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INTRODUCTION 

BACKGROUND 

Electrogalvanized (EG) zinc coatings are increasingly being applied to sheet metal 

used in automotive body panels to improve corrosion resistance [1,2], and therefore 

enhance the lifetime of vehicles. EG steel is essentially the same low carbon steel as was 

previously used for automotive body panels, but with the addition of a 5 to 10 J..Lm thick 

electrodeposited zinc coating on one or both sides of the sheet. The zinc layer does not 

significantly alter the mechanical properties of the underlying base metal [3], but does 

change forming, welding and painting properties of the sheet, and thereby introduces 

difficulties into the vehicle manufacturing process. The forming problems are twofold. 

First, the zinc galvanizing layer increases the friction between the workpiece and the 

tooling during forming [ 4 ]. Second, the frictional properties of EG steel can vary 

significantly from one steel manufacturer to another, and even from lotto lot from a single 

steel company [3]. To improve the capability of automobile manufacturers to utilize EG 

sheet steel in vehicle manufacture, it is necessary to have an understanding of the 

metallurgical properties which affect friction during forming, and to provide reliable 

specification, inspection and quality control procedures. 

The existence of friction in the forming process is not a problem. In fact, friction is 

necessary in sheet metal forming operations, as it is used to generate restraining forces 

which control the flow of material into the dies which give the desired shape to parts. 

However, too much friction can result in splitting or tearing of the sheet, usually at the die 

radius, or in the region between the binder and the punch (Figure 1). Too little friction 

allows too much material to flow into the die and causes wrinkling of the sheet. The 

variability of the frictional properties of EG steel is therefore an important problem for 

manufacturers. 
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Using a very thick layer of lubricant to cover the surface and prevent any metal-to­

. metal contact between the workpiece and tooling would effectively remove the effect of the 

workpiece surface, however this is not a practical solution_ to the problem since 

subsequent to the forming process a part must be cleaned of the lubricant for welding and 

painting processes. A heavy layer of lubricant would thus cause further problems beyond 

the forming process. 

Measuring frictional properties of a material always involves the conditions under 
' 

which the friction occurs; the material sliding against the test material, the geometry of 

contact, the conditions of the surfaces, and the speed of the relative motion of the sliding 

bodies all affect the frictional properties of a material [5-13]. Therefore many tests have 

been devised and used to measure these properties for all types of engineering applications. 

For sheet metal forming operations there are numerous standard tests employed to guage 

the frictional properties of materials. These tests range from those that model actual 

forming process to those that simply slide a test piece over a flat surface of the tooling 

material. The former tend to convolve the bulk and surface properties but utilize a test 

geometry as close as possible to that found in the production shops. The latter separate out 

the. surface interaction, but generally at the expense of having a geometry that is not as 

representative of the actual forming processes modeled. Data obtained from any test must 

be viewed with consideration of the type of test performed. 

PREVIOUS RESEARCH 

Though the EG zinc layer on the steel does not change the bulk mechanical 

properties of the sheet, it does have an effect· on how the surface interacts with its 

tribological environment. The zinc layer has a lower hardness than the underlying steel 

and has an anisotropic (hexagonal close-packed) crystal structure, unlike the cubic 

structure of the steel. Both of these properties lead to increased deformation of the surface 

under loading and promotion of transfer of metal to the opposing surface during 

deformation [14-22]. The anisotropy of the zinc layer indicates that the friction of a coated 

2 



surface should be dependent on the crystallographic texture of the zinc layer. This 

crystallographic texture is a product of the many variables of the coating process [3]. The 

lower hardness of the zinc layer would not show the same dependence on these coating 

process parameters. 

Shaffer [3] has shown that the crystallographic texture of the galvanized coating 

has only secondary importance in the frictional properties of EG sheet steel since all initial 

textures transformed during the testing to a single texture by either a twinning or 

recrystallization mechanism. This suggests that the hardness of the coating is the dominant 

property of the coating affecting friction. Nakamura et al [23] studied the effect of coating 

type on friction, and their results show that coatings that are alloyed compounds of zinc 

and either nickel or iron have lower friction in their tests. Since alloyed coatings are harder 

than pure zinc, this indicates that increasing the hardness of the coating improves the 

frictional characteristics of the coated sheet steel. However, at present American 

automobile manufacturers use non-alloyed zinc coatings [ 4]. Since the hardness of the 

zinc coating does not change significantly with electro galvanizing process parameters, only 

with the composition of the coating, pure zinc EG steels would not be expected to exhibit 

the variability of frictional properties that are observed with them in stamping plants. 

It is possible that the coating accentuates some property of the underlying steel 

surface which controls the frictional properties of the sheet, rather than affecting the 

friction independently. Several researchers have found that the surface morphology of the 

sheet steel is a major factor in the frictional properties of sheet steel [24-35]. In studying 

uncoated sheet steel, Hilsen and Bernick [24] suggested an optimum surface morphology 

in the way of a window of peak count and roughness average to minimize friction. 

Marique et al [25] proposed an anti-galling surface which requires a minimum value of the 

product of roughness average and mean length of peaks, but only when the roughness of 

the tooling was comparable to that of the sheet. To date no such correlations have been 

found to describe zinc-coated sheet steels. 
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Researchers have found a correlation between the apparent area deformed during 

sheet metal friction tests and the coefficient of friction measured for both coated and 

uncoated sheets [3,26]. This area deformed is related to both the hardness of the surface 

and the original surface morphology of the sheet. If the original morphology of the sheet 

metal is an important factor in determining its frictional properties, then coating the surface 

may either change the morphology in some way which affects these frictional properties, 

or it may accentuate the effect of the initial surface morphology on friction. 

OBJECTWE 

The objective of this research is to analyze the role of surface topography on the 

frictional properties of EG sheet steel as measured with the Drawbead Simulator (DBS) test 

designed by Harmon Nine of General Motors Co., which is a common friction test used 

by the automobile industry that correlates well with stamping plant performance [4]. 

METHOD 

This study has two major components. First, a set of commercial samples with a 

wide range of DBS friction values was analyzed, to see if there was a dominant effect of 

. the surface topography on the frictional properties of commercial EG steels, and find out 

what properties of the surface morphology if any would correlate to the coefficient of 

friction measured in the DBS test (J.lnBs). Second, a set of similar sheet steels of various 

surface preparations was coated under the same conditions, so as to isolate the effect of the 

surface morphology during the DBS test. This, in addition, suggests processing methods 

which would produce more acceptable sheet steels. 
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EXPERIMENTAL PROCEDURES 

DRA WBEAD SIMULATOR TESTS 

The drawbead simulator, developed by Harmon Nine [36] at General Motors, was _ 

developed as a means of ranking lubricants used in stamping processes. For this 

investigation it has been used to compare the frictional properties of different sheet steels. 

This has been done by choosing a single lubricant to be used for all tests, while varying the 

sheet metal samples. The lubricant chosen was a SUS 60-viscosity mineral seal oil, which 

is normally used as a rust preventative oil and has rather poor lubricating properties. This 

choice was made so that the lubricant would not mask the surface characteristics of the 

steels as a more effective lubricant might 

The concept of the drawbead simulator test is to pass a sheet through a test 

geometry simulating the draw bead portion of the die, Figure 2, and to be able to separate 

the restraining force due to the bending and unbending of the sheet from that due to 

friction. This is achieved by employing two sets of draw beads, of identical geometry and 

material. One set is mounted on roller bearings which reduce the frictional restraint by an 

order of magnitude, so friction has a negligibly small contribution to the restraining force 

on the sheet Thus the measured pulling load is due only to the deformation of the sheet as 

it is pulled through the geometry of the test. The other set of beads are fixed in position, 

as opposed to having a rolling surface, and therefore the pulling force measured is the 

combined restraint due to sliding friction and bending deformation. 

In order to compare loads measured in these two test geometries, three identical 

sheets are pulled through each fixture, for a, total of six tests. The pulling and clamping 

loads of the three test strips are averaged for each drawbead fixture, rolling and fixed. The 

coefficient of friction for the test is calculated as the difference between the average pulling 

force in the fixed bead fixture and the roller bead fixture, divided by the average normal 
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force. Smce the normal force is set by the spacing of the draw bead geometry and the yield 

strength of the sheet metal, this is the same for both fixtures. 

