could take place. 
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Figure 32 Dependence of single-sided DBS test forming friction on a) ideal and b) 
measured pattern volumes for specimens cut both in and transverse to the 
rolling direction for the elongated patterns of the 6111 EBT sheets. 
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Three dimensional plots of profilometry data for a nominally identical a) 
2008 and b) 6111 pattern, showing the greater uplift in the 6111 pattern 
from smearing during rolling as well as c) from roll wear. 
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In addition to smearing of the pattern, the integrity of the discrete patterns also 

affected the forming friction. Loss of pattern integrity, i.e., degradation of the ring 

outline and formation of irregularities within the rings such as pits, relates to the wear of 

the roll used to imprint the patterns. The greater uplift for these patterns from roll wear is 

shown above in Figure 33. The contribution of these degraded patterns toward increasing 

forming friction is illustrated below in Figure 34. Side A of the AA6111 sheets was 

imprinted with a worn roll while Side B was imprinted with a newer roll, where the 

patterns were nominally identical to those on roll A before the wear resulting from the 

rolling process itself. 

0.10 
c: 
0 ·- 0.09 ...... 
~ 

• 6111 .1 Friction AL 
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EBT 
Figure 34 Column plot illustrating greater forming friction in the single-sided DBS test 

from pattern degradation resulting from greater roll wear. Side A represents 
worn roll, side B represents newer, less worn, roll; test scatter is shown by 
error bars. 

3.5 Post-DBS Test Surface Appearance 

3.5.1 Overall Tested Surface Appearance 

Overall the FFT power spectra for tested EBT surfaces supported optical 

observations as to the reduction of or almost total destruction of the various patterns. 

Polynomially leveling the tested specimen data transverse to the test direction did not 

change the power spectra when compared to only polynomially leveling in the test 

direction, indicating little or no curving across the width of the test specimen. The power 

spectra for patterns that were not completely destroyed by testing showed some pattern 

elongation in the test direction as well as the degree of surface roughening (Figure 35). 

Pattern elongation is visible in Figure 35 by the shifting of the power spectra peaks to a 

slightly longer wavelength. Roughening of the tested surface is visible from the greater 

wavelength contributions shown compared to the untested surface contributions. While 
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all patterns were affected by surface roughening, the larger ring-sized patterns retained 

much of their lubricant carrying capacity, albeit following the topography of the 

roughened surface (Figure 36). All small ring-sized patterns were completely dominated 

by surface roughening, as was one large pattern; the critical pattern depth below which 

this destruction took place was approximately 2 J..Lm (78 J..Lin). The largest pattern ring 

depth tested here averaged 6 J..Lm (235 1-1in). 
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Figure 35 Tested versus untested lBL surfaces for AA2008 and AA6009 showing 
pattern lengthening from stretching during testing, greater initial 
contribution from the untested AA6009 pattern from greater smearing 
during rolling, and greater tested roughnesses from AA2008. 

I 
0 

Figure 36 Three dimensional plot of tested surface showing the EBT imprinted pattern 
following the roughened surface topography. 
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3.5.2 Influence of Alloy on Tested Suiface Appearance 

For nominally the same surface patterns, AA2008 showed consistently greater 

roughening than AA6009 and AA6111 after testing, while AA6111 roughening was 

approximately the same as AA6009. In addition, 2008-T sheet specimens displayed 

significantly greater post-test roughening than the 2008-L specimens, and thus also the 

6009 and 6111 specimens in both the -L and -T directions. This greater roughening, 

displayed in both Figure 35 and Figure 37, was consistent across all patterns tested, and 

appeared to correlate with increasing grain thickness rather than grain size in the rolling 

plane. This supports a prior author's contention that grain thickness is the most important 

parameter in determining post-test surface roughening.R12 The 6111 pattern shown in 

Figure 37 illustrates the greater untested pattern wavelength contributions from pattern 

smearing. This smearing effect resulted in greater starting roughnesses for almost all 

6111 patterns compared to the 2008 and the 6009 patterns. For the largest 6111 patterns, 

which include the one shown below' the tested surface actually contained lower 

wavelength contributions than the untested surface. This resulted from the discrete 

peaks, shown in Figure 33, deforming and smashing down during testing. 
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roughening for AA2008-T and greater initial pattern contribution for AA6111. 
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specimens and tested transverse specimens showing homogenization of the 
different surfaces. · 
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The homogenization of all tested patterns, regardless of starting size, depth, and 

distribution is illustrated in Figures 38 and 39. TheRa roughness calculation displayed in 

Figure 38 reveals that the differences between the untested patterns lessen dramatically 

for the tested specimens because of surface roughening from individual grains and groups 

of grains rotating to accommodate strain in the specimen. The Ra plots for the different 

alloys also show the greater tested roughness of the 2008-T specimens. The skewness 

and the kurtosis of the tested surfaces show the same homogenization effect (Figure 39). 

3.5.3 Influence of Single-Sided vs. Double-Sided Test on Tested Suiface Appearance 

For MF surfaces the degree of roughening on the tested surface facing the fixed 

male bead was the same whether the test was performed using the fixed bead setup or the 

mixed bead setup (Figure 40). This indicates that there should be no practical difference 

in the resulting post-test surface appearance between single sided and double sided tests. 
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Figure 40 Plot of wavelength change for fixed and mixed MF sheet tests showing same 
degree of roughening. 

3.5.4 Change in Lubricant Carrying Capacity After Testing 

The measured lubricant carrying capacity results for each pattern both before and 

after testing, where the tested surface volumes include surface roughening effects, are 

compared in Figure 41. For both tested directions of the 2008 EBT sheets, the starting 

surface volume had virtually no effect on the ending volume, indicating that the ending 

volume was overwhelmingly dependent on the large amount of surface roughening. For 

both the 6009 and 6111 EBT sheets, however, there was a slight dependence on the initial 

volume, indicating that the roughening did not completely remove the possibility of post­

DBS pattern effectiveness for these alloys. 
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Figure 41 Plot of tested versus untested pattern lubricant carrying capacity, where the 

tested volume includes surface roughening effects. 

The height histogram of the large ring patterned tested surfaces did not show the 

bimodal distribution characteristic of the untested surfaces (Figure 11), where one spike 

represented the unpatterned MF surface height and the other spike represented the ring 

depth. Instead, the histogram of the tested surfaces (Figure 42) showed a spread of 

heights distributed around a central point, as with the histogram of the untested small ring 

patterned surfaces, but with much wider peaks. 

a) -5.000 0.000 5.000 b) -3.000 0.000 3.000 

Figure 42 Height histogram of tested surfaces, a) large and b) small rings, with the 
tested surfaces for the deeper patterns showing a loss of the distinctive 
representation of the discrete pattern. 
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As with the ,height histograms, the bearing area curves of the tested surfaces also 

indicate a removal of the isolated lubricant pocket effectiveness (Figure 43). Instead of 

the distinctive knee in the untested pattern representation, the tested bearing area curve 

shows a smoother distribution. It is striking to note that the initial pattern did not greatly 

affect the tested bearing area. Figure 43 shows the similar final tested appearance for 

initially different patterns. The surface height change shown in these plots arises from a 

combination of the sheet surface being flattened from sliding over the test beads and from 

the surface roughening during testing. The tested bearing area curves for the MF and the 

EDT patterns are similar to the tested EBT patterns shown below. 
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Figure 43 Bearing area curves for tested a) 6009 EBT 1A, b) 2008.1 EBT 1A, c) 6009 
EBT 2A, and d) 2008.1 EBT 2A patterns. a) and b) show a removal of the 
lubricant pocket effectiveness (no more knee) for the deeper patterns, while 
all plots and show a change in the overall height for the tested surfaces. 
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4. DISCUSSION 

The results given above are combined and discussed as three main points. These 

include validity of the results from the fabricated test machine, material properties and 

effects, and pattern effects. Material and pattern effects are combined in a fourth section 

to develop a constitutive equation for use in predicting the forming friction of EBT 

patterned surfaces. 

4.1 Validation of DBS Test Results 

As with any fabricated machine, validity of the test results from the DBS tester was 

of some concern, and so measures were taken to explore both the machine and the 

specimen parameters. Seven main areas of investigation took place tb ensure confidence 

in the test data. First, die deflection was measured to ensure that the test strip was not 

being pinched during drawing. Second, two different setups were tested on the fabricated 

machine and the results compared to ensure consistent performance from the machine. 

Third, testing was performed on another DBS machine to check if results were similar. 

Fourth, bluing tests were performed to measure the actual contact angle of the sheet with 

the test beads. This was done to check the simple assumption of halving the geometric 

angle of contact for single-sided tests (Section 1.8, Eqn. 2) as well as to check for 

skipping of the test specimen over the male fixed bead. Fifth, the two specimen widths 

described above were tested both single-sided and double-sided on both machines, also to 

check the geometric contact angle assumption and to check any other synergistic effects. 

Sixth, two different specimen widths were tested both locally and on the Denver machine 

to ensure confidence in the results from using 25.4 mm (1.00 in) wide specimens versus 

50.8 mm (2.00 in) wide specimens. Last, estimated error calculations were performed to 

check if specimen scatter was greater than what was reasonably expected. 

4.1.1 Machine Validity 

Validity of the DBS test machine was confirmed by four main results. These 

included die deflection, consistency within the fabricated machine's test setups, 

consistency between the fabricated machine and another DBS test machine, and 

comparison of estimated error to actual test scatter for the test setups. 

Movement of the dies during testing was of concern, because there was the 

possibility of pinching the test strip with the consequence of falsely high forming friction 

values. D 1 The die deflection tests, performed to ensure maximum possible die deflection, 

showed that die movement was minimal and that the test strip was not being pinched 

during testing. 

The second step confirming the validity of the fabricated machine was the 

repeatably linear relationship between the gauge setup tests and the load cell setup tests 
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(Figure 21). This relationship shows that the behavior for the machine remained the 

same between the two setups, with only the numerical value of the forming friction 

changing slightly. This robust behavior lends confidence to both the trends recorded by 

the machine and to the numerical values calculated from the test results. 

Perhaps the most important confirmation of the results from the fabricated machine 

was the comparison testing performed on another DBS machine at the University of 

Colorado, Denver. The linearly consistent difference between the DBS forming friction 

values for the two machines (Figure 22) indicates that they are not identical, but 

repeatably similar enough for their differences to be corrected. The relationship also 

indicates that the fabricated machine is similar enough to the Denver machine to be 

considered a candidate for the round robin testing the NADDRG performs to standardize 

results between different DBS machines. 

The final confidence in the output of the test setups came from calculating the 

estimated error for those setups. The fact that the error calculations and the test scatters 

were within one percent of each other indicates that both the fabricated machine and the 

Denver machine were performing within reasonable expectations. These calculations 

also indicate that the desires of some to reduce the test scatter of a given material and 

pattern to less than 1%, both within and between machines, are unrealistic, unless the 

machine error can be reduced substantially through machine redesign and by using load 

cells of even greater accuracy. 

4.1.2 Specimen Validity 

Confidence in the forming friction values obtained from the different specimens and 

test configurations used came from three main areas of investigation. These included 

measurement of the actual contact angle between the test specimen and the fixed beads, 

comparing single- and double-s~ded tests, and comparing test results for two different 

specimen widths. 

Contact angle measurements obtained from bluing tests gave two main results. 

First, they showed that the specimen thicknesses tested here did not skip when travelling 

over the test beads. This was important, as other research indicated some material 

thicknesses may do so, influencing the final output of the tests. D2 Second, the 

measurements showed that the specimen contact with the male bead is greater than the 

summed female bead contact and that the sum of these contact angles did not equal the 

assumed contact angle used in the forming friction equation (Eqn. 1). The slight 

difference from the assumed angle is a possible source of error between different 

machines, as contact angles may vary based on manufacturing differences. For single­

sided specimens the implication is that the forming friction values would be slightly 
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higher than for double-sided test results, as the single-sided test contact angle is actually 

greater than half the double-sided test contact angle (see Section 1.8). Since the 

measurement of the contact angle varied slightly within the bluing tests performed, better 

confirmation of single- and double-sided test differences was needed. This was obtained 

by performing mixed and fixed bead tests both locally and at Denver. 

