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Abstract The limits of the processing window for deep
drawing, collected in a deep drawing diagram, are affected
by material behavior, process parameters and size effects. A
size effect, more specific a density effect, explains the
changes in forming behavior of foils with respect to the
forming limit, denoted by the limiting drawing ratio. It is
shown that it occurs in so called Tiffany structures. The
changes in the tribology in deep drawing have an influence
on the clamping limit of the processing window. The
changes are induced by changes of the drawing speed. They
can be explained by the lubricant pocket model only if one
takes the temperature dependence of the viscosity of the
lubricant into account.
Keywords Deep drawing - Process limits - Micro parts
List of symbols
I Coefficient of friction from Coulombs law
Hefr Effective coefficient of friction from numerical
identification using the formula by Storoshew

ue(p)  Coefficient of friction as function of contact
pressure, given by the so called friction function

HH Coefficient of friction for hydrodynamic contact

Us Coefficient of friction for solid contact

U Total coefficient of friction

Ag Macroscopic contact cross section area (mmz)

AL Liquid contact area (mm?)

Ag Solid contact area (also: real contact area) (mm?)
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Diameter (mm)

Initial blank diameter (mm)

Punch diameter (mm)

Force (N)

Blank holder force (N)

Normal force transferred by hydraulic medium (N)
(Total) normal force (N)

Punch force (N)

Normal force on solid contact (N)

Punch travel distance during forming process
(mm)

(Contact) pressure (N/mmz)

Blank holder pressure (N/mm?)

Initial blank holder pressure (N/mm?)

Lubricant pressure (N/mm?)

Pressure of solid contact (N/mm?)

Radius (mm)

Drawing radius (edge radius of drawing ring)
(mm)

Punch radius (radius between bottom and mantle)
(mm)

Sheet thickness (mm)

Temperature (K)

Temperature at viscosity 7, (K)

Velocity (m/s)

Punch speed (m/s)

Viscosity temperature index

Drawing ratio (ratio of blank diameter to punch
diameter)

Limiting drawing ratio

Drawing clearance (mm)

Viscosity (m2/s)

Viscosity at temperature T (mz/s)

Density (g/cm’)

Maximum strain
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1 Introduction

A global aim of research is to understand the relations
between properties and parameters and to present those to
the user in industry in a convenient way. In sheet metal
forming the deep drawing diagram is such a representation.
While this is well known and understood in macro forming,
there is a lack of information for the range of micro
forming. According to [2] micro forming is used for those
cases, where the size of the work piece is below 1 mm at
least in 2 dimensions. The development of new products
and the processes for its production is interfered by so
called size effects, which make an adaption of the pro-
cesses necessary. According to [31] size effects are defined
as deviations from intensive or proportional extrapolated
extensive values of a process which occur, when scaling the
geometrical dimensions. The systematic approach of that
paper was further developed in [32], which offers three
main categories of size effects: The density, shape and
structure effects, which are in turn divided into individual
subgroups. This systematic, explained more in detail in
[31] and applied to the area of micro forming in [34], can
help to understand and to master these effects.

In sheet metal forming, the forming behavior is descri-
bed using two characteristic diagrams, one is the forming
limit diagram. It was introduced by Keeler and Backofen
[17] and extended by Goodwin [4]. There is still research
on it, e.g. on the determination of such diagrams [20]. Very
early information about the influence of the sheet thickness
on the forming limit diagram was given by Hasek and
Lange [7], claiming that the forming limit is shifted to
lower values, if the sheet thickness is decreased. However,
this was shown for sheets of 1-2 mm made from steel. It
was not clear whether this effect continues, if the sheet
thickness is further reduced and if other materials like
copper and aluminum are investigated. It will be shown in
this paper that the decrease in formability with decreasing
size in the micro range is a size effect out of the category of
density effects.