To isolate the zinc coated surface of each sheet pulled through the DBS test 

mechanism, the method used by Shaffer [3] was employed. This method eliminates the 

surface effect of the non-coated side of the test strip by always using roller fixtures on the 

double bead side of the test fixture. Thus the only friction involved with the fixed bead is 

that due to the coated side of the test strip sliding over the single bead. This requires that 

the coated side of each test strip face the same direction in the test geometry for all tests. 

With this adaptation, the coefficient of friction is calculated as 

(1) 

where Fpf is the measured force pulling the sheet through the geometry with the fixed 

beads, Fpr is the measured force pulling the sheet through the geometry with the roller 

beads, and Fn is the normal force applied to the single bead to maintain the test geometry. 

These forces are indicated in Figure 2. 

All DBS testing was performed at Ford Motor Company testing facilities. The 

samples were lubricated prior to testing by applying the mineral seal oil by brush to reach a 

saturated lubricated condition on each surface of the sheet. The tests were performed 

under stroke control at 80 mrnlsec pulling speed: 

For a more complete description of the DBS test and details regarding the 

calculation of the coefficient of friction, one is referred to several papers by Harmon Nine 

and his co-workers at General Motors [36-39]. 

SAMPLE PREPARATION 

The experiments were performed on two sets of specimens. The first was a group 

of commercial steel specimens from various steel producers which, when tested by Ford 

Motor Company, were found to exhibit a wide variation in coefficient of friction in the 
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Drawbead Simulator (!loBs). The samples are listed in Table 1 in order of increasing 

values of JlDBS. Each was given a letter designation by Ford to indicate their origin and 

type of manufacture. These designations are used in this investigation only for the purpose 

of identification during the comparison of their surface characteristics. These DBS 

specimens were obtained from Ford after having been tested in their DBS machine. Each 

was a 30 em by 5 em strip. A 12.5 em section at one end of each specimen was deformed 

l;>y the drawbeads during the DBS test. This section was used for the analysis of area 

fraction deformed which is described in the following section. At the other end of the 

specimen a 2.5 em section had its surface deformed by the clamp which pulls the specimen 

through the drawbeads. This section was not used in any of the analyses performed for 

this study. The area between these two deformed sections is left unchanged by the DBS 

test. This undeformed area was used for analysis of the surface morphology of the 

specimens. 

To prepare the specimens for subsequent measurements, the specimens were first 

carefully rolled flat between 2 mm thick cardboard sheets, which protects the surface of the 

specimens from further deformation. Flat specimens are necessary for the optical 

techniques used in area fraction deformed measurements, and facilitates surface 

profilometry. Then the deformed and undeformed sections were separated by a sheet metal 

shear. The pieces are cleaned for one minute in acetone and then ethanol to remove any 

dirt and oils remaining on the surface, and then air dried. The deformed sections were then 

marked with a grid for use in area fraction measurements. 

The second set of samples were chosen to examine the effect of different 

processing of the rolls used in the final, temper roll of the sheet. The temper roll is the 

final step in the production of sheet metal. This step reduces the thickness of the sheet to 

its final dimension and embosses the surface of the sheet with the pattern from the rolls for 

the final surface appearance of the sheet. The pattern is imparted to the rolls by one of 

several processes. The three most common are shot blasting, electro-discharge texturing 
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-(EDT), and laser texturing. The surface patterns produced by each of these processes are 

markedly different. 

The second set of samples, twelve 50 em by 65 em bare steel sheets, were supplied 

by the LTV Steel Co. Four of these sheets were rolled with laser treated rolls, four were 

rolled with electro-discharge textured (EDT) rolls, and four were rolled with shot blasted 

rolls. Of the four sheets from the laser treated rolls, there were two sheets from ea~h of 

two coils made under the same temper roll conditions by the same laser treated rolls. 

Sheets from each coil are indicated as Laser I and Laser2. The four EDT samples :Uso carne 

from two different coils, and the samples of each are indicated as EDTl and EDT2. 

(Using sheets from two different coils can provide information about how the surfaces 

produced during the temper pass changes with roll wear, even if the process parameters 

were otherwise the same.) The four sheets from the shot blasted rolls were from two coils 

which had different temper pass conditions. The two sheets from the first roll were 

reduced 0.2% on the temper pass. Samples from this sheet were labeled Shotl. The two 

sheets from the second coil were reduced 2% on the temper pass. Samples from this sheet 

were labeled Shot2. Both coils were produced with the same shot blasted rolls. 

The sheets received were nominally 50 em by 65 ern. These were cut into 50 ern 

by 15 em strips on a sheet metal shear for the purpose of applying the electrogalvanized 

layer using a laboratory coating apparatus at LTV. These samples were analy~ed witQ the 

profilometer and then sent to LTV's research laboratory for coating with a 10 J..Lrn thick 

coating of pure zinc on a single side of each sample. After the coating was applied, the 

samples were re-profiled to observe any changes of the surface morphology due to the 

coating process. 

In order to make the most efficient use of a limited supply of material, the 50 ern 

sheets were then cut into 5 em by 15 em inch strips and deburred. Since the length of the 

area deformed in the DBS test is only 12.5 ern of the specimen, this 15 em specimen length 

provided enough material to be drawn through the drawbead fixture, but not enough to 
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reach the grips which provide the pulling force. A 1 em wide area on one end of each strip 

was then sanded to remove the zinc coating. This allowed a 12 em leader strip of non­

galvanized steel sheet to be carefully spot welded to the sheets, without marring the 

galvanized surface. This leader strip provides enough sheet length to be able to pull the 

samples through the DBS tester. The samples with the leader welded on were then cleaned 

with acetone and ethanol and air dried. 

After DBS testing the samples, the leader strip was removed and discarded. The 

deformed samples were then flattened, cleaned, and marked with a grid for area fraction 

measurements as with the first set of samples. 

AREA FRACTION DEFORMED MEASUREMENTS 

The measurement of the area fraction deformed during the DBS test was done by 

contrast imaging on a Nikon microscope fitted with a video camera linked to an IBM 

personal computer running JAVA image processing software. As shown in Figure 3, the 

through the lens light source of the microscope illuminates the entire surface, but where the 

surface has been smoothed due to the DBS deformation, the light reflects directly whereas 

undeformed areas reflect the light diffusely. The viewed image then appears bright where 

deformation has taken place and darker where it has not been deformed. By setting 

contrast levels to single out only the higher brightness pixels, the percentage of the image 

that is deformed can be determined. By taking a large number of measurements over the 

entire surface, an average area deformed can be calculated for the specimen. In this study 

three measurements were taken in each section of an eight section by five section grid 

covering each specimen, giving 120 measurements per specimen. Each of the three fixed 

bead DBS specimens was measured in this manner and the results averaged to give the 

representative value of area fraction deformed. 
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SURFACE TOPOGRAPHY 

Describing the morphology of a surface requires a method for mapping the 

variation in height of a surface over a prescribed r,egion - the topography - and some 

method of statistical analysis to reduce this map to a more tractable numerical value or 

function. This statistical result describes some characteristic of the surface. I;or example, 

the difference in height between the highest spot on the surface and the lowest would be a 

single statistical parameter to describe the roughness, or variation perpendicular to the 

nominal plane of the surface. Various surfaces can be compared by their corresponding 

value of a given parameter. 

In order to create this topography of a surface many techniques have been devised. 

The most common is profilometry, which is the recording of the height of a stylus as it 

traverses in a single line over a surface. This method was originally developed for use 

with single point tooling machined surfaces, which are characterized long furrows cut into 

the surface by the tool. A morphology of this type can be described quite completely by a 

single line trace. Profilometry was the method of surface mapping used in the present 

experiment. 

A stylus measurement device allows measurement of a surface with substantial 

roughness amplitude yet still obtain a very good spatial resolution. The stylus profiler 

used in this study has a vertical resolution of O.Ol~m. However, for surfaces not created 

by single point tool machining, as is the case with sheet metal, a single trace cannot give 

sufficient information to make valid comparisons. This can be overcome by taking 

numerous traces covering a small area of the surface in question. 'These traces can be 

combined when computing the statistical parameters describing the surface. 