Figure 24 shows that both the Denver results and the local results show a repeatably 

linear increase in the DBS-J..l value of approximately 7% for single sided tests over double 

sided tests, agreeing with· the bluing test results. Because of this difference, if it is 

necessary to compare single-sided and double-sided test results, double- and single-sided 

calibration tests should be run using material similar to that which will be tested but with 

the same nominal pattern on both sides. These tests should give a plot similar to Figure 

24, where the effect of contact angle differences can be quantified and corrected for. The 

slight difference between the single-sided versus double-sided slope for the two machines 

in Figure 24 likely arises from the differences in design and manufacture of the two 

machines resulting in slightly different die deflections during testing and therefore 

different contact angles. 

The last constraint on specimen configuration was imposed by the patterning layout 

of the EBT sheets (Figure 8). In order to obtain enough specimens per pattern, 25.4 mm 

( 1.00 in) wide specimens were used rather than the more commonly used 50.8 mm (2.00 

in) wide specimens. To confirm the use of this narrower specimen, both single-sided and 

double-sided tests were performed both locally and on the Denver machine using the two 

specimen widths. Despite their manufacturing differences, both machines display a one­

to-one linear relationship between the two specimen widths tested. This relationship, 

shown in Figure 25, confirms the acceptability of using 25.4 mm (1.00 in) wide 

specimens versus 50.8 mm (2.00 in) wide specimens for the sheet thicknesses tested here 

and agrees with the same conclusion reached by Schey for 0.82 mm (0.032 in) thick 

electrogalvanized steel specimens.D3 

4.2 Material Effects 

The effect of the material properties of these alloys fall into three main areas of 

interest. First, the composition and processing of the alloys affect their tensile and 

frictionless forming properties. Second, these tensile and frictionless forming properties 

indicate an influence on the forming properties with friction. Third, processing 

apparently affected the post-test surface roughening of the sheets. 

4.2.1 Effects of Composition and Processing on Mechanical Properties 

Even though the alloys were split ingot cast, leading to the expectation that neither 

composition (Table 5) nor fabricating practice should affect the formability, the firial 
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processing of MF, EDT, and EBT pattern rolling did appear to affect the mechanical 

strengths and elongations of AA2008. While these tensile differences were small, they 

are significant based on the frictionless forming properties of the alloys. The roller bead 

pulling forces shown in Figure 14 display the same effect as the tensile properties, but to 

a greater degree. That is, the directional differences both within and between the ·alloys is 

significantly repeatable, suggesting that the DBS drawing loads may display a directional 

dependence on mechanical strength. For the frictionless drawing forces it is possible that 

the greater differences arise from the cyclic nature of the deformation involved in the 

DBS test versus the unidirectional deformation of the uniaxial tensile test. 

Two possibilities for these differences exist, keeping in mind that the fabricating 

process was supposed to be identical. First, it may be that residual strain from the 

discrete impressions, combined with some possible variation in various reductions during 

rolling to identical final thicknesses, resulted in these differences. It was assumed that 

polishing of the specimen faces removed all residual deformation from the pattern, which 

may not actually be the case. One way to check if the surface impressions are 

responsible would be to perform microhardness tests across the width of mounted, 

polished cross-sections of MF, EDT and various EBT patterns. Another way to check 

different pattern influence for the 2008 and 6009 alloys would be to tensile test both 

unpolished and polished specimens from each pattern, as was done in the longitudinal 

direction for AA6111 EBT 1. 

A second cause of the tensile and frictionless drawing force differences may be that 

the processing was not identical. It is possible that different processing resulted in 

different dominant textures in the two AA2008 EBT sheets. While the exact texture of 

the alloys tested here is unknown, support for texture being the likely cause of the 

directional formability differences for the 2008 alloy sheets was found in the literature. 

Zonker, et al., found the predominant textures of AA2008 sheet, processed around the 

same time as the material tested here, are cube and Goss.D4,D5 They found anisotropy 

during forming of a 2008 alloy containing both textures (cube and Goss both with 

intensities of 11) and found an increase in the isotropic formability of a 2008 alloy 

processed to have a cube texture (cube intensity 10, Goss intensity 1). This result 

demonstrated the greater anisotropic effect of the Goss texture compared to the cube 

texture. In addition to this, Zenker has observed the same effect on pulling forces 

displayed in Figure 14 for the alloys tested here. D5 He performed texture measurements 

on his material and ascertained that the greater Goss texture was the cause of the forming 

anisotropy for AA2008. He also found indications that closer pulling load values 
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between the longitudinal and transverse directions for aluminum alloys indicated a 

greater percentage of the more isotropic cube texture. 

Interestingly, both AA6111 and AA6009 are also known to contain a mixture of 

cube and Goss textures, yet these alloy sheets did not show the anisotropic forming 

behavior in the roller bead tests that the 2008 alloy sheets did.D4,D5 For AA6111 the 

intensities of cube (4) and Goss (5) cited by Zonker, et al., however, indicate a lower 

anisotropic texture effect in this alloy, and the AA6009 intensities of cube (8) and Goss 

(4) indicate a greater effect from the more isotropic cube texture. Story, et al., also 

indicate both the lesser degree of anisotropy in AA6111-T4 and the virtual lack of 

anisotropy in AA6009-T4 versus AA2008-T4 with their data on planar anisotropy 

gathered from tensile tests where they measured the plastic strain ratio, and state that 

planar anisotropy's effect on formability is an issue.D6 As discussed earlier, planar 

anisotropy is an issue because the directional properties of an alloy affect its directional 

formability. The desired properties of a forming alloy are for it to have the same 

properties in all directions, preventing worry about preferential deformation and tearing 

in a particular sheet direction, and resulting in a more robust manufacturing condition. It 

is recommended, therefore, that sheet be processed to have properties that are as non­

directional as possible to optimize formability. 

4.2.2 Effect of Mechanical Strength on Forming Friction 

The influence of mechanical strength on forming friction for nominally identical 

patterns between different alloy sheets is illustrated in Figure 28; this effect occurred in 

both the longitudinal and the transverse directions for all patterns tested. The increase of 

forming friction with mechanical strength indicates that the desired aluminum alloy 

should be formed at the lowest strength possible, then strengthened after forming. This is 

currently a common practice in the automotive industry because of the greater elongation 

possible with the -T4, or naturally aged, condition; the material is then strengthened by 

precipitate growth during the paint bake cycle. 

A possible mechanism as to why the forming friction scaled monotonically with 

mechanical strength is that the mechanical strength of these alloys influenced the micro­

PHD effectiveness of the imprinted patterns. The total spread of friction values for the 

EBT 6009 patterns was 40% in the L direction and 22% in the T direction, compared to 

EBT 2008.2 patterns which showed a 24% spread in the L direction and a 12% spread in 

the T direction. The greater strength of the 2008 alloys may have reduced the pliability 

of the discrete patterns in forming a micro-PHD seal against the drawbeads during 

testing. This is supported by Schey's citation of Kato, et al., that for a sheet with a 
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deterministic topography a critical pressure must be reached before the micro-PHD 

mechanism is activated, and this pressure is higher for harder sheet.D7,D8 

4.2.3 Effect of Alloy Properties on Post-Test Surface Roughening 

In addition to frictionless forming properties, alloy processing apparently affected 

the surface roughening of the tested sheets. Surface roughening is of concern both during 

the forming process and in the finished sheet surface appearance. During the forming 

process, if the surface parameters change from those expected, prediction of formability 

will be made that much more difficult. An additional concern for a formed sheet is that 

greater surface roughening may result in an unacceptable painted surface appearance, 

leading to part rejection. 

4.2.3 #1 Surface Roughening 

In the alloys tested here, a greater degree of surface roughening was observed for all 

2008 patterned sheets over the 6009 and 6111 sheets. When compared to the smaller 

grain size of the 6009 alloy sheets of the same thickness, this result is consistent with 

both Andersson and Balbach, who observed greater roughening for larger grained 

materials_D9,Dl0 Interestingly the 6111 and 6009 alloy specimens roughened 

approximately the same amount for the similar patterns despite their three fold difference 

in the rolling plane grain size. Their grain thicknesses, however, were similar, lending 

support to the proposal by Jain, et al., that grain thickness is the most important grain size 

parameter when considering surface roughening resulting from an applied stress. D 11 The 

basis for this proposal arises from consideration of the out-of-plane rotation of individual 

grains and groups of grains of similar texture. The thicker the grain, the more it may 

stick out when rotating to accommodate strain in the material. 

The different roughening observed within an alloy type, with the EBT 2008.2 

specimens exhibiting greater post-test roughening than the EBT 2008.1 specimens, may 

arise from the thicker grains in the higher roughness sheets, as well as it may result from 

the texture effect discussed above. Support for the latter contention comes from the roller 

bead pulling loads indicating a greater amount of anisotropic texture in the EBT 2008.2 

sheets than in the EBT 2008.1 sheets (Figure 14). This texture effect has been observed 

elsewhere, with the roughening of the surface in a particular direction being labeled 

"ridging."D12 

The roughening of all specimens tested here almost completely destroyed discrete 

surface patterns that were at or below 2 J.Lm (79 J.Lin) in depth. If discrete patterns are 

completely destroyed travelling through the drawbead portion of the press, the lubricant 

carrying properties of the post-drawbead deformed surface will vary greatly compared to 

non-drawbead deformed areas. Asthe isolated pits generate micro-PHD lubrication 
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which reduces forming friction, loss of these discrete pits will have a detrimental effect 

on the sheet forming friction. The difference between hydrostatic lubrication and its loss 

was dramatically demonstrated by Lin and Wang.D13 They performed deep drawing on 

an aluminum sheet using a punch, where part of the flange section of the punch was 

patterned with lubricant carrying pits. During the part of the forming process where 

hydrostatic lubrication took place, resulting from the pit presence, the forming friction 

dropped. When the process lost the hydrostatic capability and shifted to boundary 

lubrication, the forming friction increased. 

4.2.3 #2 Formability and Paintability Implications 

Surface roughening during forming alters the surface characteristics of the sheet, 

and consequently alters the formability of the sheet. While the DBS test has been linked 

to the overall formability performance of patterns and lubricants, the roughening 

observed here leads to the expectation that the material that travels through the drawbead 

will have dramatically different forming properties from patterned areas that have not 

undergone the cyclic deformation. It is also possible that this same caution applies to 

material drawn over the die edge, where roughening has been observed on the free 

surface.DlO If the majority of deformation to form a part takes place on material that has 

not undergone drawbead or other free-surface bending deformation, however, the 

deterministic EBT surface should maintain its desired micro-PHD capabilities. For non­

bending deformation, asperity deformation takes place with the discrete cavities acting as 

pressurized reservoirs of lubricant that feeds out to the rest of the sheet as the asperities 

flatten and the volume of held lubricant decreases with decreasing cavity depth.DlO 

Increased roughening of post-DBS tested surfaces varied in wavelength from 150 to 

650 ~m (0.006 in to 0.026 in). The spread in the additional wavelengths indicates that 

single grains as well as groups of grains are rotating during the forming to accommodate 

internal strain in the specimens. The limit of approximately 500 ~m (0.020 in) for a 

paintable surface indicates that, while most of the surface roughness may be painted over 

without a problem, the longer wavelength contributions will show through to the finished 

surface. For both optimum formability and optimum paintability, therefore, the 

recommendation at this point is to keep the roughening to a minimum by keeping the 

grain size both in the rolling plane and through the thickness as small as possible. 