The second process diagram is the deep drawing dia-
gram. For the sake of clarity, the deep drawing diagram is
shown schematically in Fig. 1, in order to define the
characteristic lines named wrinkling limit (WL), drawing
limit (DL), and fracture limit (FL). Very often, only one
value, the limiting drawing ratio (LDR or f3,.) is speci-
fied. This is the maximum value of the drawing ratio which
can be achieved under the given conditions. It can occur
that there is no drawing limit line and the LDR is defined
by the intersection of the clamping limit and fracture limit.

In [30] it is shown that the LDR obtained from experi-
ments with pure aluminum (Al 99.5) is reduced from 1.8 to
1.5 in lubricated deep drawing with punch diameter of 50
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Fig. 1 Schematic deep drawing diagram

and 1 mm, respectively. The effects were explained by
different size effects, where a localized flow phenomenon
was suggested. By an investigation of the grain structure
for Al- and Cu-foils of different thicknesses [12] it was
shown that there is evidence for a strong local plastic
deformation in thin foils, as only one grain covers the sheet
thickness. This amplifies the localization of the flow
behavior, as it is dominated by the orientation of the
individual grain and not averaged by the influence of
multiple grains like in polycrystals. Furthermore, it was
shown in [12] that the LDR is reduced from 2.0 to 1.9 for
copper, if the punch diameter is reduced from 5 to 1 mm.
The discussion about the increase in scatter of the mea-
sured values, e.g. the punch force during deep drawing,
was analysed by Justinger and Hirt [14]. The analysis
showed that there is strong evidence for other sources of
the scatter than the grain statistics at least for the punch
force in deep drawing. This example shows the specific
nature of the occurring size effects.

One essential key to size effects is the microstructure of
the materials. As shown in [34], there are characteristic
structures like polycrystals (e.g. there are many grains
along the cross section of the material, yielding a material
behavior like a continuum), oligocrytals (there are more
than one grain along the cross section, but the number is
too low to get a statistical averaging effect), and single
crystals (no grain boundaries in the sample, the material
behavior is strongly anisotropic). As there was no name for
an essential structure of sheets, e.g. a structure having only
one grain along the sheet thickness, but many grains along
the in-plane-directions, the name ‘Tiffany structure’ was
introduced [34], as that particular structure of glass hand-
icrafts is very similar to that which was described for sheet
metal. Tiffany structures show a strongly localized and
uneven deformation behavior (see Fig. 2), what is due to
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Fig. 2 Localized deformation in Tiffany structures [35]. In the case
of a material behavior as a continuum, a continuous increase of the
local strain towards the middle of the sample would be expected.
Example is from deep drawing using laser induced shock waves

the dependence of the orientation of the particular grains
concerning the loading direction; see e.g. [35].

2 Experimental

A direct driven high precision double acting press was used
for the deep drawing at different speed. The design of the
machine and details about the properties are explained in
[25]. Further detailed information about the precision is
given in [26].

All forming tools were made according to the rules of
similarity (see e.g. [1]). The relative size of the main
geometric parameters is given in Table 1. In order to
address the actual size of the sample and experiment, the
nomenclature ‘sizeN’ is used, where N is the sheet
thickness or wire diameter in micrometer. For example,
‘size20’ addresses experiments using foils of 20 um or
wires with a diameter of 20 pm. According to Table 1 a
punch diameter of 1 mm would apply for deep drawing in
size20.

The sheet material was pure aluminum Al99.5 in the as
delivered condition, the foil thickness was 20 and 100 pm.
Deep drawing tools were made using tool steel 1.2379
(German standard), samples were lubricated with HBO
(mineral oil) having a viscosity of 400 mm?*/s at 40°C.

Table 1 Dimensions of the deep drawing tools relative to the sheet
thickness sy (20-100 pum) (see also Fig. 1)

Sheet Punch Punch Drawing Drawing
thickness  diameter dp radius rp  radius rp clearance Adp
So 50 So 5 So 6 So 1.4 So

The effective coefficient of friction u.pr was determined
by punch force measurements and the use of the formula
for the maximum punch force from Storoshew (see [27] for
the procedure, [29] for the formula). The friction function
ug(p), which accounts for the dependence of the coefficient
of friction ug on the contact pressure p, was determined
according to [9].