In order to perform the statistical calculations on multiple traces and to include any 

statistical analyses of possible relevance it is necessary to record the surface topography, 

without filtering, and store the information for later statistical analysis on a computer. This 

was achieved with a modified Clevite Model 150 SurfAnalyzer, using a 5 ~m radius 
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diamond stylus tip, and a 25 mg. load. The 5 Jlm radius tip is smaller than the nominal 

10 Jlm standard, and allows the measurement of some of the finer details of the micro­

roughness created by the zinc coating. The 25 mg. load was light enough to prevent the 

scratching of the relatively soft zinc surfaces. The analog signal produced by the 

Surfanalyzer was collected through an analog to digital converter and stored on disk by an 

IDM personal computer for later analysis. 

For each specimen, eight parallel profiles of 5 mm length each, spaced 100 Jlm 

apart, were taken parallel to the rolling direction, and eight in the transverse direction. The 

number of profiles taken corresponds to the number needed to arrive at a consistent value 

for the statistical parameters calculated of the profiles. 

PROFILE ANALYSIS 

The analysis of the topography measured by the profilometer must in some way 

distinguish features of the surface of one specimen from another. Surfaces are made up 

what are termed peaks and valleys in the ANSI/ASME standard [40], which correspond to 

points of maximum deviations from the nominal surface. The characterization of these 

peaks and valleys, can be generally put in three categories: roughness, or height of peaks 

(and corresponding depth of valleys); peak distribution, or spacing of (distance between) 

peaks and valleys; and shape of peaks and valleys. Numerous statistical parameters used 

throughout the world are listed in texts on surface metrology [ 40-43]. 

For this study, those statistical parameters used were Ra, the arithmetic average of 

the roughness height variation of the profile, Rsk (skewness) which gives a measure of 

how the points on the surface are distributed about the nominal surface, and Rku (kurtosis) 

which meausres the sharpness of the peaks on the surface, and P c• the peak count, to 

measure the spacing of the peaks. Also, to study how the surface supports a load as it is 

abraded away with testing, the bearing area curve (BAC) was used. In addition, to give a 

different method of measuring the height and spacing of the peaks on the surface, the 

fourier power spectrum was employed. This method takes a profile of the surface which is 
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represented as the variation in height as a function of position, and transforms it into a 

series of sine waves plotted as amplitude as a function of wavelength. This set of sine 

waves add to create the original profile. The power spectrum is the plot of the amplitude 

squared versus wavelength. From the power ~pectrum the total power (the integral of the 

spectrum) gives a measure of the roughness height and the median wavelength of the 

spectrum, Am, represents an average spacing of the peaks. Numerous texts on fourier 

transforms provide detailed discussions on these spectral techniques [44-47]. All of these 

statistical measures are more thoroughly discussed in Appendix B. The FORTRAN 

routines employed in the calculation of the statistical parameters is listed in Appendix C. 
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EXPERIMENTAL RESULTS 

COMMERCIAL SAMPLES 

Single Value Parameters 

The surface parameters for the commercial specimes are listed in Table 1. By 

measuring the samples in both the rolling and transverse directions it was noted that for 

single value parameters the value was not dependent on trace direction. Since these sheets 

were apparently processed with shot blasted rolls this would be expected, as the shot 

blasting operation is inherently non-directional and results in a fairly gaussian surface 

morphology in all directions.. The power spectra were also similar when calculated from 

traces in different directions along the surface of the sheet. 

When comparing the parameters to the coefficient of friction measured for these 

sheets no direct correlation held for a single parameter. As has been suggested by other 

researchers [31-35], there is the general trend that the sheet surfaces with higher roughness 

tend to have the lowest friction, but there are several exceptions, most notably the samples 

labeled RC, R18, and F14. The samples RC and R18 had reasonably high Ra yet still had 

a moderately high coefficient of friction, though not the highest. In the case of Fl4 the 

sample had the lowest Ra of all the samples'and one of the lowest coefficients of friction. 

However, as will be shown in the description of the BAC results, the surface of the F14 

sample did not undergo the extensive deformation, while the other samples did, which 
I 

suggests that the DBS test was not performed in the same way as the other samples. 

The samples with low friction also tended to exhibit skewness Rsk values close to 

zero. All the samples with Rsk which deviated from zero exhibited high friction. By 

observing the actual profiles of these specimens on realizes that the Rsk values not close to 

zero indicate a surface with either large plateaus or isolated sharp peaks, either of which 
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might be expected to generate higher friction during sliding. However it is noted that two 

samples with higher friction also exhibited skewness close to zero. 

The Kurtosis (Rku) was fairly constant at slightly below gaussian for most 

samples, with the only large deviations from samples which exhibited high friction. 

The Peak Count (P c) varied considerably between samples, but these variation 

showed no correlation at all with the coefficient of friction for a corresponding sample, no 

matter how the window height parameter, b, was defined. The P c was not always as 

consistent when calculated from profiles in different directions as the other single value 

parameters, though these variations did not give correspondence between the parameter 

and frictional properties. 

Bearing Area Curves 

The BAC's for each of the samples is plotted in Figure 4. Note that instead of 

plotting versus depth of the profile as is done in [40,41], the bearing area is plotted against 

the volume of material that would be removed from profile if the surface had been abraded 

to that height (which is different from the actual deformation which occurs during forming, 

where the material plastically flows under loading). This was done to indicate the amount 

of real contact area for a given volume work of deformation. The volume removed is 

calculated by integrating the change in bearing area from the initial point of contact to the 

abraded height. 

This provides a simple model to compare· with the area fraction deformed 

measurements made of post-friction tested surfaces. The surfaces that give rise to larger 

area of contact with less deformation of the surface correspond to the samples with higher 

friction, except for sample F14. When the same plot is made of the post deformation 

surfaces of the specimens, as in Figure 5, one notes that all the samples have BAC's which 

$hift toward a median curve with the exception of sample F14. As was noted earlier, this 

. result indicated that the surface of the F14 sample did not undergo the extensive 
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deformation that the other sample surfaces did. It was also noted that this lack of change in 

the surface held true for the other surface parameters as well. 

Power Spectra 

The power spectra for each of the samples is shown in Appendix A. One property 

that is apparent at a glance from these plots is that the surfaces with higher roughness 

contain more power over the entire spectrum than those with lower Ra. This is born out 

mathematically as the area under the power spectrum (or the integral of the spectrum) 

scales with Ra. (The two calculations are analagous, only one is done in fourier space 

rather than real space.) However, the power spectrum also provides a description of the 

spacing of the roughness which allows a more complete picture of the types of surfaces 

which lead to low and high friction. In Figure 6, four power spectra are shown which 

illustrate how the spacing distribution of roughness correlates to the DBS friction values. 

The spectrum of sample Fl8 is indicative of very low roughness and, as would be 

expected, this sample exhibits high friction. The spectra ~rom the other three samples, 

F22, Rl, and R18, all indicate significant roughness, but sample R18 exhibited high 

friction unlike the others. The total roughness (area under the spectrum) is the same for 

samples F22 and R18, but the roughness in both R18 and Rl is more concentrated in the 

longer wavelengths than in F22. This indicates that the roughness necessary to result in 

good frictional properties in the DBS test is more effective at shorter wavelengths. If a 

surface has the majority of its roughness at longer wavelengths, then for lower friction it 

requires even more roughness to compensate. 

Area Fraction Deformed 

The area fraction deformed measurements for the commercial samples is shown in 

Figure 7. Though there is more scatter in these data than in previously reported results, the 

overall trend of increased area deformed corresponding to higher friction values in the DBS 

test is the s~e as in previous work by Shaffer [ 3]. This indicates that the DBS results are 
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more dependent on the amount of metal to metal contact during the sliding through the test 

geometry than on the initial deformation of the surface. 

LABORATORY SAMPLES 

Change of Morphology by Coating 

The surface parameters measur~d before and after coating of the specimens are 

listed in Table 2. By analyzing the surface characteristics of the samples before and after 

coating, one can determine if the coating process changes the surface morphology and 

thereby the frictional characteristics of the sheets. For the single value parameters the 

changes were slight between the surfaces of the uncoated and coated steels. The Ra 

generally decreased slightly upon coating. However most surfaces exhibited no change at 

all in Ra which suggests that the coating generally conforms to the underlying sheet's 

morphology without changing it much 

The Rsk shifts from slightly more plateaus to slightly more valleys in the surface 

(Rsk changes from positive to negative), but this change is negligible compared to the 

variations seen in the commercial samples. 