4.2.3 #3 Mill Finish Pattern Roughening 

While roughening is an undesired effect for the EBT patterns tested here, it can be 

said that it may actually be beneficial for the formability of the highly directional MF 

pattern. Saba and Wilson observed an improvement in the forming friction of mill finish 

AA1100-H14 sheet tested in the longitudinal direction resulting from the roughening 
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during the test reducing the contact between the sheet surface with the toolpiece.Dl4 This 

indicates that, for formability purposes, roughening of the mill finish patterned sheet may 

actually be a desired occurrence. For paintability purposes, however, the same cautions 

apply as for EBT patterned sheets. 

The degree of roughening for the mill finish patterns tested here was directionally 

the same whether the test was double-sided or single-sided, as is illustrated in Figure 40 

for the longitudinal direction of AA6009. This indicates that the roughening seen here 

for the EDT and the EBT patterns for the single-sided test would also be similar for the 

double-sided test. This arises from the fact that the sheet surface facing the male fixed 

bead undergoes the same bending and sliding processes during both single- and double­

sided testing. 

4.3 Pattern Effects 

The patterns imprinted on the alloys tested here clearly affect the forming friction 

properties of these alloys. The effect of sheet reduction and roll wear on pattern smearing 

and on forming friction is discussed, and the effects of the different patterns are 

compared. Pattern comparisons are grouped as MF versus EDT, MF versus all EBT, and 

EBT versus different EBT. 

4.3.1 Effect of Sheet Reduction and Roll Wear 

The pattern elongation differences between the AA2008/ AA6009 patterns and the 

AA6111 patterns shown in Figures 15 through 17 likely correspond to the amount of 

sheet reduction, for it has been demonstrated that pattern smearing increases with an 

increase in final sheet thickness reduction.Dl5 For reductions over 9%, pattern transfer to 

the sheet was unacceptable because the amount of smearing completely destroyed the 

desired pattern. This smearing of the pattern from the final reduction of the aluminum 

sheet has essentially the same effect on the pattern as slipping during rolling. The degree 

of pattern elongation obviously influenced surface volume lubricant carrying capacity 

(Figure 20), as well as changed the surface from what was desired, i.e., the mirror image 

of the roll surface. Figure 44 illustrates how a smeared imprinted surface could result 

from the ideal roll surface slipping during the rolling process. It is important to note that 

too great of a smearing effect can destroy the whole idea behind the surface patterning in 

the first place, i.e., imprinting discrete surface microcavities to maintain micro-PHD 

lubricant pockets during forming in order to reduce friction. 
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a) b) 

Figure 44 Schematic of a) how an ideal pattern on a roll smears on the sheet surface 
during rolling, b) resulting in an elongated pattern appearance. 

While thickness differences and large pattern differences between the AA6111 

sheets and the other alloy sheets make direct comparison of forming friction results 

difficult, it can be noted that the correlation of decreasing longitudinal forming friction 

with increasing pattern volume for the 2008 and 6009 alloy sheets did not hold for the 

6111 alloy sheets for two reasons. · First, as indicated above, smearing of the surface 

pattern during final sheet rolling reduction can wipe out the desired isolation of the 

imprints. This destruction was the case with the AA6111 sheet surfaces, where smearing 

was such that some of the surface patterns overlapped in the rolling direction of the sheet. 

Second, not only did the pattern overlap result in semi-continuous valleys along the 

rolling direction of the sheet, the smearing displaced material upward above the main 

sheet surface. The smearing resulted in a greater measured lubricant carrying capacity, 

but that larger lubricant carrying capacity also represented a greater amount of material 

that had been forced upward during rolling, above the sheet surface. This uplift created a 

series of discrete contact points that prevented the sheet from reaping the benefits of the 

micro-PHD capability of the discrete microcavities. Instead, the sheet rode on these 

contact points during the test, with higher forming friction resulting from a larger contact 

area which arose from a greater amount of uplift in the larger patterns (Figure 33). 

In addition to smearing, roll wear may affect the forming friction by changing the 

size and shape of the desired microcavities, as is evidenced in Figures 17 and 33. 

Previous research has shown that wear of EDT rolls affects the resulting sheet surface 

output by shifting wavelength contributions in the power spectra toward longer 

wavelengths.D16 Research here demonstrates that roll wear is also of concern for EBT 

surfaces, perhaps more so because of the desired perfection and discreteness of the 

microcavities in the final surface. 

4.3.2 Mill Finish and Electro~Discharge Texture Patterns 

All mill finish and EDT patterned material behaved as expected, based both on the 

surface topography and on other data available in the literature. D8,Dl7 ,D 18 The surface 
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topography of the mill finish pattern is highly directional, and indicates quite clearly the 

lubricant retention capability, or lack of it, in the different sheet directions. The 

topography of the EDT patterns are much more non-directional, indicating a similar 

lubricant retention effect in all directions of forming. Insufficient EDT pattern variety 

was available to conclude absolutely that wavelengths under 500 J.Lm (0.020 in) affect the 

forming friction more than wavelengths over 500 J.Lm (0.020 in), but based on the 

reasoning behind that finding there is no reason to suspect that it is not also the case for 

aluminum alloys. 

4.3.3 Electron Beam Texture Patterns 

Figure 26 illustrates the fact that all the discrete patterns tested here show a vast 

improvement in equalizing the longitudinal and transverse forming friction properties 

over the highly directional mill finish surface. Story and Englemann, who tested double­

sided DBS specimens of AA6009 with eight patterns matching on both sides, also found 

this improvement. D 17 Differences between those results and load cell single sided test 

results are illustrated in Figure 45. The differences in friction values for the two test sets, 

which would be even greater if the single sided test results were reduced by 7%, partly 

arise from the differences in manufacturing between the two test machines, similar to the 

differences between the forming friction results obtained from the Denver machine and 

the fabricated machine. Some of the differences may also arise from the double sided 

specimens having effectively different patterns on the two sheet sides from roll wear, as 

with the 6111 sheets tested here. This would change the overall test value from a single 

sided test, as the second pattern may act either beneficially <?r detrimentally on the first 

pattern's effects. 
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Figure 45 Comparison of load cell mixed bead test data to fixed bead test data for 
similar surfaces tested elsewhere (D 17). 
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4.3.4 Lubricant Carrying Capacity 

The ideal volumes calculated from the roll surface information did not correlate as 

well as the measured sheet pattern volumes with longitudinal forming friction of the 

sheets because transfer of the ideal roll pattern to the sheet surface was degraded both by 

smearing and by roll wear. The scatter in the dependence of forming friction on both 

pattern volume and pattern area most likely arose from the method that was chosen to 

calculate these parameters. Despite the scatter, the best way to determine the lubricant 

carrying capacity of a sheet is from the actual sheet surface rather than from information 

about the roll surface. If pattern transfer effects are well understood, however, a general 

idea of material behavior with a particular pattern volume may be obtained from ideal 

pattern information corrected for these effects. 

The fact that the forming friction for all alloys tested in the transverse direction was 

essentially independent of both pattern volume and area arises from the residual MF 

pattern on the alloys. This indicates that the discrete patterns work extremely well in the 

longitudinal MF direction, where no other surface feature is available to hold the 

lubricant in place, but are less important when other surface patterns beneficially 

influence the surface's lubricant carrying capacity and micro-PHD capability. 

4.4 Constitutive Equation Relating Forming Friction to Sheet Parameters 

In order to develop a constitutive equation relating DBS forming friction to sheet 

parameters, those parameter must first be defined. Based on the results discussed above, 

two independent variables come to light. These variables are pattern lubricant carrying 

capacity (Figures 29 and 31) and material strength (Figures 14 and 28). The general form 

of a constitutive equation based on these two variables would be 

f1 =flo+ a*L + b*cr Eqn. 7 

where flO is a constant, a represents the dependence of forming friction on pattern 

lubricant carrying capacity, L is the lubricant carrying capacity, either volume or area, b 

represents the dependence of forming friction on material strength and a is the material 

strength, either flow stress or bending deformation.· The constants are the slopes obtained 

from plotting forming friction versus the active parameter in two dimensions, where both 

the dependencies noted above are directionally linear for the range of values tested here. 

It should be noted that, based on the differences discovered between the fabricated DBS 

machine and the University of Colorado, Denver DBS machine, as well as the differences 

between double sided testing and single sided testing, the absolute value of these 

dependencies will vary slightly from test setup to test setup, as will the value of ~0· The 
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dependencies should, however, remain directionally the same, with forming friction 

dropping with increasing pattern volume and rising with increasing material strength. 

The dependence of forming friction on pattern lubricant capacity for ideal 

calculations and measured calculations were found to be directly linear over the entire 

range for volume and area, respectively. As the ultimate tensile strength obtained from a 

uniaxial tensile test has been used in previously derived equations representing forming 

processes as a direct substitution for the material's flow stress, it was chosen over 

bending deformation as the material strength parameter for these equations. 

Using the above form of the equation for the ideal surface volume calculated from 

the roll surface patterning information, and assuming the same smearing as seen here 

with the 6009 and 2008 alloy sheets, the equation becomes 

Jl~ = Jl~ + c * Vi + b * <rurs Eqn.8 

where c is the two dimensional linear dependence of forming friction on ideal pattern 

volume, Videa! is the ideal volume calculated from information about the roll surface 

pattern, b is the two dimensional linear dependence of forming friction on tensile 

strength, and <rurs is the tensile strength measured from a uniaxial tensile test. For 

measured surface area, the equation would be 

Jl T = Jl ~ +a* Am + b * <rurs Eqn.9 

where a is the two dimensional linear dependence of forming friction on measured 

pattern area, Am is the surface volume measured directly from the sheet surface pattern, b 
is the same as for the ideal calculation, and <rurs is the tensile strength. 

As the transverse friction properties were both lubricant carrying capacity 

independent, the forming friction may be represented by the equation 

Jlr = Jlr0 + b * aurs Eqn. 11 

For all three of the above equations, a least squares fit in three dimensions was used 

with the two dimensional curve fits to give 

Jl~ = -0.216 -1.25x10-8 * Yj + 1.01x10-3 * <rurs Eqn. 12 

J.tT = -0.203- 3.21x10-8 *Am+ 1.01x1o-3 * <rurs Eqn. 13 

3 JlT = -0.351 + 1.50x1 0- *<ruTS Eqn. 14 
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where the friction value scatter for all equations is approximately ±0.005. The large JlO 

for all equations results from forcing the curve fit to the two dimensional parameters and 

from the assumptions of linearity through the origin for the three dimensional fit of the 

parameters. 

Further investigation using materials with greater strength differences and greater 

volume differences should be performed to investigate the robustness of this equation, as 

there is no guarantee that the linearity observed for the present results will remain for a 

larger range of volumes or material strengths. For example, it is very likely that there 

exists an upper volume or area limit beyond which the forming friction will be 

represented by the shear strength of the lubricant itself. Similarly for material strengths, a 

lower limit of forming friction will be obtained below which a reduction in material 

strength will not result in a reduction in forming friction. 
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5. SUMMARY 

A draw bead simulator was designed and fabricated to determine the dependence of 

forming friction on discrete surface patterning. The test results from this machine were 

validated using comparison tests both within two different test setups and between the 

fabricated machine and a machine at the University of Colorado, Denver. Automotive 

alumiimm alloys with mill finish, electro-discharge texture and electron beam texture 

patterning were tested. Analysis of the surfaces indicated that Fourier transformation was 

useful for the more random surfaces, such as EDT and post-test roughening. 

All of the EDT and EBT patterns decreased the difference between longitudinal and 

transverse forming friction values compared to the anisotropic MF pattern, which should 

translate into better bi-directional forming properties for these patterns. The forming 

friction of EBT patterned specimens in the rolling direction of the sheet displayed an 

inversely linear dependence on both pattern volume and area, and a monotonic 

dependence on material strength. These properties were combined into a constitutive 

equation for use in predicting the forming friction of other patterns that may be used on 

these alloys and for use in future EBT pattern design. Transverse forming friction 

properties for the EBT patterns appeared to be overwhelmed by the residual mill finish 

pattern, indicating that discrete patterns are most useful when no other beneficial 

patterning already exists. 

