
The Applicability of Coulomb's Friction Law to 
Drawbeads in Sheet Metal Forming 

H A R M O N  D. N I N E  

During sheet metal forming on a double-action toggle press, drawbeads on the die binder 
supply a restraining force which controls the flow of sheet metal into the die. To study the 
restraining force and the related binder hold-down force, an apparatus was built which 
simulates a drawbead. The apparatus can separate the restraining force into its bending 
deformation and friction components. From experimental measurements of  the appropri- 
ate forces a coefficient of  friction for drawbeads may be obtained. A comparison of 
experimental and calculated friction forces shows that Coulomb's Law (a constant coeffi- 
cient of  friction) satisfactorily represents the friction force in low and medium load ranges. 
However, Coulomb's Law breaks down at higher loads. The load at which breakdown 
occurs depends on interactions among many variables including sheet metal material, 
lubricant, and surface roughness. 

INTRODUCTION 

In double-act ion toggle  press  forming of  sheet metal ,  the 

first action lowers  the b inder  (or blank holder)  onto the 

periphery of  the sheet to hold it in posi t ion,  Figure 1 (a). The 

second action lowers  the punch,  which draws the sheet 

metal into the die cavi ty.  During the drawing of  the sheet 

metal,  the b inder  controls  the f low of  metal  into the die to 

insure a successful  s tamping.  Too much metal  flow into the 

die cavi ty will  produce  wrinkl ing or poor  part shape, while  

too little f low will  cause tearing. 
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This and the preceeding paper in this volume on drawbead lorces are 
based on work done in a cooperative program among the General Motors 
Mathematics and Physics Departments of the Research Laboratories and 
Fisher Body Division. A previously published paper, "Drawbead Forces in 
Sheet Metal Forming,'" described experimental work on deformation and 
Coulomb's friction forces. The preceding paper of this set describes an 
analytical model and results of calculations for deformation and friction 
forces in drawbeads. This paper gives an expanded experimental study of 
friction forces extending work to loads where Coulomb's friction law 
breaks down. The three papers together give a comprehensive view of the 
experimental and analytical work on drawbead forces. 

In some appl icat ions  the proper  amount of  metal  f low 

may be achieved by  vary ing  the hold-down force o f  a flat 

binder against the sheet  metal  to alter the friction force 

between the b inder  and the sheet metal  as shown in Fig-  

ure 1. For  other appl ica t ions ,  part icular ly large i rregularly 

shaped parts ,  f r i c t ion  a lone  does  not  supply  adequa te  

restraining force for  control ,  and drawbeads must  be added 

to the b inder .  A d r a w b e a d  is shown schema t i ca l ly  in 

Figure l(a)  (inset) as a semicyl indr ica l  bead attached to one 

binder face. The d rawbead  fits into a groove on the opposing 

binder face. The d rawbead  creates extra restraining force 

by requiring the sheet  metal  to bend around the bead  as it is 

drawn through the b inder ,  thereby adding deformat ion to the 

friction force. 

The bending deformat ion  force and the material  proper-  

ties which influence the mathemat ica l  model ing of  the de- 

formation force were prev ious ly  discussed in deta i l . '  In that 

earlier study it was found that friction forces could be ex- 

pressed by Cou lomb ' s  Law (constant  coefficient of  friction) 

over a certain range of  exper imenta l  conditions.  Subsequent  

work has shown, however ,  that Cou lomb ' s  Law breaks 

down beyond the initial  range investigated.  This paper  cov- 
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Fig. 1 --Double-action toggle press. (a) Action 1 --the binder moves down to hold the sheet metal in position for forming. (b) Action 2 -  the punch moves 
down into the die cavity drawing sheet metal through the binders into the die cavity. 

ers a broader range of friction conditions and determines 
where Coulomb's  Law is applicable to the analysis and 
calculation of the friction force in drawbeads. 