The Rku also exhibits a shift upon coating which is also small in comparison with 

the variations observed in the commercial samples. It is interesting to note, though, that in 

all cases the change is towards a broader gaussian distribution, which means that sharper, 

more isolated peaks have been smoothed out some. Often in static electroplating processes 

the peaks on the surface act as sites for faster deposition and therefore the peaks are 

accentuated. 

There was no noticeable change in the power spectra or the Bearing Area Curves 

upon coating. All of these results suggest that the coating process does not sign~ficantly 

alter the surface morphology of the underlying sheet. This has been observed previously, 

howev:er, Shaffer [3] noted that for his cadmium doped samples he measured a significant 

increase in the roughness in the highest concentration of cadmium. In this study the 
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roughness imparted by the coating is of a sufficiently small scale to not affect the statistical 

parameters. 

Directionality of Surface Morphology 

From Table 3 it is clear that for the single value parameters the difference in the 

direction of the surface profile trace had little effect. This is not true, however, for the 

power spectra. For the shot blasted surfaces the processing of the roll surface is a random 

process and should be non-directional. EDT surfaces also tend to be random surfaces 

Laser treated rolls, however, impart a definite pattern to the surface of the sheet steel and 

therefore might be expected to have different values for the parameters of profiles 

measured in different directions along the surface. The power spectra for the laser textured 

sheets are significantly different when measured in different directions. In Figure 8 it is 

clear that in the longitudinal direction there are clear peaks in the power spectrum which 

indicate a strong pattern in the surface which is not readily apparent in the transverse power 

spectrum. This result has been found by other researchers as well [ 48]. 

In addition, it was noted that the power spectra and the single value parameters for 

laser textured samples varied with the spacing between traces. It was noted that the surface 

of the laser textured samples was made up of large, relatively smooth regions with the laser 

marks in between. Thus if the traces were taken at just the correct spacing the effect of the 

laser marks could be either exaggerated or minimized, giving a non-representative surface 

trace. By taking traces at 20 ~spacings, this problem was alleviated. 

Relationship Between Friction and Surface Parameters 

Table 3 lists the values of each of the single value parameters for the laboratory 

samples along with their Jloas values. There was no direct correlation between any one of 

the single value parameters and JlDBS· For both Rsk and Rku· there was no significant 

difference between any of the laboratory samples, which would indicate that there should 

not be a variation in friction, yet one is observed. There is a significant variation in Ra for 
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the laboratory samples. This range of between 0.8 J..Lm and 1.1 J..Lm corresponds to the 

middle of the range found in the commercial samples. The range of J..l.DBS measured for the 

laboratory samples, from .12 to .16 corresponds to the same subset of the commercial 

samples. However, there is no one to one correspondence between the friction measured 

for the sample and its Ra. 

The power spectra for the laboratory samples tend to contain more of the power in 

the shorter wavelengths than the commercial samples. But in all cases the area under the 

spectrum was less than that of the rougher commercial samples. Though the lower 

friction values were measured for the samples with larger area under the spectra and with 

the finer spacing of the roughness, the power spectrum still was not sufficient to 

distinguish between low and high friction in all cases. 

For the two shot blasted samples, the power spectra were very similar and yet the 

sheet which had been subjected to a 2% reduction in thickness on the temper pass had a 

much higher coefficient of friction than the sheet that had been subjected to a 0.2% 

reduction. Since the thickness of these sheets were considerably different (0.66mm vs: 

0.91 mm respectively) and was the only significant difference between the sheets, it would 

appear that a large variation in thickness has as pronounced effect on the friction value as 

the roughness of the surface. This is expected since, as is discussed in the following 

section, the coefficient of friction is directly related to the actual distance slid across the 

drawbead during the test. A thicker specimen is stiffer, and does not conform as well to 

the test geometry, resulting in a lower coefficient of friction . 
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DISCUSSION 

ANALYSIS OF FRICTION IN DRAWBEAD SIMULATOR TEST 

In order to discuss the effect of surface morphology on friction it is necessary to 

analyze the genesis of friction in the DBS test. The test geometry is shown schematically 

in Figure 2. In passing through this geometry, the surface of the specimen is deformed 

under the pressure imposed by the bending of the sheet The real area of contact is initially 

determined by the elastic stiffness of the sheet. Then this surface is slid along the the 

cylindrical tooling causing further deformation to the surface. Since the forces acting 

initially to conforni. the test specimen to the geometry is essentially the same in both the 

rolling and sliding configurations of the test, this initial deformation contributes only a 

minor amount to the friction measured by the test. It is the friction generated during the 

subsequent sliding over the tooling that is the major source measured in the test. This is a 

significant difference from the strip draw test. 

Other researchers have suggested that friction during sliding can be discussed in 

terms of three modes or components [51]: deformation friction, the friction generated by 

plastically deforming one or both the contacting surfaces; plowing friction, the generation 

of friction by asperities in one surface gouging the other in the manner of a machining tool 

bit; and adhesion friction, the friction generated by the formation of physically adhered 

(sometimes termed "cold-welded") junctions and their subsequent shearing. Experimental 

evidence suggests that all three play some role in the friction measured in the DBS test. In 

Figure 9 it is seen that the large asperities have been deformed during sliding, and, closer 

inspection of the surface of these deformed asperities reveals smaller furrows indicative of 

plowing by asperities on the tool surface. Subsequent analysis of drawbeads indicates that 

for galvanized steels there is often some zinc transfer to the test fixtures. Analysis of the 

effect of the surface morphology must take each mode of friction into account. 
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The surface morphology can and does affect each of these modes of friction. The 

amplitude, shape and spacing of the roughness all affect the slope of the asperities, which 

has a great ~ffect on the deformation friction as modeled by Green and by other researchers 

[52-55]. A steeper slope according to these models will lead to increased friction. The 
I 

amplitude of the roughness as measured by Ra. and, perhaps more importantly, the shape 

of the asperities as described by the Rku should both tend to increase the slope of the 

asperities and therefore the friction generated in this mode. Similarly, the size and shape of 

the asperities will have an impact on the size and number of wear particles generated during 

sliding. This in turn affects the contribution of the plowing friction. In addition the 

valleys on the surface of the sheet provide a method of trapping wear particles, which has 

been shown to significantly reduce effect of plowing. 

Since this is a lubricated test, an important property of the surface is how it affects 

the flow of lubricant. If the lubricant is trapped in small cavities so that it cannot flow out 

during the deformation, it will support a portion of the load hydrostatically. This would 

lower the real area of contact, and hence lower both the deformation and adhesion 

components of friction. A simple view could be that if there were more closely spaced 
I 

roughness, the lubricant would tend to be trapped between asperities and support more of 

the load. Other actions of lubricant additives have been studied previously [56] that · 

indicate that formation of boundary layer compounds also lower friction. If this is the case 

then the effect of surface morphology on the flow of lubricant would have an affect on 

these processes as well. In this study, however, there were no such additives used, so this 

would not be expected to affect the results discussed. 

COMMERCIAL SAMPLE ANALYSIS 

The commercial samples exhibited a very narrow range of values for the Rku and 

Rsk statistical parameters. Most samples had values for these parameters which indicated a 

surface morphology with very close to a smooth gaussian distribution. Those samples 

which deviated significantly from these average values exhibited poorer frictional 
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properties. However, these deviations in Rsk and Rku accompanied low roughness 

amplitude as well, so the significance of these parameters as predictors of frictional 

properties is not obvious. The roughness amplitude was a better indicator of the frictional 

properties, as all low friction samples had higher roughness amplitude, with the one 

exception of sample F14. If the roughness amplitude correlation is true, then this 

anomalous sample must be accounted for. 

As was shown in the BAC plots in Figure 5, the Fl4 sample was the only curve 

that did not exhibit a significant change upon deformation. This implies that the sample did 

not undergo the same amount of deformation during the DBS test as did the rest of the 

samples. If this is the case, then it is reasonable to expect the sample to show low friction. 

