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Abstract

In order to reduce the use of classic lubricants such as synthetic or mineral oils, emulsions or waxes in the deep drawing
process, a new tribological system based on volatile lubricants was investigated. In this system, a volatile medium is injected
under high pressure through laser drilled micro holes directly into the contact zone between the tool and the sheet metal
and serves as a temporary lubricant. In order to investigate this tribological system under realistic conditions, strip drawing
experiments with different volatile lubricants (air, nitrogen, carbon dioxide and argon) were performed on galvanized sheets.
Therefore, a new generation of strip drawing tools was designed and numerically calculated for low elastic deformations to
ensure a uniform contact pressure distribution over the entire friction contact area. To obtain a homogeneous distribution
of the volatile lubricants, a number of micro holes with a depth of several millimeters were drilled into the hardened strip
drawing jaws using ultrashort pulsed laser radiation. Taking into account the capabilities of this laser drilling technique in
terms of size and shape of the micro holes, computational fluid dynamics simulations were performed to predict the flow
behavior of the lubricant within the micro hole as well as the contact zone and were compared with observable effects in
outflow tests. The chemical composition of the acting tribological layers was characterized by means of X-ray photoelectron
spectroscopy and their changes during the deep drawing process were correlated with the lubricants used as well as the
measured wear and friction values.

Keywords Dry forming - Volatile lubricants - Dry ice - Friction and wear - Gas lubrication - Strip drawing

hydrocarbon based oils (synthetic or mineral), waxes or
emulsions. Frequently, other substances with harmful
impacts on the environment and human health are added
[1]. In any case, it is necessary to apply the lubricant to
the sheet metal prior to the forming process and remove it
subsequently to enable further process steps like coating or
bonding. To avoid the need of these lubricants and to reduce
the process effort, science is investigating in new dry metal
forming techniques [2]. The usual approaches for solving

1 Introduction

In metal forming processes, especially in deep drawing, it
is necessary to use lubricants for reducing friction and wear
in order to prevent damage of the tools and the formed sheet
metal. The lubricants used for this purpose are typically

D4 Paul Reichle

paul.reichle @igvp.uni-stuttgart.de

Institute of Interfacial Process Engineering and Plasma
Technology (IGVP), University of Stuttgart, Nobelstrasse
12, 70569 Stuttgart, Germany

Institute for Metal Forming Technology (IFU), University
of Stuttgart, Holzgartenstrasse 17, 70174 Stuttgart, Germany

Institut fiir Strahlwerkzeuge (IFSW), University of Stuttgart,
Pfaffenwaldring 43, 70569 Stuttgart, Germany

Fraunhofer Institute for Interfacial Engineering
and Biotechnology (IGB), Nobelstrasse 12, 70569 Stuttgart,
Germany

this problem are coatings and surface structures. Bohmer-
mann et al. [3] designed structured and diamond-like carbon
hard coated dies for dry rotary swaging. Especially when
forming aluminum or zinc-coated sheet metal, adhesive wear
is a difficulty. Zhao et al. [4] investigated the influence of an
amorphous hydrogenated carbon coating on the tribological
conditions by deep drawing of aluminum. These two inves-
tigations are exemplary for the realization of a dry forming
process without any use of lubricants. In contrast, Vollert-
sen et al. [1] defines a dry metal forming technology as a
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process with no need of further process steps like cleaning
or drying prior to painting, joining, etc., which means that
it is not necessary to forgo lubricants at all. In the approach
presented here, volatile substances are used to lubricate the
sheet metal forming process. Therefore, the medium is intro-
duced to the contact zone via laser drilled micro holes inside
the tool (cf. Fig. 1 and Sect. 2.2) and operates as a tempo-
rary lubricant. Previous investigations working with nitrogen
(N,) and carbon dioxide (CO,) showed highly promising
results regarding wear, friction and consequently an enlarged
process window in deep drawing [5, 6]. When using volatile
lubricants during the deep drawing procedure, the process
chain can be reduced, eliminating now redundant steps like
oil application, component cleaning and the expensive dis-
posal of cleaning residues. Furthermore, the avoidance of
lubricant additives that are harmful to human health, such as
chlorinated paraffins, can be mentioned. From the ecological
point of view, these can lead to positive effects compared to
commercial lubricants. Peng et al. [7] and Pereira et al. [8]
investigated the impact of liquid CO, and N, for cleaning
and lubricating purposes on the environment. To evaluate
the environmental impact of CO, as volatile lubricant, it
is indispensable to take a look at the extraction method of
the used CO,. Ideally, used CO, is taken as a waste prod-
uct from other processes, such as bioethanol plants, ammo-
nia synthesis or technical combustion processes for use as
a volatile lubricant. This way, the additional emission of
greenhouse gases can be reduced. However, further efforts
must be made to recycle, to reduce the usage or to use other
volatile lubricants such as compressed air or N, to generate
a lower impact on the environment. Therefore, this research
was made to investigate the lubrication effects of different
volatile lubricants.