Post-DBS test roughening of all patterns appeared to scale with grain thickness, 

with thicker grains causing greater roughening and resulting in discrete EBT patterning 

less than 2 J..Lm (79 J..Lin) in depth being completely destroyed. Anisotropic roller bead 

behavior and greater roughening for the 2008 sheets, known as "ridging," were attributed 

to texture effects. 
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6. CONCLUSIONS 

The desire to increase the use of sheet Al alloys in automobiles necessitates 

investigating these alloys to improve the understanding of their part formability. This 

understanding encompasses the behavior of the entire sheet, from the effect of processing 

on mechanical properties to the effect of surface patterning on lubricant retention. The 

most striking result of the work performed here, that discrete pattern area linearly affects 

sheet forming friction, can be used as a guide for future EBT pattern design. 

6.1 Patterning 

As both EDT and EB T patterning equalized the bi-directional forming properties 

evident with the mill finish patterning, both are recommended over the anisotropic MF 

pattern. For EBT patterning, as post-test roughening obliterates patterns under 2 J...Lm (79 

J...Lin), a pattern depth greater than 2 J...Lm should be used. In addition, as this work showed 

that greater pattern areas lead to lower forming friction, a greater pattern area rather than 

a lesser pattern area should be maintained in order to maximize the micro­

plastohydrodynamic effects of the discrete cavities. In order to maintain paintability, 

however, pattern dimensions should remain below 500 J...Lm. For both EDT and EBT 

patterning, roll wear should be carefully monitored during the patterning roll in order to 

prevent a detrimental influence on the pattern transferred to the sheet. 

6.2 Material 

Since forming friction scaled with material strength, the formability of a material 

should be maximized by keeping the -T4 strengths as low as possible. Another way to 

maximize bi-directional formability is to keep the texture of a material as isotropic as 

possible. Keeping the texture isotropic should also reduce the amount of anisotropic 

deformation induced surface roughening, or "ridging," which could detrimentally affect 

both the subsequent formability and paintability. Keeping a material's grain thickness as 

small as possible should also reduce roughening from grain rotation by reducing the 

amount of material that may stick out of the sheet surface. 
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7. FUTURE WORK RECOMMENDATIONS 

It is essential that future work continues to investigate the different parameters that 

affect sheet formability. These include surface patterning and material parameters as 

well as understanding the various influences within the chosen forming simulation test. 

Based on the work performed here, some specific recommendations are made for future 

investigation. 

7.1 Patterning 

In order to find if there is an upper limit to the forming friction dependence on EBT 

pattern area, imprint a sheet with greater pattern areas than those used here. The 

knowledge from these experiments will help determine if the linear relationship found 

here remains linear over a wider array of pattern areas, and will assist in determining if 

there is an upper limit to the beneficial micro-plastohydrodynamic effect provided by the 

discrete cavities. 

7.2 Material 

Tests on EBT patterned material should be performed using materials with a wider 

range of mechanical strengths than those tested here in order to determine more clearly 

the influence of mechanical strength on DBS forming friction. This information would 

be valuable in furthering the understanding of formable materials and may influence 

material choice for parts in the future. 

7.3 DBS Test 

To further explore the difference between male and female bead contact influence 

on the output of the DBS test, perform DBS tests using the same side of specimens cut 

from a single sheet with a single-sided test setup first using a fixed male bead then using 

a fixed female bead set. To expand understanding of the synergistic reactions of sheets 

with mismatched patterns on the two sides, test as above then test using fixed beads to 

explore the combined effects of the two sheet sides. This information is important in 

manufacturability of a sheet, as the patterning on both sheet sides does not always match 

to the degree desired. 
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Appendix A: Fabrication and Modification of a DBS Forming Friction Test Machine 

A draw bead simulator was designed and constructed utilizing a 

tension/compression hydraulically driven load frame already in existence.Al Utilizing 

this digital testing machine (DTM) necessitated rotating the test setup from the vertical 

pull used on the majority of other DBS testers to horizontal. Figure 5 shows a 

photograph of the overall test setup, while Figure 6 shows a top view of the grips and 

pulling assembly and Figure 7 shows a rear view of the beads with a specimen inserted 

before the top bead is lowered into place. The beads consisted of 9.525 mm (0.375 in) 

diameter D2 tool steel rods hardened to HRC 62. The drawing force, provided by a 

Compumotor ZX635 brushless servomotor connected to an ActionJac screwdrive, was 

measured by an Interface 2000 lb load cell with 150% overload protection wired to a 

Daytronic Model 3000 Strain Gauge Conditioner in line with the specimen friction grips. 

The clamping force, provided by the DTM pull rod, was measured using four Transducer 

Techniques 500 lb button load cells with 150% overload protection, wired to two 

Honeywell Accudata 218 Bridge Amplifiers, directly under the top die. Tests were run 

and recorded using a Quick Basic programCAppen~ix B) on a Compaq 386/25 computer 

with a CyberResearch PCL818H AID card. Specimen location and test velocity were 

recorded using a MagneTek linear motion transducer. 

For purposes of matching testing performed previously by others within the 

author's research group at another location,A2,A3 the decision was made to purchase the 

DBS tooling and tooling support assembly from the manufacturer of that equipment. All 

other fabrication was designed and performed on site. All items, including the purchased 

tooling, were designed to attach to a jig plate which then attached to the DTM. The only 

modification the design did not originally account for was a rotation of the screw, and 

therefore the grips and the test specimen, while pulling the test. An adapter with linear 

rotational bearings running on support rods attached to the side support plates around the 

pulling assembly (shown in Figure 6) was fabricated to stop this rotation; the adapter 

clamps around the screwdrive/load cell connector behind the drawing load cell, so any 

friction from the bearings is not recorded during the test. 

A number of modifications were necessary before the acquired tooling worked 

satisfactorily. The load support plate inside the top shoe (Figure A1) which prevented 

forward movement of the die during testing severely galled against the inside of the front 

support plate of the box, necessitating significant grinding down of both plates over their 

contact area. The plate from the shoe was ground on a planar grinder while the inside of 

the box was ground by hand. This reduction resulted in a forward shift of the male 

insertion bead (toward the front of the box). A 0.127 mm (0.005 in) shim placed between 
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the top die and the shoe load support plate returned the male bead to center position at 

full insertion between the female die beads. 
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Figure Al Side view schematic of DBS tooling box, indicating parts. 

Friction between the load pins and the bronze bushings used to align the top shoe, 

and therefore the male die, negated the original idea of reading the clamping load with 

the column load cell in the existing load frame. Slight shifts in the valve pressure in the 

DTM resulted in a large shift in the load recorded at the DTM column load cell. Springs 

inserted over the load pins to compensate for the friction resulted in a compressive load 

on the column load cell, but the position controller in the load frame could not correct 

quickly enough to hold a steady position during testing. At the time, extra long roller 

bearings that could perform the task of the bushings were prohibitively expensive, in 

addition to the fact that the outer diameter of such bearings was greater than the amount 

of material that could be comfortably machined from the top shoe and still leave an 

acceptable amount of material around the bearing. 

To minimize corrective machining of the purchased tooling, MicroMeasurements 

120Q strain gauges were cemented directly on the v-notched fixed bead support of the 

top die to form a Wheatstone bridge. Gauges were not installed on the male roller bead 

die because of insufficient output signal. Initial tests with the gauge setup were 

extremely sensitive to initial loading condition, i.e., whether the specimen was preloaded 

in tension or whether the die had been over-inserted during setup then raised back up so 

the specimen started the test "loose", and calibration data indicated that the gauges were 

too sensitive to the rate of die loading to reliably choose a calibration curve (Figure A2a). 

Gauges moved further down the support, away from the v-notch, were not as sensitive to 
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die load rate (Figure A2b) but were still sensitive to initial specimen load condition, and 

showed a significant clamping load increase during the tests. 
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Figure A2 Calibration curves for strain gauges a) on V -notch and b) below V -notch. 

Pinching of the strip between the top bead and the bottom exit bead during the test 

was not expected as the source of this load increase for two reasons. First, die deflections 

were measured prior to all tests using two inch wide, 0.82 mm (0.032 in) thick steel 

specimens in order to obtain maximum anticipated deflections. Deflection measurements 

showed both male and female bead deflection such that pinching of the test strip and 

corresponding influence of the test results should not occur. Second, there was no 

corresponding drawing load increase, to be expected if the effect was real. This left the 

gauges themselves, which were checked by separating out the output of the front and rear 

active gauges of the bridge. While the front gauge output showed an even load during 

the test, the rear gauge output showed an unevenly decreasing tensile load, which showed 

up as an increasing compressive load during the test. The decreasing load was attributed 

to the bead pulling forward at the test start and "relaxing" unevenly through the test 

duration. Using the front gauge only was not an option as its output was a combination 

of the clamping load and the pulling load from the test, the latter of which was presumed 

removed by the rear gauges of the bridge. 

A variety of options using load cells were considered. The possibility of placing a 

load cell inside the fixed male die itself was negated when it was found that the slot depth 

within which the bead support piece fit was fully 114 less in depth than the blueprints 

indicated. Instead, the top shoe was disassembled and machined in order to insert four 

compressive button load cells not available at the time of the initial gauge installation. 

The load cells were wired into two bridge amplifiers, combining the output from the two 

front load cells into one amplifier and the output from the two rear load cells into the 

other. The machine was reassembled, realigned and recalibrated, with little evident 
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difference in the clamping load dependent on the direction of loading. Subsequent testing 

also showed no indication of the separate clamping load increase the strain gauge setup 

had shown. 

In addition to the improvement in clamping load reliability, the load cells proved to 

be more robust with regard to initial test condition. Sample preloading for mixed bead 

tests increased the clamping load by a set 40 N (9 lb) for the 0.941 mm (0.036 in) 

specimens while roller bead tests were insensitive to all preloading conditions. 
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Appendix B: DBS Test QuickBasic Program 

' ************** DBS Test Program (DBSTEST.BAS) ****************** 
' *** Sub Routine Listing: *** 
DECLARE SUB ad.card 
DECLARE SUB bead. type 
DECLARE SUB board.param 
DECLARE SUB buffer.set 
DECLARE SUB cable.pot 
DECLARE SUB cable.buffer 
DECLARE SUB card.call 
DECLARE SUB conversion.channel 
DECLARE SUB die.insert 
DECLARE SUB dieinsert.boardparam 
DECLARE SUB dieinsert.buffer 
DECLARE SUB display.data 
DECLARE SUB gain.array 
DECLARE SUB gainarray.print 
DECLARE SUB grpaxisb (xmin!, xmax!, ymin!, ymax!, wpage%, dpage%) 
DECLARE SUB home.position 
DECLARE SUB initial.buffer 
DECLARE SUB initial.data 
DECLARE SUB longgrip.setup 
DECLARE SUB longgrip.test 
DECLARE SUB motor.home 
DECLARE SUB motor.off 
DECLARE SUB save.question 
DECLARE SUB set.time 
DECLARE SUB setup.question 
DECLARE SUB setup.test 
DECLARE SUB shortgrip.setup 
DECLARE SUB shortgrip.test 
DECLARE SUB tension.buffer 
DECLARE SUB tension.card 
DECLARE SUB tension.specimen 
DECLARE SUB test.boardparam 
DECLARE SUB test.question 
DECLARE SUB write.data 
DECLARE SUB write.initialdata 
DECLARE SUB write.dieinsertdata 