However, it then suggests that in some way the DBS test was executed in some way 

different for this sample. For example, if the lubricant used for this sam pie was not the 

SUS 60 mill oil, or if the double drawbead spacing was not adjusted correctly to matCh the 

thickness of the sample, then the resulting coefficient of friction measured would be 

comparatively low with respect to the rest of the samples. 

As previously noted, high Ra was not sufficient to obtain low friction. From the 

power spectra one can discern that for the high Ra to be most effective, it must be 

distributed to shorter wavelengths. For the samples with high roughness mostly in the 

wavelengths longer than 300 Jlm, a significantly higher Ra was necessary to give lower 

friction results. This suggests that there are two ways in which the roughness of the sheet 

can influence the coefficient of friction in the DBS test. First, if Ra is high enough and is 

distributed over longer wavelengths, then the wear debris generated by the plowing of the 

surface become trapped in the large valleys and are therefore less important to the friction 

generated during sliding. If the roughness is more finely spaced, then the lubricant is 

trapped in smaller valleys on top of the larger asperities and hydrostatically supports a 

fraction of the load, thus reducing the effective deformation of the surface and preventing 

some plowing of the surface. 
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In Figure 10 one can see areas of sample F22 where plowed layers surround a 

deformed part of the surface which has not been plowed. The unplowed area still exhibits 

the original zinc crystal morphology from the coating process. This suggests that the 

surface was protected by a small trapped area of lubricant. In sample RLO, where the 

power spectrum was skewed toward the longer wavelengths, this type of protection was 

not observed, suggesting that some other mechanism was responsible for reducing the 

friction. Since there was no evidence of wear debris after cleaning the lubricant from the 

surface for electron microscopy, and the lubricant itself was not analyzed for particle 

content, it is not possible to tell if there was a trapping of the wear debris by the shorter 

wavelength roughness. The surfaces of the DBS tooling were analyzed and no zinc 

transfer was observed. However, for both samples, F22 and RLO, the real area of contact 

was reduced in some way by what seems to be an interaction with the lubricant. 

Emmens [29] suggests that at low pressures, the friction is governed by the flow of . 

lubricant through micro-channels in the rough surface. Wilson [34] also notes that the 

friction is governed by the entrainment of the lubricant through the test geometry. Shaffer 

[3] showed that when the micro-roughness was etched from his EG samples that there was 

increase in the friction in the DBS tests. Schey and Dalton [57] also noted that the small 

scale roughness on EG sheets makes them have lower friction. In addition, Schey and 

Dalton stated that the effect of the viscosity of the lubricant was more pronounced with EG 

steels, indication that the lubricant was trapped by the small scale roughness. The results 

of the present study indicate that a minimum roughness amplitude is necessary to trap 

enough lubricant to reduce the metal to metal contact during sliding. In addition, the 

spacing of that roughness affects how high the necessary amplitude must be to lower 

friction. 

LABORATORY COATED SAMPLE ANALYSIS 

The differences in the surface morphology due to the processing of the temper pass 

rolls do not show a single processing method to be superior to the others. For each of the 
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EDT, shot blast, and Laser textured rolls, there were samples which exhibited low friction. 

The surfaces with roughness average of greater than .8 J..Lm had lower friction values. 

This is slightly lower roughness than was necessary in the commercial samples. However 

the mean wavelength of the power spectra for the laboratory coated samples with low 

friction was shorter than for those in the commercial set. This suggests that the micro­

roughness imparted during the coating process described by Shaffer [3] is more 

pronounced in the laboratory coated samples than in the commercial samples. This smaller 

scale topography, as was noted earlier seems to trap the lubricant and provide a thicker 

lubricant film. 

The one exception to this result is with the shot blast sheet which underwent a 2% 

reduction during the temper pass. This sheet exhibited higher friction than the other sheets 

even though its surface topography was nominally the same as that of the shot blast sheet 

that underwent a 0.2% reduction during the temper pass. This high friction sample was 

substantially thinner than the other specimens (.66 mm as opposed to .91 mm for the 0.2% 

reduced sheet and .81 mm for the rest of the sheets) which means that it would conform 

better to the draw beads during the DBS test. This would affect the actual contact distance 

and raise the measured coefficient of friction. 
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SUMMARY AND CONCLUSION 

The effect of the surface morphology on the frictional properties of EG sheet steel 

in the drawbead simulator test were evaluated for a set of commercially coated steels and a 

-set of laboratory coated steels with underlying surfaces produced by laser textured, shot 

· blast , and electro-discharge textured rolls. 

In general, surfaces with higher roughness as described by the Ra parameter 

measured lower friction in the DBS tests. The requisite roughness amplitude necessary for 

low friction was moderated somewhat by having a more closely spaced roughness as 

described by the median wavelength, Am, of the power spectrum. This effect is due to 

interaction with the lubricant by the micro-roughness imparted by the galvanizing process. 

The lubricant tends to be retained better by the surfaces with the micro-roughness, thereby 

increasing the amount of elasto- and plasto-hydrodynamic support of the load. 

Other variables, such as large variations in thickness of the sheet can mask the 

effect of the surface by changing the actual distance of sliding contact during the DBS test. 

For tests where the amount of sliding is similar, the effect of roughness is significant. 

The friction measured for EG steels in the DBS test is dominated by deformation 

of the surface with plowing by the asperities of the tooling adding to that caused by the 

deformation. The size of the plow marks in the deformed surfaces corresponds to the 

roughness of the tooling and no significant evidence of wear particles was observed. 

24 





FIGURES 

Shoulder 

Friction and 
Deformation ___.... 
Controlled 
Movement 

Figure 1: 

Punch 

Flat Binder 

~IM~~~ 
Friction Controlled 

Movement 

Dual action press used in metal forming, from [36]. 
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Figure 2: Schematic geometry of the one-sided DBS test, from[3]. 
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Figure 3: Method of distinguishing deformed from non deformed areas in the area 
fraction measurement. 
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Figure 4: BAC curves for commercial samples. Samples which exhibit lower 
friction tend to have flatter BAC's, corresponding to higher Ra. 
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Figure 6: Power spectra of four commercial samples, F18 and R18 exhibit 
low friction in the DBS test, R 1 and F22 exhibit high friction. 
Higher roughness (more area under the spectrum) corresponds 
to lower friction (F22, R1). If the roughness is distributed to 
shorter wavelengths,as with F22, the overall roughness does not 
need to be as great to produce low friction. R18 has the same 
roughness as F22, but since it is concentrated in the longer 
wavelengths, it is not as effective. 
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Figure 7: Area fraction deformed as a function of coefficient of friction in the 
Drawbead Simulator test, J..loBs. 
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Figure 8: Longitudinal and transverse power spectra from a lasertex sample. 
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Figure 9: Deformed surface showing the persistence of the micro-roughness in valleys 
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Figure 10: Deformed surface showing region where the lubricant was trapped. 
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APPENDIX A: POWER SPECTRA 

Figure Al: Power Spectra from commercial specimen F14: (a) traces in 
rolling direction; (b) traces in transverse direction. 
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• 

Figure A2: Power Spectra from commercial specimen F22 (a) traces in 
rolling direction; (b) traces in transverse direction. 
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Figure A3: Power Spectra from commercial specimen RLO (a) traces in 
rolling direction; (b) traces in transverse direction. 
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Figure A4: . Power Spectra from commercial specimen Rl (a) traces in 
rolling direction; (b) traces in transverse direction. 
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Figure AS: Power Spectra from commercial specimen R18 (a) traces in 
rolling direction; (b) traces in transverse direction. 
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Figure A6: Power Spectra from commercial specimen R3706 (a) traces in 
rolling direction; (b) traces in transverse direction. 
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Figure A 7: Power Spectra from commercial specimen USX (a) traces in 
rolling direction; (b) traces in transverse direction. 
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Figure AS: Power Spectra from commercial specimen FS (a) traces in 
rolling direction; (b) traces in transverse direction. 
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Figure A9: Power Spectra from commercial specimen RC (a) traces in 
rolling direction; (b) traces in transverse direction. 
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Figure AlO: Power Spectra from commercial specimen F18 (a) traces in 
rolling direction; (b) traces in transverse direction. 
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Figure All: Power Spectra from commercial specimen VR410 (a) traces in 
rolling direction; (b) traces in transverse direction. 
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Figure A12: Power Spectra from laboratory coated specimen Laser 1: 
(a) uncoated, traces in rolling direction; (b) coated, traces in rolling 
direction; (c) coated, traces in transverse direction. 
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Figure A13: Power Spectra from laboratory coated specimen Laser 2: 
(a) uncoated, traces in rolling direction; (b) coated, traces in rolling 
direction; (c) coated, traces in transverse direction. 
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Figure· A14: Power Spectra from laboratory coated specimen Shot 
Blast 1: (a) uncoated, traces in rolling direction; (b) coated, traces in 
rolling direction; (c) coated, traces in transverse direction. 
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Figure A15: Power Spectra from laboratory coated specimen Shot 
Blast 2: (a) uncoated, traces in rolling direction; (b) coated, traces in 
rolling direction; (c) coated, traces in transverse direction. 
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Figure A16: Power Spectra from laboratory coated specimen EDT 1: 
(a) uncoated, traces in rolling direction; (b) coated, traces in rolling 
direction; (c) coated, traces in transverse direction. 
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Figure A17: Power Spectra from laboratory coated specimen EDT 2: 
(a) uncoated, traces in rolling direction; (b) coated, traces in rolling 
direction; (c) coated, traces in transverse direction. 
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APPENDIX B: STATISTICAL PARAMETERS 