D r a w b e a d  F r i c t i o n  

The friction conditions in metal forming operations may 
be categorized into four regimes as described by Wilson: 2 
(1) thick film, (2) thin film, (3) mixed, and (4) boundary. 
Which of these regimes is operable depends on such factors 
as lubricant, load, surface roughness, and deformation 
speed. Large changes in a coefficient of friction would be 
expected if the lubrication regime changed during a forming 
operation. Experiments were devised in this study to deter- 
mine whether Coulomb's  Law can characterize the friction 

for drawbeads under realistic production conditions. 
For Coulomb's  Law to apply, it is necessary that the real 

area of contact between the sheet metal and the drawbead 
surfaces be a linear function of the normal load. For thin 

film, mixed or boundary regimes, metal surfaces sliding 
over one another contact at high points on the surfaces called 
asperities. If  loads are such that the contact between the 
asperities is plastic, and tangential loading does not effect 
the deformation, the fraction of the surface area in actual 
contact, a, will be a linear function of the normal load, P. 
Clean surfaces will weld at the asperity contacts and the 
mean friction shear stress, ~'i, will be, 

~"f = a "J'$ 

where % is the shear stress of  the softer material. If  a is a 

linear function of P, then 

rl = /xP 

where/x  is a constant coefficient of friction. This expression 
is simply a statement of  Coulomb's  Law of friction. How- 
ever, at higher loads, tangential loading may cause an in- 

crease in the area of  contact. Tabor 3 has proposed a junction 
growth model which allows the contact area at asperities to 
grow rapidly under the combined shear and normal forces. 
This would increase the ratio of the sliding shear force to 

the normal force, so that Coulomb's  Law would no longer 
be applicable. 

It would be extremely difficult to measure the true contact 
area of the surface asperities with the precision necessary to 
determine whether contact area was increasing linearly with 
normal force. Therefore, an expression for the coefficient of  
friction was derived in terms of measurable forces to deter- 
mine whether /x stayed constant under increasing normal 
force. There are two measurable forces for drawbeads: 
(1) the drawbead restraining (DR) force, and (2) the binder 
hold-down (BH) force, Figure 2. The DR force is the force 
necessary to pull the sheet metal through the beads, and it 
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Fig. 2--Schematic drawing of drawbead showing development of relevant 
forces. 
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controls the metal flow into the die. The BH force is the 

force required to hold the bead at a fixed penetration (or 
depth) between the shoulders of  the bead groove. 

A detailed analysis of  drawbead forces is given in Refer- 
ence 1 and is briefly presented here. Figure 2 traces the 

development of the forces on an area element as it passes 
through the drawbeads. Assuming a small clearance is main- 
tained between the drawbead and the sheet, no forces are 
exerted prior to position 1. At position 1 the drawbead 
forces the metal to bend to the curvature of the first shoulder 
radius. All bending is done at position 1, thereby generating 
a small restraining force. No further bending occurs between 

1 and 2 but the sheet metal is pressed against the shoulder 
by the deformation force at 1, which acts as a back force, in 
combination with the forward force supplied by the punch as 
the sheet metal is drawn into the die. The pressure of the 
sheet normal to the shoulder surface is proportional to the 
magnitude of the back force. This pressure in turn produces 
a friction restraining force. 

Further bending occurs at positions 2, 3, and 4, which 

increases the deformation restraining force. Between posi- 
tions 2 and 3, and 3 and 4, friction again increases the 
restraining force. Each increase in the restraining force from 
either deformation or friction acts as an additional back 
force for all locations closer to the bead exit. Therefore, the 
friction force continually increases toward the drawbead exit 

because the back force continually increases. The sum of all 
the individual friction and bending forces resolved along the 
sheet metal flow direction equals the measured drawbead 
restraining force. The sum of all the deformation and fric- 
tion forces exerted on the binder, resolved in the vertical 
direction, Figure 2, is the binder hold-down force. 

For drawbead friction, the following expression was de- 
rived in Reference 1 to obtain the coefficient o f  friction from 
measurements of DR and BH forces. 

_ ~-(s) _ DRd+/ - DRa = DR/ 
tx P(s) 7r BHa+/ 7r BHd+: [1] 

where 

~-(s) = the sliding shear force as a function of 
position in the drawbead, 

P (s) = the force normal to the drawbead surface 
as a function of position in the drawbead, 

DRa§ = measured drawbead restraining force for 
fixed drawbeads, 

DRa = measured drawbead restraining force for 
"frictionless" drawbeads, 

DR/ = drawbead restraining force due to friction 

only, 
and BHd+: = measured binder hold-down force for 

fixed drawbeads. 

This expression is based on the assumption that the normal 
pressure, P(s), remains constant through the drawbead. 