3 Experimental results

The experimental results are already published elsewhere;
see the citations at the figures; the most important experi-
mental results are reprinted here for easier reading of the
holistic discussion given here. Figure 3 shows the effective
coefficient of friction, which is calculated from the maximum
drawing force according to a calculation of the force from
Storoshew. The method delivers an average value for the
coefficient of friction and has the advantage that the effect of
process variations (as punch speed variation) can be traced
easily. The comparison of the two methods for the determi-
nation of the coefficient of friction (see e.g. [34]) showed that
the intersection of the friction function ug and the pressure-
independent effective coefficient of friction pi.¢r is essentially
at the same contact pressure of 12 N/mm? for both sizes.

In Figs. 4 and 5 characteristic deep drawing diagrams for
the size20 and size100 are given, demonstrating the changes
with changes in size and drawing (punch) speed v,. It is
worth to note that there is an upward shift in the FL. with
increasing drawing speed, but no change to the DL for a
constant size. The LDR f,,.x decreases with decreasing size.

4 Discussion

The number of grains per volume can be understood as a
grain density, being the reason for categorizing the effect
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Fig. 3 Change of the effective coefficient of friction in deep drawing
with different punch speeds [10]
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Fig. 4 Process window of deep drawing of size20 at different punch
velocities [10]
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Fig. 5 Process window of deep drawing of sizel00 at low punch
velocity [10]

of constant grain size (or in turn of constant grain density)
into the category of density effects. Maintaining a constant
grain size and reducing the dimension of the samples will
lead to a change of the material structure from a poly-
crystalline to a Tiffany structure. Here it should be pointed
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out how the transition from polycrystalline to Tiffany
structure changes the sheet forming behavior. In [13] the
different strength behavior was discussed, but there are no
data about the elongation to fracture. As shown in [10] the
changes in the coefficient of friction due to changes in
punch speed do not take influence on the drawing limit. In
previous work it was assumed that local accommodation
strains are responsible for the changes in the LDR [30]
when changing the size. It appears to be correct that
localized strain determines the LDR, but the reason for that
has other roots. The basic reason is not a strain for
accommodation to the local tool geometry, but the change
in forming behavior due to the transition from polycrys-
talline to Tiffany structure. Such localization was observed
in a bulge test for the deformation of 10 um copper foil
having a Tiffany structure, making further evaluation of the
samples impossible [19]. It was shown in [33] using also a
bulge test that the aluminum samples of size20 does not
deform rotational symmetric as it is expected from FEM
simulation with homogeneous microstructure. The uneven
strain distribution is also maintained for different drawing
speeds [11]. A metallographic analysis has shown that
samples of size100 having a polycrystalline structure have a
better forming behavior (according to the forming limit
diagram) than samples of size20 having a Tiffany structure
[12]. The Tiffany structure amplifies the localization of
strain and an early failure (bottom fracture) occurs due to
the excessive straining of single grains. Figure 6 shows
schematically what happens: The critical part is the stretch
drawn area at position A, which is located between the
punch and the drawing ring at the beginning of the deep
drawing process. According to the inferior deformation
behavior of Tiffany structures, the forming limit line is
shifted to lower strains with decreasing size. Due to that the
forming limit in the stretch drawn area at position A is
exhausted locally and bottom fracture set in earlier than
expected from experience in the macro range. So the change
in the LDR with size changes is a density size effect, which

punch ,
Pmax position Ji\ﬁ position A
size100 @
(]
. / drawing ring
R , __ size20
N i o sound parts
strain path at\‘ ’I\ strain path at size100
positonB ™| position A X ;?iz'é% of

Prmin
BIAS ID110569

Fig. 6 Schematic limit drawing diagram with the size100 material
showing continuum behavior and size20 showing Tiffany structure
behavior
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leads to a Tiffany structure and an accordingly material
behavior.