'********** Declare Parameter Array for Board and Buffers ************* 
DIM param%(60) 'If two boards installed, need to declare 
DIM cbl%(50) 'Cable Pot buffer 'the second parameter array 
DIM die%(9800) 'Die Insertion Data Buffer (1 min 10 sec) 
DIM init%(350) 'Zero Point Values Data Buffer 
DIM pre%(700) 'Pretension Data Buffer 
DIM dat%(14007) 'Test Data Buffer (5 sec max) 
DIM ff%(7) ' Gain Array Table Buffer 

KEY 1, "long"+ CHR$(13): 
KEY 5, "short"+ CHR$(13): 
KEY 9, "home"+ CHR$(13): 

' to long grip test point on this key 
' go to short grip test start point on this 
' return to home position on this key 

dbsload = 399.976: cblpos = 2.0572: cblvel = 565: 
dtmload = -1001: dtmlvdt = .0222275: lvdt3 = .217822: lvdt30 = .0222275 

1 CLSO 
GOSUB motor.off 
PRINT "PCL818H Data Collection Program (DBSTEST)" 
GOSUB test.question 
GOSUB bead.type 
INPUT "Enter File Name:", file$ 'File to save data from buffer 
INPUT "Enter Die Offset (in lb): ", dieoffset 
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'INPUT "Enter DBS (draw) Load Cell Calibration Slope: ", dbsload 
IF testtype = 1 THEN 

GOSUB cable.pot 
GOSUB setup.test 

END IF 
IF testtype = 2 THEN 

GOSUB setup.question 
END IF 
GOSUB initial.data 
IF testtype = 1 THEN 

GOSUB die.insert 
END IF 
IF testtype = 2 THEN 

dievar = 2 
END IF 
GOSUB tension.specimen 
GOSUB test.boardparam 
GOSUB buffer.set 
GOSUB set.time 
GOSUB conversion.channel 
GOSUB gain.array 
GOSUB gainarray .print 
CALL grpaxisb(xmin!, xmax!, ymin!, ymax!, wpage%, dpage%) 
GOSUB card.call 
GOSUB display.data 
GOSUB save.question 
LOCATE 41' 20: PRINT II 

LOCATE 41,20: INPUT "Perform another test (y or n)? ", moretst$ 
IF moretst$ = "y" THEN GOTO 1 
IF moretst$ = CHR$(13) THEN GOTO 1 
LOCATE 41' 20: PRINT II 
LOCATE 41, 20: PRINT "Hit Enter to return to DOS." 
DO 

LOOP UNTIL INKEY$ = CHR$(13) 
100 CLS 0 
END 

II 

'********************************************************************** 
I ************************ SUB ROUTINES ******************************** 
'********************************************************************** 
test.question: 
' *************** Find out if Test is New or Continuation *********** 
testtype = 0 
3 INPUT "Is this a new (n) test or a continuing (c) test w/ bead in place? (n) ",new$ 
IF new$="" THEN testtype = 1 
IF new$= "n" OR new$= "N" THEN testtype = 1 
IF new$ = "c" OR new$ = "C" THEN testtype = 2 
IF testtype = 0 THEN GOTO 3 
RETURN 

bead. type: 
' ************** Check Bead Type and Specimen Width **************** 
beadcheck= 0 
4 INPUT "Fixed( f) or roller(r) bead test? (r) ",bead$ 
IF bead$ = "" THEN beadtyp = 2 
IF bead$= "f' OR bead$= "F" THEN beadtyp = 1 
IF bead$ = "r" OR bead$= "R" THEN beadtyp = 2 
IF bead$ = "" OR bead$ = "f' OR bead$ = "F" OR bead$ = "r" OR bead$ = "R" THEN 

beadcheck = 1 
END IF 
IF beadcheck <> 1 THEN GOTO 4 
IF beadtyp = 1 THEN 'AND widthtyp = 1 THEN 

die1oadf = 150 
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dieloadr = 150 
dieloadsum = 150 

END IF 
IF beadtyp = 2 THEN 

dieloadf = 150 
dieloadr = 150 
dieloadsum = 150 

END IF 
RETURN 

cable. pot: 
1 ************ Check That Starting at Home Position ****************** 
lO GOSUB board.param 
GOSUB cable.buffer 
GOSUB gain.array 
GOSUB ad.card 
I= 1: cblvolt = 0: cable= 0: sum= 0: num = 0: 
FOR I= l T049 

num = (cbl%(I) * 20! I 4096! + (-10!)) 
sum = sum + num 

NEXT I 
cblvolt =sum I 49 
LOCATE 7: PRINT cblvolt 
IF cblvolt > 7.618 THEN 

LOCATE 8: PRINT "The pull rod is not out far enough!" 
cable= 1 

END IF 
IF cblvolt < 7.613 THEN 

LOCATE 8: PRINT "The pull rod is out too far!" 
cable= 1 

END IF 
IF cable = 1 THEN 

LOCATE 9: PRINT "Hit Enter to move the pull rod to home position." 
DO 

LOOP UNTIL INKEY$ = CHR$(13) 
GOSUB home.position 

END IF 
RETURN 

home. position: 
1 ******************* Move Pull Rod to Home Position ******************* 
GOSUB board.param 
GOSUB cable.buffer 
GOSUB gain.array 
GOSUB ad.card 
LOCATE 8: PRINT II 

I = l: cblvolt = 0: cable = 0: sum = 0: num = 0: 
FORI= 1 T049 

num = (cbl%(I) * 20! I 4096! + (-10!)) 
sum = sum + num 

NEXT I 
cblvolt =sum I 49 
LOCATE 7: PRINT cblvolt 
IF cblvolt < 7.613 OR cblvolt > 7.618 THEN 

OPEN "com1:9600,n,8,1,rs,cs,ds,cd" FOR RANDOM AS #2 
PRINT #2, "on" 
PRINT #2, "me" 
LOCATE 9: PRINT "Proceeding to home position. 
PRINT #2, "1sld3" 

END IF 
LOCATE 8: PRINT II 

I = 1: cblvolt = 0: cable = 0: sum = 0: num = 0: 
FOR I= 1 T049 

num = (cbl%(I) * 20! I 4096! + (-10!)) 
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sum = sum + num 
NEXT I 
cblvolt =sum I 49 
LOCATE 7: PRINT cblvolt 
IF cblvolt < 7.5 THEN 

PRINT #2, "h+" 
PRINT #2, "a50 ad50 v3 g" 

DO 
I= 1: sum= 0: num = 0: cblvolt = 0: home= 0 
GOSUB ad.card 
FORI= 1 T049 

num = (cbl%{1) * 20! I 4096! + (-10!)) 
sum = sum + num 

NEXT I 
cblvolt = sum I 49 
LOCATE 7: PRINTcblvolt 

LOOP UNTIL cblvolt < 7.613 AND cblvolt > 7.5 
PRINT #2, "s" 

END IF 
IF cblvolt < 7.613 AND cblvolt > 7.5 THEN 

PRINT #2, "h+" 
PRINT #2, "a10 ad10 v.05 g" 

END IF 
IF cblvolt > 7.618 THEN 

PRINT #2, "h-" 
PRINT #2, "a10 ad10 v.05 g" 

END IF 
DO 
I= 1: sum= 0: num = 0: cblvolt = 0: home= 0 
GOSUB ad.card 
FORI= 1 TO 49 

num = (cbl%{1) * 20! I 4096! + (-10!)) 
sum = sum + num 

NEXT I 
cblvolt =sum I 49 
LOCATE 7: PRINT cblvolt 

LOOP UNTIL cblvolt < 7.618 AND cblvolt > 7.613 
PRINT #2, "s" 
PRINT #2, "z" 
LOCATE 9: PRINT "Hit Enter when ready to continue." 
DO 

LOOP UNTIL INKEY$ = CHR$(13) 
PRINT #2, "off' 
CLOSE#2 
RETURN 10 

setup.test: 
' ************** Setup Test After Specimen In Grips ***************** 
KEY(!) ON: KEY(5) ON: 
ON KEY(1) GOSUB longgrip.setup 
ON KEY(5) GOSUB shortgrip.setup 
longgrip = 0: shortgrip = 0 
LOCATE 7: PRINT " 
LOCATE 8: PRINT "To setup a long grip test hit Fl." 
LOCATE 9: PRINT "To setup a short grip test hit F5." 
DO 

LOOP UNTIL INKEY$ = "short" OR INKEY$ = "long" 
20 KEY( I) OFF: KEY(5) OFF: 
RETURN 

shortgrip.setup: 
'************ Short Grip Test Start Position ************* 
OPEN "com1:9600,n,8,1,rs,cs,ds,cd" FOR RANDOM AS #2 
PRINT #2, "on" 
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PRINT #2, "alO adlO vi d-IllOOO g" 
LOCATE 8: PRINT "Proceeding to short grip test start point." 
LOCATE 9: PRINT "Hit Enter when ready to continue. 
DO 

LOOP UNTIL INKEY$ = CHR$(13) 
PRINT #2, "off' 
CLOSE#2 
shortgrip = I 
LOCATE 8: PRINT " 
LOCATE 9: PRINT" 
RETURN20 

longgrip.setup: 
'************ Long Grip Test Start Position *************** 
OPEN "comi:9600,n,8,I,rs,cs,ds,cd" FOR RANDOM AS #2 
PRINT #2, "on" 
PRINT #2, "aiO adlO vi d-I63500 g" 
LOCATE 8: PRINT "Proceeding to long grip test start point." 
LOCATE 9: PRINT "Hit Enter when ready to continue. 
DO 

LOOP UNTIL INKEY$ = CHR$(I3) 
PRINT #2, "off' 
CLOSE#2 
longgrip =I 
LOCATE 8: PRINT " 
LOCATE 9: PRINT " 
RETURN20 

setup.question: 
' ************* Continuing Test Short or Long Grips? **************** 
longgrip = 0: shortgrip = 0 
6 INPUT "Continuing test using long (I) or short (s) grips?", grip$ 
IF grip$= "I" OR grip$= "L" THEN longgrip = I 
IF grip$ = "s" OR grip$= "S" THEN shortgrip = I 
IF longgrip = 0 AND shortgrip = 0 THEN GOTO 6 
RETURN 

initial.data: 
' ********* Collect Initial (Zero Point) Data Points ****************** 
LOCATE 9: PRINT " " 
LOCATE I 0: PRINT " 
LOCATE 11: PRINT " 
LOCATE I2: PRINT" 
LOCATE 13: PRINT " 
LOCATE 14: PRINT" 
LOCATE 15: PRINT" 
IF testtype = 2 THEN 

LOCATE 9: PRINT "Raise bead so no load is on it, put LVDT to 3, then after" 
LOCATE 10: PRINT "initial values are read re-insert bead with LVDT at 30." 
PRINT "Hit Enter when Ready to Read Initial Values " 
DO 

LOOP UNTIL INKEY$ = CHR$(13) 
LOCATE II: PRINT "Reading Initial Values 

END IF 
IF testtype = I THEN 
LOCATE 9: PRINT "Reading Initial Values" 

END IF 
inivar = 1: initcheck = 1: arraytype = 1 

GOSUB board.param 
GOSUB initial.buffer 
GOSUB gain.array 
GOSUB ad.card 
IF testtype = 2 THEN 

LOCATE 9: PRINT " 
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LOCATE 10: PRINT II 

LOCATE 11: PRINT II 

LOCATE 12: PRINT II 

END IF 
LOCATE 10: PRINT "Hit Enter to Continue" 
DO 

LOOP UNTIL INKEY$ = CHR$(13) 
LOCATE 9: PRINT II 

LOCATE 10: PRINT II 

LOCATE 11: PRINT II 

RETURN 

die .insert: 