From the foregoing discussion it is clear that the pressure 
does not remain constant, but increases through the draw- 
bead. However, this simplifying assumption does not negate 
Eq. [1] if Coulomb's Law applies because then IX remains 
single valued at all points within the drawbead even though 
the pressure changes. A membrane approximation, which 

gives an exponentially increasing pressure distribution, is 
not strictly applicable since the sheet thickness is not small 
relative to the bending radius. Because bending forces are 
important, the sheet metal does not conform to the bead 
surface but skips contact at certain locations as may be 
observed by wear patterns. Thus, the actual pressure distri- 
bution in the drawbead is extremely complex. Nevertheless, 

the measured binder hold-down force is the resolved inte- 
grated average force which can be used in Eq. [1]. 

As a check on the effect of  pressure distribution, a second 
expression, assuming a linearly increasing pressure distribu- 
tion (more like the actual distribution) was derived. ~ Since 

this expression gave Ix's approximately the same as Eq. [ 1 ], 
calculations inthis study are based on the simpler Eq. [1]. 

EXPERIMENT 

To achieve quantitative results it was necessary to separate 
the friction force from the deformation force. Experi- 
mentally this was accomplished with a "frictionless" draw- 
bead in which the shoulders of  the groove and the bead were 
replaced by rollers, Figures 3(a) and (b). These rollers are 
supported by sets of ball bearings. Since the surfaces of the 
rollers are free to rotate with the sheet metal, there is no 
sliding friction. The system is not, of  course, completely 
frictionless since a small force is needed to overcome the 
friction of the rollers and the backing bearings. The coeffi- 
cient of friction of ball bearings is about 0.001 to 0.002, 
depending on the lubrication conditions, which is negligibly 
small compared to that for regular beads. 

The roller drawbeads were built to the same dimensions 
as sets of fixed drawbeads, shown in Figure 3(c), that simu- 
late production drawbeads. The fixed drawbeads are made 
of production drawbead material, W-2 water-hardening 
steel, and are replaceable in case of  excessive wear. 

The support pieces which hold each drawbead set were 
designed so that the clearance between the shoulders can be 
adjusted by shims. This makes it possible to adjust for a 
constant, tight clearance while testing sheet metal of differ- 
ent thickness. In addition, guide rollers (Figure 3) are pro- 
vided which hold the incoming sheet metal strips in the 
original plane of entry as the bead penetrates the groove 
shoulders. The positioning guides and clearance adjust- 
ments are necessary to obtain a well-defined geometry for 
experimental reproducibility and mathematical analysis. 
The drawbeads are mounted in an apparatus, Figure 4, 
which simulates the action of a press. The binder is repre- 
sented by an hydraulic ram which drives the bead between 
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Fig. 3 - - ( a )  Schematic drawing of roller drawbead fixture, (b) roller 
drawbead fixture, (c) fixed drawbead fixture. 

the shoulders until the centers  of  radii of  the bead and 

shoulders are a l igned,  as measured  by a dial indicator. The 

sheet metal is drawn through the drawbeads by a grip to 

simulate the action o f  the punch.  Load cells,  shown in 

Figure 4, measure  the DR and BH forces. 

Sheet metal test strips were  cut 400 mm long in the sheet 

rolling direction by 50 m m  wide.  The strips are inserted 

between the bead and shoulders ,  al igned vertically,  and 

clamped in the grips.  They  are pul led  through the drawbeads 

for a distance of  125 m m  at a rate of  85 mm per second. 

This is the es t imated average  speed at which metal is drawn 

in production presses.  Load  vs  stroke for both DR and BH 

loads are read from two-channel  x - y  recorder  traces after the 

loads reach a steady state. Al l  results  are the average of  at 

least three separate tests.  

Drawbead forces were measured  for drawbeads o f  two 

different bead and shoulder  radi i ,  5.5 m m  and 4.75 mm.  By 

measuring forces for different  th icknesses  of  sheet metal  on 

these two drawbeads ,  a range o f  forces was obtained.  The 

range of  drawbead forces was somewhat  l imited because  

roller  drawbeads with radii  less than 4.75 m m  failed under  

the higher  loads imposed  by  the smal ler  radii .  For  the 
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th ickest  s tee ls ,  0 . 9 6  m m  A K  and 0 .99  m m  r i m m e d ,  the 

" f r i c t ion le s s "  fo rces  cou ld  not  be  measu red ,  e v e n  for  the 

4 .75  m m  rad ius  d r a w b e a d s ,  because  o f  bea r ing  fai lure .  