Since Bowden [10] and Mishina [11] researched in the
field of friction and wear of dry metal sliding contacts
under different environments, several investigations fol-
lowed [12-16] and showed a dependency on the surround-
ing atmosphere for the tribological conditions. Besides
the therein presented effects, the fluid flow properties of
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different volatile lubricants have been investigated in this
research, as they play a key part of effects on tribology.
Therefore, computational fluid dynamics simulations (CFD)
of the lubricants flow behavior were carried out (Sect. 3.1).
To investigate the interactions of the different effects, strip
drawing tests with tailor-made drawing jaws (Sect. 2.1) were
performed with dry (technical) air, liquid CO,, N, and argon
(Ar) as volatile lubricants to examine friction and wear for
deep drawing purposes. The friction was measured by force
sensors during the process and wear was classified by rough-
ness and gloss measurements (Sect. 3.2). To investigate
chemical changes of the surfaces as a result of drawing and
lubrication process, X-ray photoelectron spectroscopy (XPS)
measurements were performed (Sect. 3.3).

2 Materials and Methods
2.1 Design of Strip Drawing Jaws

For the tribological investigations, a conventional strip draw-
ing device was modified in order to analyse the influences
of different volatile lubricants on the coefficient of friction,
on tribological failures and on tribo-chemical reactions.
The modification includes the integration of a media supply
via an adapter on the drawing jaw and the elasto-mechanic
dimensioning of the drawing jaws themselves. All drawing
jaws were manufactured using the high-alloy cold-work tool
steel 1.2379. This material is a common tool material used
for the active components of metal forming tools. For a long
durability of the drawing jaws, they were fully hardened to
60 + 2HRC in a vacuum hardening process. The resulting
slight thermal distortion was compensated by grinding over
the drawing jaws after the hardening process. The micro
holes were laser drilled (cf. Sect. 2.2) after the drawing jaws
had been hardened and ground in order to prevent the coni-
cal bore geometry from being negatively affected by a mate-
rial loss due to the grinding process. Finally, the surfaces
of the drawing jaws were polished to ensure a high surface
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Fig. 1 Schematic representation of the process steps (1-5) during deep drawing lubricated by volatile media injected through laser drilled micro

holes (with permission [9])
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quality. The new designed drawing jaws contain a media dis-
tribution and the integrated laser drilled micro holes on the
contact surfaces (cf. Fig. 2). The position and the size of the
friction surface on the drawing jaws as well as the number
and positioning of the micro holes were taken from previous
investigations in order to ensure comparability with past test
results [6, 17-20]. The two contact surfaces of each drawing
jaw were 10 mm wide and 20 mm long, respectively. The
circumferential edges of the contact surfaces were rounded
with a radius of 1 mm in order to avoid edge effects during
the friction experiments. All drawing jaws thus provided
a contact area of 400 mm?2. Each contact surface of the

Drawing jaw

Friction
interface with
micro holes

Media supply
adapter

20 mm

drawing jaw contained 3 X 3 micro holes, designed as a dif-
fuser having an exit diameter of approx. 600 pm (cf. Fig. 4).