Most parameters were created to describe single point tooling machined surfaces, 

where the overall height of the peaks is the dominant feature of interest Not .surprisingly 

then, the largest number of statistical parameters developed are for describing the 

roughness of the surface. Each of these parameters emphasizes a different statistical aspect 

of the measured profile. For example, the maximum peak to valley roughness height, 

labeled Ry places the emphasis on the largest asperity, which in the case of sheet metal, 

may simply be a scratch in the surface; the roughness average, or arithmetic average, 

labeled Ra, minimizes the effect of the largest asperities by averaging the asperities over the 

entire profile length. Some measurements, such as the ten point height, labeled Rz, were 

created to find some middle ground between these two extremes by weighting the larger 

asperities more heavily. Ra is calculated by 

(Bl) 

where L sampling length, and y is the distance of a point on the actual surface to the center 

line or nominal surface. From a discrete data set this is computed by 

(B2) 

where N is the number of points sampled. 

The shape of asperities is not usually one of the specified parameters for most 

machined engineering surfaces. The two most common parameters used are the Skewness 

(Rsk)and the Kurtosis (Rku). These provide descriptions of how the surface is distributed 

about the mean, or nominal surface. The Rsk describes how the surface is skewed about 

the mean value (whether the surface tends to have mostly plateaus or mostly valleys). It is 

given by the formula 
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(B3) 

and is discretized in the same manner as Ra. 

(B4) 

The Rku describes how sharp the distribution is (whether most of the surface is 

near the mean value or distributed evenly throughout the profile height). It is given in its 

discrete form by 

(B5) 

Ra, Rsk, and Rku can all be derived from the Amplitude Density Function (ADF), 

which is defined as the probability density of profile heights. An example of the the 

calculation of an ADF from a profile is given in Figure Al and is written mathematically as 

""AL · 
£..Jl I 

L ADF(y) = --=L1y:......,..-
(B6) 

where L1li is the length of the ith portion of the profile within the band of thicknessL1y 
.. 

about the jth height value Yj. and L is the total length of the mean profile. In addition, in 

order to observe how the profile changed as the surface is abraded or worn away, one can 

also compute the Bearing Area Curve (BAC) which shows what percentage of the nominal 

surface would support a load if the surface was abraded to a distance above the nominal 

surface. This combination of. parameters, which are defined in terms of the ADF in [40], 

allows a fairly complete description of the height variation of the surface from one basic 
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calculation, the ADF. However it does not provide a description of the horizontal 

distribution of peaks on the surface 

For measuring the spacing of peaks, the simplest and most common parameter 

used is the Peak count, labeled P c. which corresponds to the number of peak/valley pairs 

per unit length2 projecting through a band of width b centered about the mean line [ 40]. 

This specification of the band width, b, is arbitrary, and leads to an ambiguity in the 

meaning of this parameter. This ambiguity suggests the use of a more sophisticated peak 

distribution description method might be more appropriate for a detailed study of sheet. 

metal surfaces. 

Spectral methods offer one possible method of improving this analysis of the 

spacing of asperities. The topography recorded by the profilometer is recorded by 

collecting the signal from the stylus at specified distance intervals. If this is plotted as 

height vs. position, one obtains the standard profile showing where individual points on 

the surface lie in space. This is referred to as representing the data in the length domain. 

However, one could also represent these data in the wavelength domain, where the 

collected set of data is specified as a function of w.avelength, not distance. This is merely a 

different representation of the same data. In order to go back and forth between these two 

representations one uses the Fourier Transform equations, 

00 

H(k) = J h(x)e2 trikxdx (B7) 

00 

h(x) = J H(k)e-2trikxdk (B8) 

In the wavelength domain, the data are represented as a series of sine waves, each 

having a different wavelength, amplitude and phase. When summed together these sine 

waves create the profile as plotted in the length domain. Thus, each value of the 

transformed profile gives the contribution of peaks spaced a given wavelength apart. 

However, the fourier transform presents these values as complex numbers to include the 
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effect of phase shifting of the individual sine waves. The real space contribution of the 

sine wave is described by the power spectrum of the transform~d data. The total power of 

the signal collected is given by 
00 00 

Power= Jlh(x)l2 dx= JIH(k)fdk (B9) 

and the power in the wavelength interval between l and Dl is given by 

0$;k<oo (BlO) 

So in the power spectrum one obtains the contribution to the profile of asperities as a 

function of their spacing. For discretely sampled data the wavelength range is limited by 

the smallest wavelength, called the Nyquist wavelength An 

An= 2~1 (Bll) 

where ~1 is the distance between two consecutive data points, and by the longest 

wavelength, which is the total sampling length. The median wavelength, Am, is the 

wavelength at which half the power contained in the spectrum is contained in longer 

wavelengths, and half the power is contained in the shorter wavelengths 

Am An 

LH2
(A) ~ LH2

(A) 

(B12) 

For discretely sampled data one can use the fast fourier transform (FFT) to 

compute the transform of the surface profile and the corresponding power spectrum. 

Numerous texts on fourier transforms [44,45] and on FFT's [44,46,47] give more detailed 

discussions of spectral techniques. 

From each of the profiles taken from the specimens in this investigation the ADF 

was calculated using a program written By Z. Mei and P. Skarpelos. TheRa, Rsk, Rku 

and BAC were then tabulated and averaged for the rolling and transverse directions. The 

FFT and power spectrum were calculated with the FORTRAN routines in [44], The 
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power spectrum for each of the profiles was then combined to give a single, total power 

spectrum for each of the rolling and the transverse directions. The FORTRAN programs 

employed are listed in Appendix C. 

y 

Y; 

'I: i .1.1; 
Amplitude probability (y) = P [y, Y + .l.y] = -L-

P[y, y + .l.y) 
Amplitude density = p (y) = ----,-.l--

Y 

y 

L ---------4~p(y) 
~--~----~----~x 

loll4._ ______ L ______ .,... 

Figure B 1: Calculation of the Amplitude Density Function (AD F) from a profile. 
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APPENDIX C: FORTRAN ALGORITHMS 

c 

c 

Program ANALYSIS 

PARAME1ER(M=512,M2=2*M,PI=3.14159,LMDA=5120) 
CHARAC1ER*8INAME 
CHARAC1ER*14 IFILE, PWRFILE, BACFILE 
REAL*4 DATA, XDATA, P 
DIMENSION DAT A(M2), XDATA(M2), P(M+ 1) 

DO 1 J=1,M+1 
P(J)=O. 