The  mate r ia l s  i nves t iga ted  were  a l u m i n u m - k i l l e d  (A-K)  

steel ,  r i m m e d  s teel ,  2 0 3 6 - T 4  a l u m i n u m ,  and 5182-0  alu- 

minum.  T a b l e  I l ists the  mater ia ls  and their  p roper t ies  as 

de t e rmined  in t ens i l e  tests.  In the usual  m a n n e r  k and n were  

ob ta ined  f r o m  the  t rue s t ress- t rue  strain plots  a s suming  

p o w e r  law strain ha rden ing .  The  normal  an i so t ropy  para- 

mete r ,  7, was  ob ta ined  by m e a s u r i n g  the change  in shape of  

pho tog r idded  c i rc les  on u n i f o r m l y  s t rained tensi le  samples .  

For  each  shee t  ma te r i a l ,  va r ious  th icknesses  (Tab les  II 

and III) w e r e  inves t iga ted .  Fo r  the --1 m m  2 0 3 6 - T 4  alu- 

m i n u m ,  the  first  s p e c i m e n s  eva lua ted  d i sp l ayed  a large 

increase  in / . t  c o m p a r e d  to the th inner  samples .  The re fo r e ,  

a second  lot o f  ma te r i a l  was  tested.  The  second  lot s h o w e d  

a /~  m u c h  c lo se r  to the  th inner  samples .  These  two  lots were  

des igna ted  L F  and H F  in Tab le  III  for  l ow  and h igh  fr ic t ion,  

r e spec t ive ly .  A d d i t i o n a l  tests were  p e r f o r m e d  on the LF  and 

Table I. Mechanica l  Propert ies of Test Materials 

K *  n * r*  

Rimmed Steel 551 MPa 0.20 1.1 
A-K Steel 516 MPa 0.23 1.6 
2036-T4 Aluminum 643 MPa 0.25 0.68 
5182-0 Aluminum 506 MPa 0.29 0.63 

�9 Tabulated values are averages over the plane of the sheet obtained by using the 
form: xavera8 e = Xce + 2X45o + X9oo/4 where 0 ~ 45 ~ and 90 ~ refer to the strain 
direction relative to the sheet rolling direction of the material. Values for different 
thickness sheets of the same material were averaged. 

H F  a l u m i n u m  w h i c h  i n c l u d e d  E S C A  ( E l e c t r o n  S p e c -  

t roscopy for  C h e m i c a l  A n a l y s i s ) ,  E l ec t ron  m i c r o - p r o b e  

examina t ion ,  and p r o f i l o m e t e r  t races  to g ive  A A  (Ari th-  

met ic  Average )  su r face  roughness .  These  two  lots were  a lso  

buffed to impar t  the  s a m e  surface  to both samples .  

W i d e l y  d i f fe ren t  lubr ica t ion  condi t ions  were  inves t iga ted  

for all the mater ia l s  to g ive  a w ide  range o f / x .  The  lowes t  

values o f / z  were  ob ta ined  wi th  a propr ie tary  soap base  (SB)  

lubricant o f  g o o d  lubr ic i ty ,  wh i l e  a mil l  oi l  ( M O )  lubr icant  

with poor  lubr ica t ion  proper t ies  g a v e  re la t ive ly  high / . t 's .  

Typica l  D R  and B H  loads  v s  st roke,  F igure  5, show the 

icator 

order 

ove 
:e 

Binder Hold-down 
Force Load Cell 

Fig. 4--Schematic diagram of drawbead simulator apparatus for mea- 
suring drawing and clamping forces. 

Table II. Drawbead Forces and Coefficient of Friction for Test Lubr icants on Steel 

Lubrication Force Sheet Rimmed Steel AK Steel 
Condition or/x Thickness mm 0.76 0.86 0.99 0.76 0.86 0.96 

MO Lubricant DR (kN) 5.7 6.4 8.4 5.6 6.4 8.0 
BH (kN) 4.2 4.8 5.8 4.2 4.8 5.9 
/x 0.18 0.16 0.17 0.18 0.16 0.16 

DR (kN) 3.3 3_9 5.3 3.3 3.9 5.0 
BH (kN) 3.0 3.5 4.7 2.7 3.2 4.0 

DR (kN) 4.0 4.8 6.3 4.0 4.6 6.0 
BH (kN) 3.4 4.2 5.2 3.4 4.1 5.0 
/z 0.07 0.07 0.06 0.07 0.05 0.06 