In the mechanical design of the drawing jaws, the
geometry of themselves was optimized. The aim of the
optimization was to reduce the elastic deformation of
the drawing jaw, especially in the area of the friction
surfaces. For this purpose, the elastic deformation was
numerically calculated using ANSYS workbench, taking
into account the fluid pressure and the contact pressure
as loads. Due to the maximum possible laser drilling
depth of 5 mm for the micro holes specified at the time
of development, the material thickness in the area of the
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Fig.2 Drawing jaw and adapter with media supply of the strip drawing investigations

Normal contact pressure 5 MPa

Normal contact pressure 15 MPa

Elastic deformation in um

Fig.3 Simulation of the elastic deformation in micrometers of the 5 mm thick drawing jaw at a contact pressure of 5 and 15 MPa and an internal

fluid pressure of 10 MPa (full colored figure online)
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Fig.4 Cross section of a micro hole (right) in hardened cold-work
steel (1.2379), produced with the setup and drilling strategy described
in detail in Reichardt et al. [6]. The dotted circles in the images of
the opening of the gas inlet (bottom left) and the gas outlet (top left)
represent equivalent cross sectional areas where the radius equals
approx. r; =100 pm and r, =300 pm, respectively

contact surface was not allowed to exceed this value for
the optimization. Improvements of the laser technology
allowed deeper micro holes up to a depth of 6.7 mm
later on in the investigations. The final geometry of the
drawing jaw including the adapter for the gas supply can
be seen in Fig. 2.

The elastic deformation of the drawing jaw was
numerically calculated with the high fluid pressure of
10 MPa (100 bar), also considering the bolted media
supply adapter. In the simulation, a contact pressure of
5 MPa (left in Fig. 3) and 15 MPa (right in Fig. 3) was
considered on the contact zones. At a contact pressure of
5 MPa, the maximum elastic deformation in the area of
the contact surfaces was calculated very low at 1.3 pm.
Even at the higher contact pressure of 15 MPa (Fig. 3
right), the maximum elastic deformation of 2.35 pm
was in a very low range, so that a negative influence
of an irregularly located contact pressure distribution
on the contact zone could be excluded. Consequently,
valid investigations for the friction characterisation of
considered volatile tribological systems in sheet metal
forming could be carried out using the developed draw-
ing jaw design.

@ Springer KE;E

2.2 Laser Drilling of the Micro Holes

The production of longitudinally shaped micro holes with
high aspect ratios holds many challenges. Conventional
ultrashort pulse lasers typically are not suited to drill deep
micro holes, since they only generate pulses with an energy
in the range of a few hundred microjoules. Only recently,
lasers capable of generating pulses with higher energy in
the range of millijoules are slowly coming onto the market.
However, the use of high pulse energy in combination with
high pulse repetition rates can lead to damage of the hard-
ened tool steel due to heat accumulation [21].

Several analytical models were developed to assist in the
design of the drilling process and to meet the requirements
for the geometry of the diffuser-shaped micro holes. The
ablation diameter, i.e. entrance of the micro hole on the side
of the laser impact can be calculated analytically [19]. The
aspect ratio between the ablation diameter and the drilling
depth are interdependent and result in a conical micro hole
shape. For percussion drilling, the quality depth limit can
be analytically predicted [22]. Based on this prediction an
analytical model for the depth progress of percussion drilled
micro holes was developed [23].

A depth-adapted drilling strategy was used in which the
focus of the laser beam was moved along a spiral path and
the focal plane was incrementally shifted below the surface
of the strip drawing jaws [6]. For this purpose, a kW-class
ps-laser (construction of the IFSW [24]) was used in combi-
nation with a galvanometer scanner and a telecentric f-theta
lens. The laser produced pulses with a pulse duration of 8 ps
and a pulse energy of approx. 2.8 mJ. In order to avoid heat
accumulation, the repetition rate was lowered to 30 kHz,
resulting in an average laser power of about 84 W. An exem-
plary cross section of a drilled micro hole using the afore-
mentioned strategy is depicted in Fig. 4.

2.3 Experimental Setup of Strip Drawing
Investigations and Sample Preparation

All experimental investigations followed the same procedure.
The mechanically and chemically cleaned sheet samples (elec-
trolytic galvanized cold rolled steel sheets DCO5 + ZE, residual
oil quantity lower than 0.1 g m~2, 50 mm X 500 mm) were
mounted on the slide of the strip drawing testing rig. Then the
drawing jaw was lowered onto the sheet metal specimen with
the set contact pressure (p,= 5 or 15 MPa) and the media feed
was activated. At a constant drawing speed of 100 mm per
second, the normal and friction forces were measured using
piezo-electric force washers in order to calculate the friction
coefficient p using the friction model of Coulomb. To assess
the wear of the drawn sheets, surface roughness measurements
(on an area of 15.5 mm?) were performed using a 3D-confocal
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microscope (nanofocus psurf mobile). The measuring accuracy
can be estimated on the basis of the measuring uncertainty (cali-
brated according to German standard VDE/VDI 2655-1.2) and
the repeatability to a deviation of +0.04 pm. As the aged zinc
oxide and zinc carbonate surfaces are dull and the bare zinc is
shinier, gloss measurements of the worn strips after the stand-
ard DIN EN ISO 2813:2015-02 were performed, besides the
roughness measurements, to evaluate wear. For this purpose,
the RHOPOINT IQ goniophotometer was used, measuring the
gloss of the sheet metal strips at an angle of 60° to the surface.
The results are presented in gloss units (GU) and are calibrated
to a highly polished black glass standard with 100 GU.