While the density size effect based on Tiffany structures
explains the influence on the LDR fp.x (see Fig. 1), the
influence of the size of the work piece and the forming
speed on the clamping limit cannot be attributed to that.
Due to the fact that the drawing speed was increased,
changes in material behavior like an increase of the flow
stress or changes in the tribological behavior can be
assumed.

First the assumption that there is a change in flow stress
due to the high speed will be discussed which will show
that those effects will not contribute to the observed
changes. Despite the fact that 100 mm/s is a high punch
speed, it can be easily calculated that the maximum
deformation rate is less than 150 s™': The upper limit for
the logarithmic strain ¢, occurring under the given
conditions is taken from the change of the initial outer
diameter dg o (1.8 mm) to the punch diameter d, (I mm).

Pmax = In (d—p) (1)

dgo

The lower limit for the processing time is taken from the
minimum punch travel distance 1,, given by width of the
initial flange:

I, = (dgo —dp)/2 (2)

Division by the maximum punch speed (100 mm/s)
yields the forming time (4 ms). Using the maximum
deformation @« (from Eq. 1; i.e. 0.59) an upper limit of
the deformation speed of 147 s™' can be deduced. The real
deformation rate will be even lower, as the punch travel
distance for complete draw in will be larger than the initial
flange width, but this is neglected as an upper limit
consideration is intended. At a speed below 200 s™' no
change of the flow stress is expected. Therefore no effects
from the material strength should occur. As changes in
material behavior are excluded, the tribology appears to be
the only feature to explain this shift, which enlarges the
processing window. The changes in tribology have been
already shown in [10], but the open question is the
characteristic of its nature. Especially the changes in the
coefficient of friction as shown in Fig. 3 must be explained.
There are speed and size effects.

Figure 7 shows schematically the situation between tool
(flat surface) and work piece (rough surface). The forming
force is transferred by the individual contacts of the
asperities with the contact area A, for solid contacts. There
is no reason why the tribology between such asperities,
which is called microtribology throughout this paper,
should change due to geometrical scaling of the sample, as
the structure of the surface is considered to be constant.
The reason must be looked up at the tribology of the whole

contact area, comprising the microtribological contacts and
the pockets in between them.

Very often a global statement is made that the lubricant
pocket model (LPM) can explain the observed differences.
This model, first qualitatively proposed by [21], is
explained in detail in [28]. For the analysis made here, only
the following should be pointed out, being a simplification
of the further development of the LPM by Pfestorf [23].
This simplification is intentional to get an upper limit esti-
mate for the effects. If lubricant is entrapped in the pockets
between the asperity contacts, some fraction of the normal
force Fy will be transferred also by the pressure in the
liquid. This share is given by p; Ay, where py_ is the pressure
in the lubricant and A is the cross section covered by the
(closed) lubricant pockets. An upper limit, neglecting open
lubricant pockets, is given by

AL = Ag — Ag (3)

where A, is the macroscopic cross section of the contact
and Ag the sum of the solid contact areas, also known as
real contact area.

As shown in Fig. 7 the liquid will escape from the
lubricant pockets when reducing the overall size. This is so,
because the distance to the border of the macroscopic
contact area decreases, which in turn changes the nature of
the lubricant pockets from closed to open ones. This is due
to the fact that the structure of the surface is held constant
during scaling. Therefore it is a structure effect, or more in
detail a microgeometry effect (see e.g. [31] for defini-
tion)as the surface structure of the tool and the surface
structure of the work piece are held constant, which results
in a decrease of the number of closed lubricant pockets
with decreasing size, see Fig. 7. As a consequence, the
lubrication pockets are interconnected with the free
boundary for the small sample, enabling the lubricant to
escape quickly. It is also worth to note that the microtrib-
ology is assumed to stay unchanged.

Macro Micro

pressure ps A,

L

work piece

pressure pg

closed pocket
pressure pL

open pocket

solid contact area As liquid contact area A.