Rollers 

SB Lubricant 

MO Lubricant DR (kN) 6.3 9.1 * 5.7 6.9 
BH (kN) 4.7 6.6 4.2 4.9 
/x 0.17 0.18 0.16 0.16 

Rollers DR (kN) 3.8 5.4 3.6 4.3 
BH (kN) 3.4 4.6 3.3 3.7 

SB Lubricant DR (kN) 4.6 7.2 4.5 5.3 
BH (kN) 3.9 5.5 3.8 4. l 
p, 0.06 0_ 11 0.07 0.07 

5.5 mm radius drawbead 

4.75 mm radius drawbead 

*These forces were not measured because they exceeded the capacity of  the apparatus. 
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Table III. Drawbead Forces and Coefficient of Friction from Test Lubricants on Aluminum 

2036-T4 Aluminum 
Lubrication Force Sheet *LF **HF 5182-0 Aluminum 
Condition or/,t Thickness (mm) 0.81 0.89 0.97 0.99 0.82 0.99 

MO Lubricant DR (kN) 4.7 5.7 6.1 7.0 3.3 5.0 
BH (kN) 3.6 4.8 4.9 4.9 2.6 2.8 
p, 0.18 0.17 0.16 0.21 0.18 0.22 

Rollers DR (kN) 2.8 3.2 3.7 3.8 1.9 3.1 5.5 mm radius 
BH (kN) 2.2 2.8 3.2 3.1 1.7 2.1 drawbead 

SB Lubricant DR (kN) 3.0 3.9 4.4 4.5 2.5 3.5 
BH (kN) 2.9 3.5 4.1 3.8 2.2 3.0 
/z 0.04 0.07 0.06 0.06 0.09 0.05 

MO Lubricant DR (kN) 4.8 5.9 6.9 8.5 7.3* 4.0 5.8 
BH (kN) 3.8 4.7 4.5 4.6 4.6 * 2.6 4.1 
/z 0.17 0.14 0.19 0.27 0.18' 0.21 0.19 

Rollers DR (kN) 2.9 3.8 4.3 4.6 2.3 3.4 
BH (kN) 2.3 2.8 3.4 3.5 1.8 2.9 

SB Lubricant DR (kN) 3.8 4.9 5.1 5.8 2.7 4.1 
BH (kN) 2.9 4.2 4.3 4.9 2.2 3.4 
/.I. 0.10 0.08 0.06 0.08 0.07 0.06 

No Lubricant DR (kN) 8.3 *** 
BH (kN) 3.1 
/x 0.42 

4.75 mm radius 
drawbead 

*LF = low friction lot 
**HF = high friction lot 

***Sheet metal galled and seized 
*0.99 2036-T4 Al-forces measured after buffing 

large differences between these lubricants for 0.86 mm AK 

steel with 11 mm diameter drawbeads. 

R E S U L T S  A N D  D I S C U S S I O N  

The DR and BH loads for different thicknesses of the mate- 

rials investigated are shown for the two different drawbead 

diameters in Tables II and III. Coefficients of friction, ob- 
tained from Eq. [ 1], are also shown in the tables. For the 

MO lubricant, the friction force lies between 36 pct and 

46 pct of the total drawbead force, while for the SB lubri- 

cant the friction force is only between 13 pct and 21 pct of 

the total drawing force. 
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Fig. 5 - -Fo rce  v s  stroke measurements for drawbead forces in 11 mm diameter "frictionless" and fixed drawbeads for 0.86 mm AK steel. Mil oil and soap 
base lubricants were measured for the fixed drawbead. (a) DR (Drawbead Restraining) force, (b) BH (Binder Hold-down) force. 
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The scatter in/~ values is greater for the SB lubricant than 

for the MO lubricant, but this does not imply a less accurate 

measurement. Since /x depends directly on the difference 
between the restraining forces from standard drawbeads 

(DRd+y) and the roller beads ( D R d )  , the percent error in the 

calculated gt increases as the average Drd+i approaches DRd, 
i .e. ,  as the lubricant improves. 