In the tribological investigations, CO, (liquid), N, (gase-
ous), Ar (gaseous) and compressed technical air (gaseous)
were used as volatile lubricants. The gaseous fluids were tested
for their suitability as volatile lubricants at a fluid pressure
(pp) of 6 MPa (60 bar) and 10 MPa (100 bar). All fluids were
taken from commercially available pressurised gas cylinders
(purity >99.7 vol%) and fed to the drawing jaw via the adapter
using an electromagnetic valve. For the gaseous fluids, the
desired pressure of 6 MPa or 10 MPa was set on the pressur-
ised gas cylinder by means of a pressure reducer. The CO, was
taken in liquid phase from the gas cylinder with a riser pipe.
According to the p-T-behaviour, the pressure of liquid CO, at
room temperature is approx. 6 MPa and cannot be changed.
Thus, no investigations could be carried out with CO, at a
fluid pressure of 10 MPa. All 14 parameter combinations, as
shown in Table 1, were repeated at least three times to ensure
a statistical validation.

2.4 Simulation Model and Testing Method of Fluid
Flow

To investigate the flow behavior of the lubricants in the
micro hole and the contact zone between sheet metal and
tool, computational fluid dynamics simulations were car-
ried out. Previous studies examined the influence of the
micro hole design on flow regime and lubrication effects
and identified a constantly widening diameter in flow
direction (here consistently called diffuser, like in sub-
sonic flow velocities) as advantageous (cf. Figs. 4 and 5)
[6, 25]. In contrast, the simulations of this investigation
focus more on understanding the flow behavior of CO, in
the contact zone. For a validation of the results and to get
a closer insight into the flow regime and phase changes of
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Fig.5 Three-dimensional computational fluid dynamics simulation of
the CO, flow inside feed ®, within the micro hole @ and in the con-
tact zone @. For a better clarity, the simulation shown here was per-
formed without heat transfer to the surrounding material (full colored
figure online)

CO,, outflow tests with a glass plate as a replacement for
the sheet metal (further description see below and [25])
as well as temperature measurements in the contact zone
were performed.

The CFD simulations were carried out using the finite
element software COMSOL-Multiphysics and the open
source program OpenFOAM. Since the volatile media
accelerates inside the micro hole drastically, previous
investigations showed a turbulent flow behavior. Thus,
different flow equations for turbulent fluids had been com-
pared and the preliminary tests showed a sufficient accu-
racy for the k—¢ turbulence model compared to the moder-
ate computing effort [6]. For validation, single results were
also simulated using the Large-Eddy turbulence model,
which mostly confirmed the results of the k—¢ turbulence
model (for underlying equations see [26]). Because of the
proximity to the critical point of the used CO,, its com-
pressibility factor was included into the model. Thus, to
calculate the fluid pressure p, the Peng-Robinson equa-
tion, which describes gaseous and liquid state, was imple-
mented as follows [27]:

Table 1 Investigated parameter
combinations of strip drawing

experiments (n>3)

Experiment number 1 2 3 4 5 6 7 8 9 100 11 12 13 14
Volatile lubricant—fluid CO, CO, N, N, N, N, Ar Ar Ar Ar Air Air Air Air
Fluid pressure in MPa 6 6 6 6 10 10 6 6 10 10 6 6 10 10
Contact pressure in MPa 5 15 5 15 5 15 5 I5 5 15 5 15 5 15
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in combination with the equations of the intermolecular
attraction parameter a and the excluded co-volume b:
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whereby R is the molar gas constant, 7 the fluid tempera-