BIAS ID110568

Fig. 7 Lubricant pocket theory for the coefficient of friction. The
single solid contact spots are called ‘microtribological contacts’
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In order to get again an upper limit estimate for the
difference between the sizelO0 and size20 realization,
the maximum difference between the contact pressures at
the microtribological contacts should be pointed out. One
should keep in mind that the macroscopic contact pressure
is the same for both sizes.

The force transfer by the liquid, given by

Fu =pLAL (4)

for the size100 will reduce to zero for the size20, as there
are no closed lubricant pockets. As the normal force is
composed from

Fn =Fy+Fs = pLAL + pSAS (5)

the contact pressure at the microtribological contacts, e.g.
the contact areas of the surface asperities, becomes:

ps = (Fx — pLAL)/As (6)

For the micro size, e.g. size20, the pressure pp reduces
to zero, so

ps = Fn/As (7)

This shows that the contact pressure p; is bigger for the
size20 than for size100, where Eq. 6 with A;p; > 0 gives
the contact pressure.

If the LPM applies and no other effects are responsible
for the size effect, the different coefficients of friction in
macro and micro deep drawing should lie on a common
Stribeck curve. From the conditions given in the experi-
ments, the Stribeck number SN

nv

SN DS (8)
is in the range of 1.9 mm’/Ns® to 3,300 mm®/Ns.
According to [5], who made experiments using motor oil at
comparable conditions, this is in the range of mixed
lubrication below the transition to hydrodynamic lubrica-
tion. This can explain the decrease of the coefficient of
friction with increasing sliding speed.

It is postulated that the Stribeck curve applies to the
microtribological contacts. In that case it is obvious that the
difference between the two sample dimensions (1 mm and
5 mm punch diameter) is given from the LPM as a dif-
ference of the pressure ps. The upper limit for the pressure
of the entrapped lubricant p; is given by the contact
pressure ps to ensure sealing of the pockets. In order to
calculate the upper limit of the load transferrable by the
lubricant, a pressure

PL = Ps 9)

is taken. The second parameter is the fraction of the lubri-
cant pocket area, given by Eq. 3. The real contact area can
be determined experimentally, see e.g. [3]. An application
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of that method showed the strong influence of the contact
load, sliding distance, and other parameters, but a minimum
of 0.05-0.1 A, seemed reasonable [24].Other work showed
a real contact area of some 0.5 for low loads [23], which is
consistent with the simulation of the contact area by Hol
et al. [8]. In order to get an estimate for the lower limit of the
Stribeck number, a value of 0.05 A, is taken for Ag. As the
lubricant in experiments with size100 is assumed to transfer
the same pressure as the solid contact, the microtribological
contact pressure pg is equal to the nominal pressure. From
[34] a nominal pressure of 12 N/mm? seems to be the
average at the moment of the determination of the coeffi-
cients of friction by the method using the Storoshew
equation. From those values the Stribeck number for
size100 ranges from 33 mm?>/Ns? to 3,300 mm?/Ns? for the
lowest and highest drawing speed, respectively.

For size20, the lubricant pressure in the lubrication
pockets is assumed to be zero to get the lower limits of the
Stribeck number. As the real contact area has to transfer the
whole load, the effective pressure ps size20 1S increased to
240 N/mm?. Despite the fact that this value is far above the
flow stress of the sample material it is taken to calculate the
lower limit of the Stribeck number. This results in Stribeck
numbers of 1.9 mm®/Ns? to 165 mm>/Ns®. When redraw-
ing the results from Fig. 3 in Fig. 8 as a Stribeck curve,
there is a clear overlap of the two curves for size20 and
size100 with different coefficients of friction. It can be
concluded that the LPM cannot explain the whole size
effect as measured. An additional factor of at least 10 has
to be explained by a further effect.