Steels 

The relatively constant behavior of/x for two specific lubri- 

cants as the BH force is varied by changing steel thickness 

and drawbead diameter is shown in Table II. For the MO 

lubricant/x varied between 0.16 and 0.18, a range of about 

12 pct, while the BH force varied from 4.2 kN to 6.6 kN, 

a range of over 50 pct. Similarly the coefficient of friction 

for the SB lubricant for most steel strips varied between 0.05 

and 0.07 (about 20 pct), while the BH force varied from 

3.4 kN to 5.2 kN (over 50 pct). These relatively small 

changes in/x for a large variation in BH force is an indi- 

cation that Coulomb's Law can reasonably represent friction 
for these cases. 

In contrast to the Coulombic behavior of /.t discussed 

above, the 0.86 mm thick rimmed steel showed an increase 
in/x to 0.11 for measurements on the 4.75 mm radius draw- 

bead, compared to the 0.05 to 0.07 range noted for the other 

steel measurements. This departure was accompanied by 

burnishing of the bead and shoulders of the drawbead, 

demonstrating that the lubricant was not effectively pre- 

venting metal to metal contact. Apparently the lubricant had 

shifted from a thin film regime to a mixed lubrication 

regime. Values of/x for the thicker steel, about l mm thick- 

ness, could not be obtained for the 4.75 mm radius draw- 

beads because the forces exceeded the load capability of the 

roller bead apparatus. 

Aluminum Alloys 

The coefficients of friction, Table III, for the MO lubricant 

on 0.81 mm and 0.89 mm thick 2036-T4 aluminum are 

similar to those for the steels. Since 2036-T4 aluminum 

sheet is designed to have yield characteristics similar to 
steel, the similarity of gt to that of steel for a given lubricant 

is reasonable. However,/x for 0.99 mm thick 2036-T4 alu- 

minum, measured on the 4.75 mm radius drawbead with 

MO lubricant, increased to 0.27 compared to 0.16 for the 

two thinner test strips, an increase of over 50 pct. This large 

change in /z indicates a departure from Coulomb's Law, 

i .e. ,  the coefficient of friction is no longer constant. 

In order to determine the cause of the change in /z, a 

second lot of 2036-T4 aluminum of about the same thick- 

ness was tested under the same conditions. /x for this lot of 

material was 0.19, much closer to /x ' s  previously found. As 

noted in the experimental section, the two lots of material 

were designated LF (low friction) and HF (high friction). 

Surface analysis by ESCA and electron microprobe showed 

no significant differences in trace elements or oxides. How- 

ever, surface roughness, as measured an AA, was signifi- 

cantly different between LF and HF aluminum. The LF 

material measured an AA roughness of 0.05 /xm along the 

sample length (sheet rolling direction) and 0 .27 / zm across 

the sample (transverse to sheet rolling direction). The HF 

material measured an AA roughness of 0.11 /.tm along the 

rolling direction and 0 .56 /xm transverse to the rolling di- 

rection. While much more sophisticated means of mea- 

suring surface roughness are necessary to fully characterize 

the surfaces in terms of true contact area, 4 these methods are 

beyond the scope of the current work. The AA measurement 

does give at least a first indication of surface roughness. 

Figure 6 shows SEM photomicrographs and associated AA 

roughness measurements for an HF sample. By buffing the 

HF sample, its AA roughness was reduced to about 

0.08 /xm in both sheet directions. After buffing, /x for the 

HF sample decreased to 0.18 for MO lubricant on the 

9.5 mm diameter drawbead, which approximates/x for the 

LF material. The similarity of /x  for the LF and HF alumi- 

num after buffing shows that surface roughness is a decisive 
factor in the friction differences between the two lots with 

MO lubricant. Note, however, from Table III that no sig- 

nificant differences in friction between LF and HF samples 

are observed for the SB lubricant. This is believed to be 

related to the lubrication regime. At the measured BH loads 

the aluminum strips probably operate in the mixed lubri- 

cation regime with MO lubricant, but in the thin film regime 
for SB lubricant. The interaction between lubricants and 

surface roughness in sheet metal drawing has been reported 
in the literature, s'6 

In drawbeads the relation between the surface roughness 

and friction is particularly complex because the surface 

roughness changes as the sheet metal progresses through the 

drawbead. If sheet metal is deformed in contact with a die 

surface, the sheet surfaces become smoother. However, if 

the sheet metal is deformed as a free surface, the sheet 
becomes rougher. 7 Both types of deformation are experi- 

enced by both surfaces of the sheet as it traverses a drawbead 

and is alternately bent against the bead and the shoulders. 