II 

' ***************** Collect Data During Die Insertion ****************** 
diecheck = 0 
25 LOCATE 9: INPUT "Collect Die Insertion Data? (y or n) (n) ",insert$ 
IF insert$= "y" OR insert$= "Y" THEN 

dievar = 1 
diecheck = 1 
LOCATE 9: PRINT II 

LOCATE 9: INPUT"Die Insertion Data File Name:", dieinsert$ 
PRINT "Lower on L VDT3 to roughly 400mils, Hit Enter to Start Data Collection." 
PRINT "Resume Lowering Top Die:" 
PRINT "Fixed: LVDT3 to between- & - mils, then LVDT30 to- . mils." 
PRINT "Mixed: LVDT3 to between -20 & -35 mils, then LVDT30 to -2.7 mils." 
PRINT "Roller: LVDT3 to between -40 & -55 mils, then LVDT30 to -23.7 mils." 
PRINT" II 

PRINT "**THE DTM HEAD HAS A TENDENCY TO DROP QUICKLY WHEN PUMP IS 
OFF!!!!**" 

DO 
LOOP UNTIL INKEY$ = CHR$(13) 

PRINT "Reading Values" 
GOSUB dieinsert.boardparam 
GOSUB dieinsert.buffer 
GOSUB gain.array 
GOSUB ad.card 

END IF 
IF insert$="" OR insert$= "n" OR insert$= "N" THEN 

dievar = 2 
diecheck = 1 
PRINT "Lower bead to test position (listed here)." 
PRINT "Fixed: L VDT3 to between - & - mils, then L VDT30 to - . mils." 
PRINT "Mixed: LVDT3 to between -20 & -35 mils, then LVDT30 to -2.7 mils." 
PRINT "Roller: LVDT3 to between -40 & -55 mils, then LVDT30 to -23.7 mils." 
PRINT" II 

PRINT "**THE DTM HEAD HAS A TENDENCY TO DROP QUICKLY WHEN PUMP IS 
OFF!!!!**" 

PRINT "Hit Enter When Bead is in Test Position" 
DO 

LOOP UNTIL INKEY$ = CHR$( 13) 
END IF 
IF diecheck <> 1 THEN GOTO 25 
LOCATE 10: PRINT II 

LOCATE 11; PRINT II 

LOCATE 12: PRINT II 

LOCATE 13: PRINT II 

LOCATE 14: PRINT II 

LOCATE 15: PRINT II 

LOCATE 16: PRINT II 

LOCATE 17: PRINT II 

RETURN 

tension.specimen: 
' ****** Pull Specimen Back Screw Drive Turn Fraction to Pre-Tension ****** 
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precheck = 0 
30 LOCATE 10: PRINT II 

LOCATE 11: PRINT II 

II 

LOCATE 10: INPUT "Pretension specimen? (y or n): (n) ", preques$ 
OPEN "com1:9600,n,8,1,rs,cs,ds,cd" FOR RANDOM AS #2 
PRINT #2, "on" 
CLOSE#2 
IF preques$ = "y" OR preques$ = "Y" THEN 

precheck = 1 
arraytype = 2 . 
LOCATE 10: PRINT "Hit Enter to Pre-tension Specimen 
DO 

LOOP UNTIL INKEY$ = CHR$(13) 
OPEN "coml:9600,n,8,1,rs,cs,ds,cd" FOR RANDOM AS #2 
LOCATE 10: PRINT "Pre-tensioning Specimen " 
GOSUB dieinsert.boardparam 
GOSUB tension.buffer 
GOSUB gain.array 
GOSUB tension.card 
LOCATE 10: PRINT "Hit Enter to Continue 
DO 

LOOP UNTIL INKEY$ = CHR$(13) 
CLOSE#2 

END IF 
IF preques$ = "" OR preques$ = "n" OR preques$ = "N" THEN 

precheck = 1 
END IF 
IF precheck <> I THEN GOTO 30 
RETURN 

'********************************************************* 
' ************* Board Parameter Subroutines *************** 
'********************************************************* 
board. param: 
' ******************* Board and Data Rate Parameters ********************** 
param%(0) = 0 ' Board number 
param%(1) = &H300 'Base I/0 address 
param%(4) = 2 'IRQ level: IRQ2 
param%(5) =50 'Pacer rate= 1M I (50* 100) =200Hz 
param%(6) = 100 'param(5)=C1, param(6)=C2 
param%(7) = 0 ' Trigger mode, 0 : pacer trigger 
param%(8) = 0 'Non-cyclic 
RETURN 

dieinsert.boardparam: 
'*****Board and Data Rate Params for Die Insertion/Pretensioning ***** 
param%(0) = 0 ' Board number 
param%(1) = &H300 'Base I/0 address 
param%(4) = 2 'IRQ level : IRQ2 
param%(5) = 250 'Pacer rate= 1M I (250 * 200) =20Hz 
param%(6) = 200 'param(5)=C1, param(6)=C2 
param%(7) = 0 'Trigger mode, 0: pacer trigger 
param%(8) = 0 'Non-cyclic 
RETURN 

test.boardparam: 
' ******************* Board and Data Rate Parameters ********************** 
param%(0) = 0 ' Board number 
param%(1) = &H300 'Base I/0 address 
param%(4) = 2 'IRQ level: IRQ2 
param%(5) =50 ' Pacer rate= 1M I (50* 50)= 400Hz 
param%(6) =50 'param(5)=C1, param(6)=C2 
param%(7) = 0 'Trigger mode, 0: pacer trigger 
param%(8) = 0 ' Non-cyclic 
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RETURN 

buffer.set: 
1 ******************** Set Buffer Addresses******************** 
param%(10) = VARPTR(dat%(0)) 1 Offset of AID data buffer A 
param%(11) = VARSEG(dat%(0)) 1 Segment of AID data buffer A 
param%(12) = 0 1 Data buffer B address, if not used, 
param%(13) = 0 1 must set to 0. 
RETURN 

cable. buffer: 
1 **************** Set Buffers for Cable Pot Check**************** 
param%(10) = VARPTR(cbl%(0)) 1 Offset of AID data buffer A 
param%(11) = VARSEG(cbl%(0)) 1 Segment of AID data buffer A 
param%(12) = 0 1 Data buffer B address, if not used, 
param%(13) = 0 1 must set to 0. 
param%(14) = .25 * 1 * 200 1 AID conversion number 
param%(15) = 1 1 AID conversion start channel 
param%(16) = 1 I AID conversion stop channel 
RETURN 

die insert. buffer: 
I *************** Buffer for Die Insertion Data*************** 
param%(10) = VARPTR(die%(0)) 1 Offset of AID data buffer A 
param%(11) = VARSEG(die%(0)) 1 Segment of AID data buffer A 
param%(12) = 0 I Data buffer B address, if not used, 
param%(13) = 0 1 must set to 0. 
param%(14) = 70 * 7 * 20 1 AID conversion number (1 min) 
param%(15) = 0 I AID conversion start channel 
param%(16) = 6 I AID conversion stop channel 
RETURN 

initial. buffer: 
1****************** Buffer for Zero Point Values********************* 
param%(10) = VARPTR(init%(0)) I Offset of AID data buffer A 
param%(11) = VARSEG(init%(0)) 1 Segment of AID data buffer A 
param%(12) = 0 1 Data buffer B address, if not used, 
param%(13) = 0 1 must set to 0. 
param%(14) = .25 * 7 * 200 1 AID conversion number (114 sec) 
param%(15) = 0 1 AID conversion start channel 
param%(16) = 6 1 AID conversion stop channel 
RETURN 

tension.buffer: 
1 ***************** Buffer for Pretensioning Data ********************* 
param%(10) = VARPTR(pre%(0)) 1 Offset of AID data buffer A 
param%(11) = VARSEG(pre%(0)) 1 Segment of AID data buffer A 
param%(12) = 0 1 Data buffer B address, if not used, 
param%(13) = 0 1 must set to 0. 
param%(14) = 5 * 7 * 20 1 AID conversion number (5 sec) 
param%(15) = 0 I AID conversion start channel 
param%(16) = 6 1 AID conversion stop channel 
RETURN 

set.time: 
~************************* Set Test Time *************************** 
1***************** Determine the Number of Data Points ***************** 
1************* Input Voltage Input Parameters************* 
INPUT "Length of test (5 sec maximum):", time 
35 IF time* 7 * 400 > 14000 THEN 

INPUT "Too many data points. Reenter time:", time 
GOTO 35 

END IF 
IF time < 0 OR time = 0 THEN 
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INPUT "Please enter a time greater than zero: ", time 
GOT035 

END IF 
INPUT "Minimum input voltage to display (Negative# or Zero):", ymin! 
INPUT "Maximum input voltage to display (Positive# or Zero):", ymax! 
PRINT "The voltage range to display is from"; ymin!; "to"; ymax!; "V." 
xmin! = 0: xmax! =time 
wpage% = 0: dpage% = 0 
RETURN 

conversion.channel: 
'****************** Sets Number of Data Points****************** 
' ********************* Sets Channels to Scan ******************** 
param%(14) =time* 7 * 400 + 7 'AID conversion number 
param%(15) = 0 'AID conversion start channel 
param%(16) = 6 'AID conversion stop channel 
RETURN 

gain.array: 
' ************************* Define Gain Table *************************** 
ff%(0) = 0 'channel 0 (DBS Load Cell) 0 = +/-5V 
ff%(1) = 8 'channel 1 (Cable Pot Position) 8 = +/-lOV 
ff%(2) = 8 'channel 2 (Cable Pot Velocity) 
ff%(3) = 1 'channel 3 (DTM Load Cell) 1 = +/-2.5V 
ff%( 4) = 8 'channel 4 (DTM LVDT) 
ff%(5) = 8 'channel 5 (Front Die Load Cells) 
ff%(6) = 8 'channel 6 (Rear Die Load Cells) 
ff%(7) = 0 'channel 7 (Die Calibration Load Cell) 
param%(17) = &HFF ' tells to look for gain table 
param%(18) = VARPTR(ff%(0)) 'offset address 
param%(19) = V ARSEG(ff%(0)) 'segment address 
RETURN 

gainarray .print: 
'*************** Print Gain Array ************************ 
PRINT "The current gain table is: " 
PRINT "Channel Gain Code (0=+/-5V; 1=+/-2.5V; 8=+/-10V)" 
FOR I= param%(15) TO param%(16) 