1 CONTINUE 
DEN=O. 

c 
WRITE(5, 10) 

10 FORMAT(/1H$,'ENTER BASE FILENAME->:') 
READ(5,20) INAME 

20 FORMAT(A8) 

c 

PWRFILE = 'A:'//INAME/f.PWR' 
BACFILE = 'A:'//INAME/f.BAC' 
OPEN(2,FILE=PWRFILE,STA TUS='UNKNOWN') 
OPEN(3,FILE=BACFILE,STA TUS='UNKNOWN') 
bo 999 IEND = 1, s 

IFILE = 'B:'//INAME/f.OO'//CHAR(48+1END) 
WRI1E(*, *) 'INPUT FILE: ',IFILE 

OPEN(unit=1, err=1000, file=IFILE, status='OLD', access='DIRECT, recl=8) 

C Read the data values from the input file 
c 

DO 100 J=3,M2+2 
NCOUNf=J-2 
READ(l,REC=J,ERR=101) XDATA(NCOUNf),DATA(NCOUNT) 

100 CONTINUE 
101 CLOSE(UNIT=1,STA1t.JS='KEEP') 

IF (NCOUNf.LT.M2)THEN 
DO 200 J=NCOUNT+1,M2 

DATA(.J)=O. 
200 CONTINUE 

c 
END IF 

CALL REGRESS(XDATA,DATA,NCOUNf) 
CALL SURF(XDATA,DATA,RA,RQ,RSKEW,RKURT,M2,IEND) 
CALL SPCTRM(P,DATA,M,M2,DEN) 

999 CONTINUE 
1000 CALL FIN(P,DEN,M;LMDA,RA,RQ,RSKEW,RKURT,IEND,INAME) 

CLOSE(2) 
CLOSE(3) 

c 
C Tell the user that the analysis is done 
c 

c 
c 

STOP 'FINISHED ANALYZING FILES.' 
END 

SUBROUTINE FIN(P ,DEN,M,LMDA,Ra,Rq,Rskew,Rkurt,IEND,INAME) 

C This routine calculates the mean wavelength of the power 
C spectrum produced by SPCTRM and writes the roughness data, 
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C power spectrum and mean wavelength tothe file INAME.PWR 
c 

c 

DIMENSION P(*) 
REAL ZERO 
CHARACIER*8 INAME 

DO 300 J=l,M+ I 
P(J)=P(J)/DEN 

IF(J.GT.l)THEN 
SUMY=SUMY +P(J) 

END IF 
300 CONTINUE 
c 

c 

RA=RAIIEND 
RQ=RQIIEND 
RSKEW = RSKEW/IEND 
RKURT = RKURTIIEND 

C Now calculate the mean wavelength. 
c 

ZERO=O. 
AVG=SUMY* .5 
SUMY=O. 
XREAL=I.O 
DO 400 J=2,M+l 

SUMY =SUMY +P(J) 
NCOUNf=J-1 
IF(SUMY.GE.AVG)THEN · 

GOT0401 
END IF 

400 CONTINUE 
c 
C Write data to output file. 
c 
401 WRITE(2,40)1NAME,LMDA/(XREAL *NCOUNf-1.) 

WRITE(2,50)RA,RQ,RSKEW,RKURT 
WRITE(2,30)ZERO,P(l) 
DO 500 1=2,M+l 

WRITE(2,30)LMDA/(XREAL *1-l.),P(I) . 
500 CONTINUE 
30 FORMA T(2(Fl 0.4,2X)) 
40 FORMAT(2X,A8,' has a mean wavelength of ',FS.O,'microns') 
50 FORMAT(2X,'RA = ',F8.4,'RQ = ',F8.4,'RSKEW = ',F8.4,'RKURT = ',F8.4) 

RETURN 
END 
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c 
SUBROUTINE SURF(x,yy,Ra,Rq,Rskew,Rkurt,M2,IEND) 

c 
C This routine is a reduced version of the program SURFROUF, written by Z. Mei and P. 
C Skarpelos whichcalculates the four roughness amplitude parameters Ra, 
C calculates the four roughness amplitude parameters Ra, Rq, Rskew, and Rkurt. 
C This is done by calculating the Amplitude Density Function of the profile, from which 

C these parameters are derived. 
c 

c 

DIMENSION X(*),YY(*) 
REAL RA,RQ,RSKEW,RKURT 
REAL AA,RRMS,SKEWNESS,KURTOSIS 
REAL PI(120),ADF(120),BAC(120),Yl(l20) 
INTEGER EN1ER,ENTRY ,SNl,SN2,SNll,SN22,SN33 
IN1EGER SN3,SN4,SN5,SN6,SN7 

C Calculate the maximum peak to valley height and break 
C the profile into 50 equal height bands. 
c 

c 

YYMIN = YY(l) 
YYMAX = YY(l) 

DO 400 I=2,M2 
IF(YYMIN .GT. YY(I)) YYMIN = YY(I) 
IF(YYMAX LT. YY(I)) YYMAX = YY(I) 

400 CONITNUE 
c 

c 
N=50 
STEP= (YYMAX - YYMIN)/N 

Sl = 0.0 
DO 500 I= l,N+l 

YI(I) = YYMIN +STEP* (I- 1.0) PI(I) = 0.0 
X2=0.0 
XI =0.0 
Al = Yl(I)- O.S*STEP 
A2 = Yl(I) + 0.5*STEP 
IF(I .EQ. 1) AI = YYMIN 
IF(I .EQ. N+I) A2'= YYMAX 

. EN1ER=0 
IF (AI .GT. YY(l)) TiffiN 

SNl =I 
ELSE 

SNl =-I 
END IF 

IF (~Nr:·IYY(l)) TiffiN 

ELSE 
SN2 = -1 

END IF 
SN7 = SNI * SN2 
IF (SN7 LT. 0) THEN 

EN1ER= 1 
XI =X(l) 

END IF 
BAC(I)=O.O 
IF (Yl(I) .LE. YY(l)) THEN 
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c 

c 

c 
-. 

ENTRY= 1 
XX1 =X(l) 
SNll = -1 

ELSE 
ENTRY=O 
SNll = 1 

END IF 

DO 600 J=2,M2 
IF (Y1(1) .LE. YY(J)) THEN 

SN22= -1 
ELSE 

SN22= 1 
END IF 
SN33 = SN11 * SN22 
SN1I = SN22 
IF(SN33.LT.O) THEN 
XX2=X(J-I) + (X(J)-X(J-I)) * (YI(I)-YY(J-I)) I (YY(J)-YY(J-I)) 
IF(ENTRY .EQ. I) THEN 

BAC(I) = BAC(I) + (XX2- XX1) 
ENTRY=O 

ELSE 
XXI =XX2 
ENTRY= I 

END IF 
END IF 
IF (J.EQ.M2 .AND. Y1(I).LE.YY(M2).AND. ENTRY.EQ.1) THEN 

XX2=X(M2) 
BAC(I) = BAC(I) + (XX2- XXI) 
ENTRY=O 

END IF 

IF(AI .GT. YY(J)) THEN 
SN3 =I 

ELSE 
SN3 = -1 

END IF 
SNS = SNI * SN3 
SN1 = SN3 
IF (SNS LT. 0) TIIEN 

X2=X(J-1) + (X(J)- X(J-1))*(A1- YY(J-I))/(YY(J)-YY(J-I)) 
IF(ENTER .EQ. I) THEN 

PI(I) = PI(I) + ABS(X2- XI) 
ENTER=O 

ELSE 
XI=X2 
ENTER= I 

END IF 
END IF 

IF(A2 .GE. YY(J)) THEN 
SN4= I 

ELSE 
SN4 = -1 

END IF 
SN6 = SN2 * SN4 
SN2= SN4 
IF (SN6 .LT. 0) TIIEN 
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X2 = X(J-1) + (X(J)-X(J-1))*(A2-YY(J-1))1(YY(J)-YY(J-1)) 
lF (ENIER .EQ. 1) THEN 

PI(I) = PI(I) + ABS(X2 -X1) 
ENIER=O 

ELSE 
X1=X2 
ENIER= 1 

ENDlF 
END IF 

600 CONTINUE 
S1 = S1 + Pl(l) 

500 CONTINUE 
c 

s =0.0 
DO 700 1=1,N+1 

DS = Pl(l) * STEP . 
IF( (I .EQ. 1) .OR. (I .EQ. N+1)) DS = 0.5 * DS 
S = S + DS 

700 CONTINUE 
c 

WRITE(3,10)1END 
DO 800 1=1,N+1 

ADF(I) = PI(I) I S 
PI (I) = PI (I) I S 1 
BAC(I) = BAC(I) I S1 
WRITE(3,20)BAC(I), Y1(0 

800 CONTINUE 
10 FORMAT(3X,'BAC #',11,6X,'HEIGHT') 
20 FORMAT(2(3X,F6.3)) 
c 

AA=O.O 
RRMS = 0.0 
SKEWNESS = 0.0 
KURTOSIS = 0.0 
DO 10001=1,N+1 
DS = Y1(1) 
DS1 = ABS(DS) 
DS2=DS * DS 
DS3 = DS * DS * DS . 
DS4 = DS * DS * DS * DS 
DELTA Y = STEP * ADF(I) 
lF ((I.EQ.O) .OR. (I.EQ.N)) DELTAY = 0.5*DELTAY 
AA=AA+DS1 *DELTAY 
RRMS = RRMS + DS2 * DELTAY 
SKEWNESS= SKEWNESS+ DS3 * DELTAY 
KURTOSIS= KURTOSIS+ DS4* DELTAY 