Variations in the surface roughness of the HF aluminum as 

the metal progresses through the 4.75 mm drawbead can be 

readily observed, Figure 6. 

From both the SEM micrographs and the AA roughness 

measurements it is evident that the metal surface is flattened 

more by contact with the second shoulder than with the first. 

This indicates an increase in the normal contact pressure as 

the strip progresses through the drawbead. Since Coulomb's 

Law will apply to friction in drawbeads only as long as the 

true contact area is a linear function of the normal pressure, 

the severe flattening at the second shoulder, a reduction in 
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Fig. 6 - -  The variation of surface 
roughness with position in the 
4.75 mm radius drawbead for 
0.99 mm thick 2036-1"4 (HF) 
aluminum shown by SEM micro- 
graphs and profilometer measure- 
ments transverse to the rolling 
direction. 

roughness f rom 0.71 p ,m A A  to 0.25 /~m A A  shown in 

Figure 6, suggests  a depar ture  from Cou lomb ' s  Law. 

The departure f rom Cou lomb ' s  Law can also be noted 

by a plot o f  DR force vs BH force for the MO lubricant,  

Figure 7. Over  most  o f  its range,  the plot shows a l inear 

relat ionship be tween  DR and BH forces as expected f rom 

Coulomb ' s  Law.  The value o f / x  over  this range is - 0 . 1 7  

from Table II. However ,  a sharp departure from linearity is 

observed at a BH force of  about 4 .6  kN. At  this force,  /x 

suddenly increases to over  0 .21.  The high DR force  da ta  

points are for 0 .97 m m  LF a luminum on 9.5 m m  d iamete r  

beads and 0 .99 m m  H F  a luminum on both 9.5 m m  and 

11 mm diameter  d rawbeads ,  as shown in Table  III. 

5182-0  a luminum shows a somewhat  higher  ~ (Table  III)  

than 2036-T4 for  comparab le  BH forces with the M O  lubri-  

cant. This a l loy is softer  than 2036-T4 a luminum,  so that the 
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true area of contact would be larger for a given BH force. 

Therefore the coefficient of  friction would be expected 
to be higher. No departure from Coulomb's Law was ob- 
served for 5182-0 aluminum, but BH forces were relatively 
low because of the lower strength of this alloy. The coeffi- 
cient of friction for the SB lubricant on 5182-0 aluminum is 

about the same as for 2036-T4 aluminum. This again indi- 
cates that the SB lubricant operates in the thin film region 
where the lubricant is more important than the sheet metal 
characteristics. 

C o m p a r i s o n  of Ana ly t ica l  a n d  Exper imenta l  
D r a w b e a d  Res t ra in ing  F o r c e s  

Wang 8 has analyzed drawbead forces and calculated the 

drawbead restraining force based on bending deformation 
and friction. His deformation force analysis incorporates the 
relevant material properties and assumes that the material 
strain hardens monotonically. The friction force calculation 
assumes Coulomb's Law. Since friction is assumed to be 
Coulombic for Wang 's  model, a test of the applicability 
of  Coulomb's  Law to drawbeads is provided by com- 
paring Wang's  calculated values of DR force plotted for 
a s sumed /z ' s  to experimental DR force values plotted for 

/x 's obtained from Eq. [1]. 
Figure 8 shows that for 0.89 mm 2030-T4 aluminum and 

0.86 mm A-K steel pulled through 4.75 mm radius draw- 

beads the experimental curves of  DR force vs tx closely 
parallel the curves calculated by Wang. The difference in 

magnitude between the experimental and calculated curve 
for aluminum probably occurs because Wang's analysis of 
deformation force assumes monotonic strain hardening 
rather than cyclic strain hardening. Cyclic strain hardening 
would cause less hardening, but the magnitude is not 
known. However, since experimental and calculated curves 
maintain a nearly constant separation as ~ increases from 
zero, there is good agreement for the friction part of the DR 

force. The large difference in the deformation component of 
DR force is not found for steel because steel has a strain-rate 
hardening effect not present in aluminum. The increased 

hardening due to the strain rate effect in steel is about 20 pct 
for drawbead deformation conditions. ~ The cyclic softening 
effect for aluminum based on Figure 8 is about 20 pct. Since 
neither effect is included in Wang's  analysis, 4~8 the good 

agreement between experiment and calculation for steel may 
result from a cancelling of these two effects. 