So far, the same viscosity was taken for all calculations,
but it is well known that there is a very strong influence of
the temperature T on the viscosity # of lubricants, which
can be described by an exponential law (see e.g. [6]):

n = noe” 1) (10)
=
0.4
s © size20
B = size100
= 0.3 4 n = const.
ks
3 02 -
2 '
3 ' : |
8 0.1+ 1 "
P !
=
S 0 : | , :
E 0.1 1 10 100 1000 10000
Stribeck number vn/p
Blank material Al99.5 Lubricant HBO
Initial blank holder pressure 0.5 N/'mm?  Amount of Lubricant 4 g/m?
BIAS ID 110031

Fig. 8 Stribeck curve for different sizes
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where 7, is the viscosity at temperature Ty and o as the
viscosity-temperature-index. Typically, a temperature
increase of 80 K decreases the viscosity of lubricants by a
factor of 100. So even a smaller heating of the lubricant
could explain the missing factor of 10.

There are three effects which take influence on the
temperature difference of the lubricant for size20 and
size100:

1. For sizel100 there is more lubricant kept in and around
the microtribological contact zone, as the lubricant
cannot escape from the closed lubricant pockets. If the
same amount of heat per contact area is generated, the
temperature increase will be less for size100 than for
size20.

2. The frictional heat is generated as heat per area. As the
thickness of sizel00 samples is larger, these samples
might act more effectively as heat sinks. Due to that,
heating of the lubricant should be less for size100 than
for size20.

3. As explained above, the local contact pressure is larger
for size20 than for sizel100. This will lead to a more
pronounced heat generation for size20 than for
size100.

All of the listed effects will lead to a stronger heating of
the lubricant for size20 compared to sizel00, while the
third effect is probably the strongest one. A quantitative
estimate of the temperature increase will be very difficult
to make, so only qualitative estimates are given.

Heating effects in sheet metal forming are investigated
rarely. From simulation and experiments a maximum
heating of only less more than 5 K were detected in an
Erichsen test of a steel sheet having a thickness of 0.8 mm
[22]. For a stamping process with larger sliding distances
than in an Erichsen test a local temperature increase of
more than 60 K was identified by simulation [18].
According to [15] the temperature rise during deep drawing
of cups from brass with a diameter of 1-8 mm at a punch
speed of 100 mm/s was calculated to be 70-190 K. A
detailed description of the calculation and the simplifica-
tions made are described in [16]. From industrial experi-
ence it is also known that the temperature of the tools can
rise by some 100 K during deep drawing. As the transition
temperature during deep drawing might be even higher it
seems feasible that there is a difference in the temperature
of the lubricant of 30 K between size20 and size100 which
would result in a difference of the viscosity by a factor of
10 explaining the necessary order of magnitude for the
Stribeck number. Therefore a structure size effect, descri-
bed by the LPM augmented by a consideration of the
temperature dependent viscosity and different heating at
different dimensions could explain the observed effects. As

=
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Fig. 9 Stribeck curve for different sizes and speeds when considering
a temperature effect on the viscosity

a result, Fig. 9 shows the Stribeck curve when using tem-
perature-corrected values of the Stribeck number.

5 Conclusions

— The size dependent influence of the speed on the
clamping limit of the deep drawing diagram can be
explained by the change of the tribological behavior.
The microtribology which takes place at the contact of
individual asperities can be considered as constant for
the different conditions. The effect can be explained
using the model of open and closed lubrication pockets,
but is consistent only if one takes the temperature
dependent viscosity of the lubricant and different
heating during the processes into account.

— The size effect on the LDR is probably a result of the
changes in flow behavior, which results from the
transition of a true polycrystalline material to a Tiffany
structure (having essentially only one grain in thickness
direction). According to that explanation there should
be no influence of the forming speed on the LDR, as it
was observed.

6 Outlook

Further work has to be done, if the heating of the lubricant
should be taken into account for the friction behavior during
(micro) deep drawing. This would be a very large challenge
for a multi scale simulation, as the thermal conductivity, the
fluid dynamics of the lubricant and the heat flow in the tool
and workpiece has to be described in addition to the
(macroscopic) plastic flow of the material. Otherwise, size,
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velocity and pressure dependent coefficient of friction have
to be measured and implemented in simulation.
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