1000 CONTINUE 
C' 

c 

RRMS = SQRT(RRMS) 
SKEWNESS = SKEWNESS I RRMS/RRMS/RRMS 
KURTOSIS = KURTOSIS I RRMS/RRMS/RRMS/RRMS 

RA=RA+AA 
RQ= RQ+ RRMS 
RSKEW = RSKEW +SKEWNESS 
RKURT = RKURT +KURTOSIS 
RETURN 
END 
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c 
SUBROUTINE REGRESS(XDATA,DATA,NCOUN1) 

c 
C A routine for calculating a parabolic curve fit to a 
C list of data points. 
c 

c 

c 

REAL*4 XDATA, DATA 
DIMENSION XDATA(*), DATA(*) 
INTEGER I, N, NCOUNT, XINCRMNf 
REAL X, Y, SX, SY, SX2, SX3, SX4, SXY, SX2Y 
REAL AI,A2,A3,DNOMNATR 

N=O 
sx = 0.0 
SY = 0.0 
SX2= 0.0 
SXY =0.0 
SX3 = 0.0 
SX4= 0.0 
SX2Y =0.0 
XINCRMNf = 1000 
DNOMNATR = 0.0 

DO IOO I= I, NCOUNT 
N=N+I 
Y=DATA(I) 
X= XDAT A(I)*XINCRMNT 
sx'= sx + x 
SY= SY + Y 
SX2 = SX2 + (X**2) 
SXY = SXY + (X*Y) 
SX3 = SX3 + (X**3) 
SX4 = SX4 + (X**4) 
SX2Y = SX2Y + (X**2)*Y 

IOO CONTINUE 
DNOMNATR=SX4*(N*SX2-SX**2)-SX3*(N*SX3-SX2*SX)+SX2*(SX3*SX-SX2**2) 
AI= SX2Y*(N*SX2-SX**2)-SX3*(N*SXY-SX*SY)+SX2*(SXY*SX-SY*SX2) 
AI= AI/DNO:MNATR 
A2 = SX4*(N*SXY -SY*SX)-SX2Y*(N*SX3-SX2*SX)+SX2*(SX3*SY -SX2*SXY) 
A2 = A2/DNOMNATR 
A3 = SX4*(SX2*SY-SX*SXY)-SX3*(SX3*SY-SX2*SXY)+SX2Y*(SX3*SX-SX2**2) 
A3 = A3/DNOMNATR 
WRITE(*,*)' AI=', AI,' A2 = ', A2,' A3 = ', A3 
DO 200 I = I, NCOUNT 

XDATA(I) = XDATA(I)*XINCRMNT 
DATA(I) = DATA(I)-A3-A2*XDATA(I)-AI *(XDATA(I)**2) 

200 CONTINUE 
RETURN 
END 

c 
SUBROUTINE SPCTRM(P,DATA,M,M2,DEN) 

DIMENSION P(*),DATA(*) 
WINDOW(J)=(l.-ABS(((J-I)-FACM)*FACP)) FACM=M-0.5 

FACP=I./(M+O.S) 
SUMW=O. 
DO II J=I,M2 
SUMW=SUMW+ WINDOW(J)**2 

II CONTINUE 
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DO 16J=1,M2 
DATA(J)=DATA(J)*WINDOW(J) 

16 CONTINUE 
CALL REALFI'(DATA,M,1) 
P(l)=P(l)+DATA(1)**2 
P(M+ 1)=P(M+ 1)+DAT A(2)**2 
DO 17 J=2,M 

J2=J+J 
P(J)=P(J)+DATA(J2)**2+DATA(J2-1)**2 

17 CONTINUE 

c 

DEN=DEN+M2*SUMW 
RETURN 
END 

SUBROUTINE REALFI'(DATA,N,ISIGN) 
REAL *8 WR,Wl,WPR,WPI,WfEMP,THETA 
DIMENSION DATA(*) 
TIIET A=6.28318530717959D0/2.0DO 
C1=0.5 
IF (ISIGN.EQ.1) THEN 

C2=-0.5 
CALL FOUR1(DATA,N,+1) 

ELSE 
C2=0.5 
THETA=-THETA 

ENDIF I 

WPR=-2.0DO*DSIN(0.5DO*THETA)**2 
WPI=DSIN(THETA) 
WR=l.ODO+WPR 
WI=WPI 
N2P3=2*N+3 
DO 11 1=2,N/2+ 1 

11=2*1-1 
12=11+1 
13=N2P3-12 
14=13+1 
WRS=SNGL(WR) 
WIS=SNGL(WI) 
H1R=C1*(DATA(I1)+DATA(I3)) 
Hli=C1*(DATA(I2)-DATA(I4)) 
H2R=-C2*(DATA(I2)+DATA(I4)) 
H2I=C2*(DATA(I1)-DATA(I3)) 
DATA(I1)=H1R+WRS*H2R-WIS*H21 
DATA(I2)=Hll+WRS*H21+WIS*H2R 
DATA(I3)=H1R-WRS*H2R+WIS*H21 
DATA(I4)=-Hll+WRS*H21+WIS*H2R WIEMP=WR 
WR=WR*WPR-WI*WPI+WR 
WI=WI*WPR+WTEMP*WPI+WI 

11 CONTINUE 
IF (ISIGN.EQ.1) THEN 

H1R=DATA(l) 
DATA(l)=H1R+DATA(2) 
DATA(2)=HIR-DATA(2) 

ELSE 
H1R=DAT A(l) 
DATA(l)=C1*(H1R+DATA(2)) 
DATA(2)=C1*(H1R-DATA(2)) 
CALL FOUR1(DATA,N,-1) 
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c 

END IF 
RE1URN 
END 

SUBROliTINE FOUR1(DAT A,NN,ISIGN) 
REAL *8 WR,WI,WPR,WPI,WfEMP,THETA 
DIMENSION DATA(*) 
N=2*NN 
1=1 
DO 11 1=1,N,2 

IF(J .GT.I)THEN 
TEMPR=DATA(J) 
TEMPI=DATA(J+1) 
DATA(J)=DATA(I) 
DATA(J+1)=DATA(I+1) 
DATA(I)=TEMPR 
DATA(I+1)=TEMPI 

END IF 
M=N/2 

1 IF ((M.GE.2).AND.(J.GT.M)) THEN 
J=J-M 
M=M/2 

GOT01 
END IF 
J=J+M 

11 CONTINUE 
MMAX=2 

2 IF (N.GT.MMAX) THEN 
I STEP=2*MMAX 

THETA=6.28318530717959DO/(ISIGN*MMAX) 
WPR=-2.DO*DSIN(0.5DO*TIIET A)**2 
WPI=DSIN(THETA) 
WR=l.DO 
WI=O.DO 
DO 13 M=1,MMAX,2 

DO 12 I=M,N,ISTEP 
J=I+MMAX 
TEMPR=SNGL(WR)*DATA(J)-SNGL(WI)*DATA(J+ 1) 
TEMPI=SNGL(WR)*DATA(J+1)+SNGL(WI)*DATA(J) 
DATA(J)=DATA(I)-TEMPR 
DATA(J+1)=DATA(I+1)-TEMPI 
DATA(I)=DATA(I)+TEMPR 
DATA(I+l)=DATA(I+l)+TEMPI 

12 co~ 
WTEMP=WR 
WR=WR*WPR-WI*WPI+WR 
Wl=Wl*WPR+WTEMP*WPI+WI 

13 CONTINuE 
MMAX=ISTEP 
GOT02 

END IF 
RE1URN 
END 
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