PRINT I; CHR$(9); CHR$(9); ff%(1) 
NEXT I 
INPUT "Hit Enter to continue. ",continue$ 
RETURN 

ad.card: 
' ******************** AID Card Call *********************** 
FUN% = 3 ' hardware initialization 
CALL PCL818H(FUN%, SEG param%(0)) 
IF param%(45) <> 0 THEN PRINT "Driver Initialization Failed!": STOP 
FUN% = 100 'AID initialization 
CALL PCL818H(FUN%, SEG param%(0)) 
IF param%(45) <> 0 THEN PRINT "AID Initialization Failed!": STOP 
FUN% = 105 ' pacer trigger AID conversion with 
CALL PCL818H(FUN%, SEG param%(0)) 'interrupt data transfer , 
IF param%(45) <> 0 THEN PRINT "AID Interrupt Data Transfer Failed!": STOP 
40 FUN% = 106 ' check interrupt status 
CALL PCL818H(FUN%, SEG param%(0)) 
CHK% = (param%(46) AND 1) 
IF CHK% <> 0 THEN GOTO 40 '0: Not active, 1: Active 
RETURN 

tension.card: 
' *************AID Card Call for Pretensioning Specimen ************** 
FUN% = 3 ' hardware initialization 
CALL PCL818H(FUN%, SEG param%(0)) 
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IF param%(45) <> 0 THEN PRINT "Driver Initialization Failed!": STOP 
FUN% = 100 1 AID initialization 
CALL PCL818H(FUN%, SEG param%(0)) 
IF param%(45) <> 0 THEN PRINT "AID Initialization Failed!": STOP 
IF longgrip = 1 THEN PRINT #2, "aS ad2 v.5 d-161700 g" 
IF shortgrip = 1 THEN PRINT #2, "aS ad2 v.5 d-109200 g" 
FUN% = 105 1 pacer trigger AID conversion with 
CALL PCL818H(FUN%, SEG param%(0)) 1 interrupt data transfer 
IF param%(45) <> 0 THEN PRINT "AID Interrupt Data Transfer Failed!": STOP 
45 FUN%= 106 1 check interrupt status 
CALL PCL818H(FUN%, SEG param%(0)) 
CHK% = (param%(46) AND 1) 
IF CHK% <> 0 THEN GOTO 45 1 0 : Not active, 1 : Active 
RETURN 

card.call: 
1 ***********************AID Card Function Calls *********************** 
FUN% = 3 1 hardware initialization 
CALL PCL818H(FUN%, SEG param%(0)) 
IF param%(45) <> 0 THEN PRINT "Driver Initialization Failed!": STOP 
FUN%= 100 1 AID initialization 
CALL PCL818H(FUN%, SEG param%(0)) 
IF param%(45) <> 0 THEN PRINT "AID Initialization Failed!": STOP 
IF longgrip = 1 THEN GOSUB longgrip.test 
IF shortgrip = 1 THEN GOSUB shortgrip.test 
50 FUN% = 105 1 pacer trigger AID conversion with 
CALL PCL818H(FUN%, SEG param%(0)) 1 interrupt data transfer 
IF param%(45) <> 0 THEN PRINT "AID Interrupt Data Transfer Failed!": STOP 
55 FUN%= 106 I check interrupt status 
CALL PCL818H(FUN%, SEG param%(0)) 
CHK% = (param%(46) AND 1) 
IF CHK% <> 0 THEN GOTO 55 1 0: Not active, 1 : Active 
CLOSE#2 
GOSUB motor.off 
RETURN 

longgrip.test: 
1***************** 6 in Test Using Long Grips ****************** 
LOCATE 41, 10: PRINT II II 

rate= 200 
accel = 100 
vel$= LTRIM$(STR$(rate I 10)) 
ace$= LTRIM$(STR$(accel)) 
LOCATE 41,20: PRINT "v"; vel$;", a"; ace$;" Hit Enter to start the test." 
DO 

LOOP UNTIL INKEY$ = CHR$(13) 
LOCATE 41, 20: PRINT "Running Test 
OPEN "com1:9600,n,8,1,rs,cs,ds,cd" FOR RANDOM AS #2 
PRINT #2, "a"; ace$; " ad300 v"; vel$; "d-55000 g" 
RETURN 50 

shortgrip.test: 
1***************** 6 in Test Using Short Grips ********************* 
LOCATE 41, 10: PRINT II II 

rate= 200 
accel = 100 
vel$= LTRIM$(STR$(rate I 10)) 
ace$= LTRIM$(STR$(accel)) 
LOCATE 41, 20: PRINT "v"; vel$;", a"; ace$;" Hit Enter to start the test." 
DO 

LOOP UNTIL INKEY$ = CHR$(13) 
LOCATE 41,20: PRINT "Running Test 
OPEN "com1:9600,n,8,1,rs,cs,ds,cd" FOR RANDOM AS #2 
PRINT #2, "a"; ace$; " ad300 v"; vel$; "d-3000 g" 
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RETURN 50 

motor.off: 
'*************************Turn Resolver Off****************************** 
OPEN "com 1 :9600,n,8, 1 ,rs,cs,ds,cd" FOR RANDOM AS #2 
PRINT #2, "off' 
CLOSE#2 
RETURN 

display .data: 
' ****** Plots 40 points/channel/sec (for 400Hz collection/channel) ****** 
timeseg = 0 
I=O 
60 IF timeseg <=time THEN 

IF I<= param%(14)- 6 THEN 
PSET (timeseg, dat%(I) * 10! I 4096! + (-5!)), 10 
j =I+ 1: PSET (timeseg, dat%(j) * 20! I 4096! + (-10!)), 11 

'(velocity) k =I+ 2: PSET (timeseg, dat%(k) * 20! I 4096! + (-10!)), 12 
I= I+ 3: PSET (timeseg, (-1) * (dat%(1) * 5! I 4096! + (-2.5))), 13 

'(lvdt) m =I+ 4: PSET (timeseg, dat%(m) * 20! I 4096! + (-10!)), 14 
n =I+ 5: PSET (timeseg, (dat%(n) * 20! I 4096! + (-10!))), 15 

. o =I+ 6: PSET (timeseg, (dat%(o) * 20! I 4096! + (-10!))), 15 
timeseg = timeseg + .025 

I= I+ 70 
GOT060 

END IF 
END IF 
RETURN 

'*************************************************************** 
' ********************** Save All Data ************************** 
'*************************************************************** 
save.question: 
' *************************** Ask to Save Data**************************** 
GOSUB write.data 
70 KEY(9) ON 
ON KEY(9) GOSUB motor.home 
LOCATE 41,20: PRINT "To return to home position press F9. 
DO 

LOOP UNTIL INKEY$ = "home" 
75 KEY(9) OFF . 
RETURN 

write.data: 
'************************ Save Data to File **************************** 
LOCATE 41' 20: PRINT II II 

LOCATE 41, 20: PRINT "Saving test data to"; file$;"." 
OPEN file$ FOR OUTPUT AS #3 
PRINT #3, "DBSTEST Program used on"; DATE$;"." 
IF shortgrip = 1 THEN 
PRINT #3, "Short Grip Test with V="; rate; "in/min and A="; accel; "in/min2" 
ENDIF . 
IF Jonggrip = 1 THEN 
PRINT #3, "Long Grip Test with V="; rate; "in/min and A="; accel; "in/min2" 
END IF 
PRINT #3, "dbsload ="; dbsload; "; cblpos ="; cblpos; "; cblvel ="; cblvel; ";" 
PRINT #3, "dtmload = "; dtmload; "; lvdt3 ="; Ivdt3; "; Jvdt30 ="; Ivdt30 
PRINT #3, "Die Offset (subtracted from test data only)="; dieoffset;" lb." 
PRINT #3, "DBS Load (lb)"; CHR$(9); "Position (in)"; CHR$(9); "Velocity (V)"; 
PRINT #3, CHR$(9); "DTM Load (lb)"; CHR$(9); "DTM Pos'n (in)"; CHR$(9); 
PRINT #3, "Die LoadF (lb)"; CHR$(9); "Die LoadR (lb)"; CHR$(9); 
PRINT #3, "Die LdSum (lb)"; CHR$(13) 
1=7 
80 PRINT #3, USING"#####.######"; dbsload * (dat%(1) * 10! I 4096! + (-5!)); 
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PRINT #3, CHR$(9); 
j=l+1 
PRINT#3, USING"###.#######"; cb1pos * (dat%(j) * 20! I 4096! + (-10!)); 
PRINT #3, CHR$(9); 
k=l+2 
PRINT #3, USING"###.#######"; cblve1 * (dat%(k) * 20! I 4096! + (-10!)); 
PRINT #3, CHR$(9); 
1=1+3 
PRINT #3, USING "#####.#####"; dtmload * (dat%(1) * 5! I 4096! + ( -2.5)); 
PRINT #3, CHR$(9); 
m=l+4 
PRINT #3, USING"###.#######"; dtmlvdt * (dat%(m) * 20! I 4096! + (-10!)); 
PRINT #3, CHR$(9); 
n =I+ 5 
PRINT #3, USING"#####.#####"; -(dieoffset I 2) + (dieloadf * (dat%(n) * 20! I 4096! + (-10!))); 
PRINT #3, CHR$(9); 
o =I+ 6 
PRINT #3, USING"#####.#####"; -(dieoffset I 2) + (dieloadr * (dat%(o) * 20! I 4096! + (-10!))); 
PRINT #3, CHR$(9); 
PRINT #3, USING "#####.#####"; - dieoffset + ( dieloadsum * (( dat%(n) * 20! I 4096! + ( -10!)) + 

(dat%(o) * 20! I 4096! + (-10!)))) 
1=1+7 

IF I<= param%(14)- 6 THEN GOTO 80 
GOSUB write.initialdata 
CLOSE#3 
IF dievar = 1 THEN 

GOSUB write.dieinsertdata 
END IF 
RETURN70 

write.initialdata: 
' ************ Data Collection Portion of Initial Data******************* 
LOCATE 41,20: PRINT" " 
LOCATE 41, 20: PRINT "Saving initial data to"; file$;"." 
GOSUB initial. buffer 
1=7 
PRINT #3, "0000.000000"; CHR$(9); "0000.000000"; CHR$(9); "0000.000000"; 
PRINT #3, CHR$(9); "0000.000000"; CHR$(9); "0000.000000"; CHR$(9); 
PRINT #3, "0000.000000"; CHR$(9); "0000.000000"; CHR$(9); "0000.000000" 
85 PRINT #3, USING"#####.#####"; dbsload * (init%(1) * 10! I 4096! + (-5!)); 

PRINT #3, CHR$(9); 
j=l+1 
PRINT #3, USING"###.#######"; cblpos * (init%(j) * 20! I 4096! + (-10!)); 
PRINT #3, CHR$(9); 
k=I+2 
PRINT #3, USING"###.#######"; cblvel * (init%(k) * 20! I 4096! + (-10!)); 
PRINT #3, CHR$(9); 
1=1+3 
PRINT #3, USING"#####.#####"; dtmload * (init%(1) * 5! I 4096! + (-2.5)); 
PRINT #3, CHR$(9); 
m=l+4 
PRINT #3, USING"###.#######"; lvdt3 * (init%(m) * 20! I 4096! + (-10!)); 
PRINT #3, CHR$(9); 
n=l+5 
PRINT #3, USING"#####.#####"; dieloadf * (init%(n) * 20! I 4096! + (-10!)); 
PRINT #3, CHR$(9); 
o =I+ 6 
PRINT #3, USING"#####.#####"; dieloadr * (init%(o) * 20! I 4096! + (-10!)); 
PRINT #3, CHR$(9); 
PRINT #3, USING"#####.#####"; dieloadsum * (( init%(n) * 20! I 4096! + (-10!)) + ( init%(o) * 20! I 

4096! + (-10!))) 
1=1+7 

IF I<= param%(14)- 6 THEN GOTO 85 
PRINT #3, "0000.000000"; CHR$(9); "0000.000000"; CHR$(9); "0000.000000"; 
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PRINT #3, CHR$(9); "0000.000000"; CHR$(9); "0000.000000"; CHR$(9); 
PRINT #3, "0000.000000"; CHR$(9); "0000.000000"; CHR$(9); "0000.000000" 
IF dievar = 2 AND arraytype = 2 THEN 
LOCATE 41, 20: PRINT " 
LOCATE 41, 20: PRINT "Saving pretensioning data to"; file$;"." 