For the thickest steels (0.99 mm rimmed and 0.96 A-K) 
in 5.5 mm radius drawbeads, and for the two thinnest 
2036-T4 aluminum specimens on 4.75 mm radius draw- 
beads, there was also good agreement between calculated 
and experimental values. The upward curvature of Figure 8 
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0.89 mm 2036-T4 aluminum on 4.75 mm radius drawbeads. Calculated 
and experimental curves are nearly parallel, showing that Coulomb's Law 
is a reasonable approximation for these cases. 
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is a result of the complex interplay between friction and DR 

force due to the drawbead geometry as discussed earlier. 

Thus, for these sheet metals and operating conditions, Cou- 

lomb's  Law gives a good representation of the friction com- 

ponent of the DR force. 

However,  for the thick a luminum on the 5.5 mm radius 

drawbead, some deviat ion from Coulomb 's  Law is ob- 

served. Figure 9 shows that the HF aluminum begins to 

deviate slightly toward lower drawing force with increasing 

/z compared with the calculated curve. The difference be- 

tween the calculated the experimental  curve for the HF 

a l u m i n u m  increases  from about  1 kN at zero friction 

to 1.4 kN for friction with MO lubricant, while the differ- 

ence be tween  ca lcu la ted  and exper imenta l  curves for 

LF a luminum remains constant at - -1 .6  kN for the same 

two conditions. 

Much greater deviations between the calculated and mea- 

sured DR forces develop for a luminum pulled through the 

4.75 mm radius drawbead because of increased contact 

pressure between the sheet metal and drawbead. The experi- 

mental values of DR force continual ly decrease below the 

calculated values as /x increases  for both LF and HF 

2036-T4 a luminum.  The difference between calculated and 
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Fig. 9--Drawbead Restraining force vs tz for 0.97 mm (LF) and 0.99 mm 
(HF) 2036-T4 aluminum on the 5.5 radius drawbead. The experimental 
curve for 0.99 (HF) material shows a slight deviation compared to the 
calculated curve toward lower drawing loads at higher /t. Differences 
between the curves at 0 friction and friction for MO lubricant are shown. 

experimental DR force increases from 1.7 kN for the LF 

a luminum at zero friction to 2.5 kN at /z -- 0 .19 for MO 

lubricant. The HF a luminum shows a greater difference 

from 1.2 kN at zero friction to 3.2 kN a t / z  = 0.27 for the 

MO lubricant. For no lubricant (dry) , /x  equals 0.42 and the 

DR force for the LF a luminum drops far below the calcu- 

lated curve based on Coulomb friction. The dry point for the 

HF a luminum could not be obtained because the friction 

force was so high that the sample failed in tension. Both the 

LF and HF a luminum galled for the dry cases, which indi- 

cates a complete change of lubrication regime. It is clear 

from Figure 10 that for poor lubrication condit ions under the 

higher contact loads imposed by smaller radius drawbeads 

and/or thicker specimens, Cou lomb ' s  Law breaks down for 
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Fig. 10--Drawbead Restraining force vs  tx for 0.97 mm (LF) and 
0.99 mm (HF) 2036-T4 aluminum on the 4.75 mm radius drawbead. The 
large divergence between experimental and calculated curves shows a 
breakdown in Coulomb's Law for friction in drawbeads. Differences be- 
tween the curves at 0 friction and friction for MO lubricant are shown. 
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2036-T4 aluminum and is not a reasonable approximation to 
calculate the DR force. 

CONCLUSIONS 

l. The applicability of Coulomb's Law to drawbeads 
depends on complex interactions among the mate- 
rial, the contact pressure between the sheet metal 
and drawbead tool surfaces, the surface roughness, 
and the lubrication. 

2. For rimmed and A-K steel, Coulomb's Law may be 
applied to drawbead friction for most autobody 
sheet thicknesses. For high contact pressures re- 
suiting from sheet thicknesses approaching 1 mm 
pulled through 4.75 mm radius drawbeads, a sud- 
den increase in/x and burnishing of the drawbead 
surfaces indicates a change of lubrication regime 
and a breakdown of Coulomb's Law. 

3. For 2036-T4 aluminum, Coulomb's Law applies to 
drawbeads for sheet thicknesses below about 
0.9 mm. For thicknesses approaching 1 mm, poor 
lubrication conditions, and a relatively rough sheet 
metal surface, Coulomb's Law breaks down. 
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