GOSUB tension.buffer 
I= 7 

86 PRINT #3, USING"#####.######"; dbsload * (pre%(1) * 10! I 4096! + (-5!)); 
PRINT #3, CHR$(9); 
j=l+1 
PRINT #3, USING"###.#######"; cblpos * (pre%(j) * 20! I 4096! + (-10!)); 
PRINT #3, CHR$(9); 
k=I+2 
PRINT #3, USING"###.#######"; cblvel * (pre%(k) * 20! I 4096! + (-10!)); 
PRINT-#3, CHR$(9); 
1=1+3 
PRINT #3, USING"#####.#####"; dtmload * (pre%(1) * 5! I 4096! + (-2.5)); 
PRINT #3, CHR$(9); 
m=1+4 
PRINT #3, USING "###.IIIII/####"; dtmlvdt * (pre%(m) * 20! I 4096! + (-10!)); 
PRINT #3, CHR$(9); 
n=l+5 
PRINT #3, USING"#####.#####"; dieloadf * (pre%(n) * 20! I 4096! + (-10!)); 
PRINT #3, CHR$(9); 
o =I+ 6 
PRINT #3, USING"#####.#####"; dieloadr * (pre%(o) * 20! I 4096! + (-10!)); 
PRINT #3, CHR$(9); 
PRINT #3, USING"#####.#####"; dieloadsum * (( pre%(n) * 20! I 4096! + (-10!)) + ( pre%(o) * 20! I 

4096! + (-10!))) 
I=I+7 
IF I<= param%(14)- 6 THEN GOTO 86 

END IF 
CLOSE#3 
RETURN 

write.dieinsertdata: 
' ************ Read Array Points Into Die Insertion Data File ************ 
LOCATE 41, 20: PRINT " " 
LOCATE 41, 20: PRINT "Saving insertion data to"; dieinsert$; "." 
GOSUB dieinsert.buffer 
OPEN dieinsert$ FOR OUTPUT AS #4 
PRINT #4, "Die Insertion Values for"; file$;"."; CHR$(13) 
PRINT #4, "DBS Load (lb)"; CHR$(9); "Position (in)"; CHR$(9); "Velocity (V)"; 
PRINT #4, CHR$(9); "DTM Load (lb)"; CHR$(9); "DTM Pos'n (in)"; CHR$(9); 
PRINT #4, "Die LoadF (lb)"; CHR$(9); "Die LoadR (lb)"; CHR$(9); "Die LdSum (lb)" 
1=7 
90 PRINT #4, USING"#####.#####"; dbsload * (die%(1) * 10! I 4096! + (-5!)); 

PRINT #4, CHR$(9); 
j=I+1 
PRINT #4, USING"###.#######"; cblpos * (die%(j) * 20! I 4096! + (-10!)); 
PRINT #4, CHR$(9); 
k=l+2 
PRINT #4, USING"###.#######"; cblvel * (die%(k) * 20! I 4096! + (-10!)); 
PRINT #4, CHR$(9); 
1=1+3 
PRINT #4, USING"#####.#####"; dtmload * (die%(1) * 5! I 4096! + (-2.5)); 
PRINT #4, CHR$(9); 
m=1+4 
lvdt = 1 
PRINT #4, USING"###.#######"; lvdt * (die%(m) * 20! I 4096! + (-10!)); 
PRINT #4, CHR$(9); 
n=l+5 
PRINT #4, USING"#####.#####"; dieloadf * (die%(n) * 20! I 4096! + (-10!)); 
PRINT #4, CHR$(9); 
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o=l+6 
PRINT #4, USING"#####.#####"; dieloadr * (dieo/o(n) * 20! I 4096! + (-10!)); 
PRINT #4, CHR$(9); 
PRINT #4, USING"#####.#####"; dieloadsum * (( dieo/o(n) * 20! I 4096! + (-10!)) + ( dieo/o(n) * 20! I 

4096! + (-10!))) 
1=1+7 

IF I<= param%(14)- 6 THEN GOTO 90 
CLOSE#4 
IF arraytype = 2 THEN 

GOSUB tension.buffer 
OPEN dieinsert$ FOR APPEND AS #4 
LOCATE 41' 20: PRINT II 

LOCATE 41,20: PRINT "Saving tension data to"; dieinsert$; "." 
PRINT #4, "000.0000000"; CHR$(9); "000.0000000"; CHR$(9); "000.0000000"; 
PRINT #4, CHR$(9); "000.0000000"; CHR$(9); "000.0000000"; CHR$(9); 
PRINT #4, "000.0000000"; CHR$(9); "000.0000000"; CHR$(9); "000.0000000" 
I= 7 

91 PRINT #4, USING"#####.#####"; dbsload * (pre%(1) * 10! I 4096! + (-5!)); 
PRINT #4, CHR$(9); 
j=l+1 
PRINT #4, USING"###.#######"; cblpos * (preo/o(j) * 20! I 4096! + (-10!)); 
PRINT #4, CHR$(9); 
k=1+2 
PRINT #4, USING"###.#######"; cblvel * (preo/o(k) * 20! I 4096! + (-10!)); 
PRINT #4, CHR$(9); 
1=1+3 
PRINT #4, USING"#####.#####"; dtmload * (pre%(1) * 5! I 4096! + (-2.5)); 
PRINT #4, CHR$(9); 
m=l+4 
PRINT #4, USING"###.#######"; dtmlvdt * (preo/o(m) * 20! I 4096! + (-10!)); 
PRINT #4, CHR$(9); 
n=l+5 
PRINT #4, USING "#####.#####"; dieloadf * (preo/o(n) * 20! I 4096! + ( -10!)); 
PRINT #4, CHR$(9); 
o =I+ 6 
PRINT #4, USING"#####.#####"; dieloadr * (preo/o(o) * 20! I 4096! + (-10!)); 
PRINT #4, CHR$(9); 
PRINT #4, USING"#####.#####"; dieloadsum * (( preo/o(n) * 20! I 4096! + (-10!)) + ( preo/o(o) * 20! I 

4096! + (-10!))) 
1=1+7 
IF I<= param%(14)- 6 THEN GOTO 91 
CLOSE#4 

END IF 
RETURN 

motor.home: 
' **************** Return Motor to Starting Position ****************** 
OPEN "com1:9600,n,8,1,rs,cs,ds,cd" FOR RANDOM AS #2 
PRINT #2, "on" 
PRINT #2, "xr1" 
PRINT #2, "a10 ad20 v.5 d-1000 g" 
LOCATE 41' 20: PRINT II 

LOCATE 41,20: PRINT "Hit Enter when ready to continue." 
DO 

LOOP UNTIL INKEY$ = CHR$(13) 
PRINT #2, "off' 
CLOSE#2 
RETURN75 

SUB grpaxisb (xmin!, xmax!, ymin!, ymax!, wpage%, dpage%) 
'plotting area setup routine 
'need to input xmax!, xmin, ymin!, ymax! 
'variables used- xmin, xmax!, ymin!, ymax!, ytick, xtick, x1, x%, y1, y1 
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'INPUT xmax!, ymax! 
'modified 213195 to fit DBS test parameters 
CLSO 
SCREEN 9, 0, wpage%, dpage% '640x350 resolution requires EGA 
WIDTH 80, 43 'high resolution text 
VIEW (56, 0)-(600, 300), 1, 11 'set physical viewport and box 
WINDOW (xmin!, ymin!)-(xmax!, ymax!) 'window with logical max x, y. 
LINE (xmin!, ymin!)-(xmax!, ymax!),, B 'draw axis 
ytick = (ymax! - ymin!) I 100 'draw tick marks every 112 sec 
x1 = (xmax!- xmin!) I (2 * xmax!) 'on x axis 
FOR x% = 1 TO (xmax! * 2) 
LINE (x1 * x% + xmin!, ymin!)-(x1 * x% + xrnin!, ymin! + ytick) 
NEXTx% 
xtick = (xmax! - xmin) I 100 'ticks on y axis 
y1 = (ymax!- ymin!) I 5 
FORy%= 1 T04 
LINE (xmin, yi * y% + ymin!)-(xmin + xtick, y1 * y% + ymin!) 
NEXTy% 
LOCATE 1, I, 1 

PRINT USING "###.#"; ymax! 
LOCATE 8, 1, I 'locate cursor y axis labels 

PRINT USING"###.#"; ymax!- y1 
LOCATE 16, 1, 1 

PRINT USING"###.#"; ymax!- yi * 2 
LOCATE 23, I, I 

PRINT USING"###.#"; ymax!- yi * 3 
LOCATE 3I, I, I 

PRINT USING"###.#"; ymax!- y1 * 4 
LOCATE 38, 1, 1 

PRINT USING "###.#"; ymin! 
LOCATE 40, 4, I 'print x axis labels 

PRINT USING "###.#"; xmin 
LOCATE 40, I8, I 

PRINT USING"###.#"; xmax! I 5 
LOCATE 40, 32, I 

PRINT USING "###.#"; 2 * xmax! I 5 
LOCATE 40, 45, 1 

PRINT USING "###.#"; 3 * xmax! I 5 
LOCATE 40, 59, I 

PRINT USING"###.#"; 4 * xmax! I 5 
LOCATE 40, 73, 1 

PRINT USING "###.#"; xmax! 
END SUB 
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Appendix C: Representative Micrographs of AA2008, AA6009, and AA6111 

a) 

b) 

c) 

Figure Cl Microstructures of a) 2008, b) 6009, and c) 6111 sheet alloys. 
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Appendix D: EBT Forming Friction Strain Gauge and Load Cell Results 

Figure Dl DBS-Jl strain gauge and load cell setup results for 2008 EBT.l. 

§ 0.11 ~~~~~~~~~~~~~~~~~~-2-0-0~8-=E=n=T-.2~ 

·-'t) 0.10 ·-~ 
~ 0.09 

Figure D2 DBS-Jl strain gauge and load cell setup results for 2008 EBT.2. 
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~ 
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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EBT Pattern 
Figure D3 DBS-Jl strain gauge and load cell setup results for 6009 EBT. 
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Appendix E: 

DBS Load Cell Setup Forming Friction Data For All Patterns in Column Form 

lli! 2008.llc AL ~ 
D 2008.llc AT ··············· I ······· ·· 

~ 
······· ··· ···· · ·· · ···················· · · · · ·· · ········ · · ···· · ······ ~ ········ · 

~ ········ ;t ········· 

~ 2008.llc BL 
D 2008.llc BT 

Figure El DBS-!l results for 2008 MF, 2008 EDT, and 2008.1 EBT sheets. 

6009lc AL 
6009lc AT 

2008.2lc BL 
2008.2lc BT 

8B 

7B 8B 

Figure E3 DBS-!l results for 6009 MF and 6009 EBT sheets. 
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a) 

= 0. 1 0 ,-,--,--r-r--,--,.,--,--.----------, 0. 1 0 ,-,--,---.-..,--,-.,---,--,.----- -----, 
o ~ 6111.1lc AL ~ 611l.llc BL 

::= 0.09 D 611l.llcAT 0.09 D 6111.1lcBT 
~ ·-~ 0.08 

Ol) 0.07 

2A 3A 4A 5A 6A 7 A 
Pattern 

b) 

~ 6111.2lcBL 
D 6111.2lcBT 

2B 3B 4B 5B 6B 7B 8B 
Surface 

Figure E4 DBS-J..! results for a) 6111 .1 EBT, and b) 6111 .2 EBT sheets. 
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Appendix F: Calculation of Surface ParametersA2 

Two Dimensional (2D) Surface Parameters: 
Surface Parameter Name Symbol 

Roughness Average Ra,AA,CLA 

Equation 

1 
N 2 2 

Root Mean Square Roughness 
( 

x=L J LIYil 
Rq = _!_ J y2 dx = ...::i==1 __ 

Lx=O N 

1 1 N 3 
Skew= 3 LYi 

(Rq) N i=1 
Skewness Skew 

1 1 N 
Kurt= 4 · LYf 

(Rq) Ni=1 
Kurtosis Kurt 

Lis the sampling length and Yi is the distance of point i from the center line along the 

sampling line of length N points. 

Three Dimensional (3D) Surface Parameters: 
Surface Parameter Name Symbol Equation 

C R N 

LLIYijl LIYil 
Roughness Average Ra,AA,CLA R = i=1j=1 = i=1 

a R*C N 

1 1 -

Root Mean Square Roughness Rq 

2 -

C [ R 2 J N 2 
2 

Rq = i ~ 1 j ~lircl = LIYd 
i=1 

R*C N 

1 1 N 3 
Skew= 3 LYi 

(Rq) Ni=1 
Skewness Skew 

1 1 N 4 

Kurt= ( )4 N ~Yi 
Rq 1=l 

Kurtosis Kurt 

R and C are the number of rows and columns, respectively, of the 2D matrix, N is the 

total number of points, RxC, collected over the profiled area, and y rc and Yi are the point 

distance from the average surface value calculated from all points in the profiled area. 
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