ture, V,, the molar volume, a(7,, ®) a dimensionless func-
tion of the reduced temperature and the acentric factor
(here a~1.23), T, and p,. the temperature and pressure of
the critical point, respectively. As the CO, was extracted in
its liquid state from the gas cylinder at approx. 6 MPa, the
inlet pressure of all lubricants was set to this value. Ambi-
ent conditions were defined as outlet pressure. The viscos-
ity of the lubricants was calculated by the Sutherland’s law
in dependency of the lubricant’s temperature. The starting
temperature of the lubricant, tool and sheet metal was set
to room temperature. Different measurements by infrared
thermography, thermocouple and pyrometer showed only
a low decrease of the tool temperature during the process,
thus the tool temperature was set constant in the simulations.
Instead of the surface roughness, a no slip condition was
implemented.

CO, changes its physical state during the lubrication
process. In the feed, it is in the liquid state and changes
during the process partially and temporarily to its solid
state before evaporating completely. Except for CO,, no
lubrication fluid of this research has a phase change in
the processing area. Thus, the flow behavior of these
media differs only because of different heat capaci-
ties, viscosities and compressibility factors. In contrast,
the simulation of CO, including phase changes and
multiphase flow, is much more challenging. Several
approaches like using the Peng-Robinson equation of
state (1)—(3) were implemented; however, as outlined a
series of simplifications must be made. Thus, the shown
CFD results (cf. Sect. 3.1) are focusing on the usage of
CO,, which can be validated by visible effects in outflow
experiments. Due to the replacement of the sheet metal
by a glass plate in the lubrication process, the solid phase
can be examined at the micro hole’s outlet. Therefore, a
jaw with only one laser drilled micro hole was connected
to the lubricant feed. The variation of the contact pres-
sure between glass plate and tool is realized in this case
by four screws. To observe the flow behavior of the CO,,
a high-speed camera (Photonfocus MV1) was installed
below the assemblage.

@ Springer KE;E

2.5 Chemical Surface Analysis—Examination
Method and Background

The corrosion protective ability of zinc-coated surfaces is
caused by an interaction of covering and sacrifice effect
towards other metals. The dry top layer usually consists
of zinc oxide (ZnO) and zinc carbides (ZnCOj;) [28, 29].
To investigate any chemical changes on the surface of the
sheets, initiated by the lubricated drawing procedure, Xray
photoelectron spectroscopy (XPS) measurements were car-
ried out. Therefore, the Kratos Axis Supra with implemented
argon cluster gun and a maximum spot size of 0.8 mm
X 0.5 mm was used. Because of the measuring method of
detecting the emitted photoelectrons and Auger electrons
following the irradiation with monochromatic X-rays, XPS
yields chemical information on the upper 10-15 nm of the
surface. During measurement, the samples must be held in
an ultra-high vacuum at 10~* Pa. For these investigations,
approx. 5 mm X 5 mm pieces of the sheet samples, which
were run over by the drawing jaw, were cut off. The meas-
urements were made for all lubrication media on the samples
drawn with the highest used contact and fluid pressure. This
has been done, as chemical changes are more likely to occur
on the surface of these sheet metal specimens. The samples
are depicted and measuring spots are marked in Fig. 9. To
reduce deposits from atmosphere on the freshly drawn strips,
the samples were directly prepared after the drawing test
and packed airtight until inserted into vacuum. For a better
comparability, an aged, cleaned and not drawn sheet speci-
men also was measured as a reference.

3 Results and Discussion

3.1 Simulation and Outflow Tests of the Fluid
Behavior in Micro Hole and Contact Zone

The investigation of the lubricant flow in tool and con-
tact zone was carried out for all media used in this work.
As mentioned before, here the main focus was put on the
usage of CO, as it is the most challenging calculation and
the results can be compared to outflow tests (cf. Fig. 7).
In Fig. 5 a 3D-simulation model of the CO, lubricant in
the supply channel ®, micro hole @ and contact zone (gap
between sheet metal and tool) @ is shown. At the passage
from supply channel to micro hole, the media passes the
narrowest position and accelerates up to supersonic veloci-
ties. Thus, the pressure drops, leading in case of CO, to
evaporation processes. These processes, together with the
Joule-Thomson effect, cause a drastical temperature drop to
around 200 K of the medium. The cooling can surmount the
released energy of crystallization, leading to small dry ice
flakes. Dependent on the flow properties in the contact zone,
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Fig.6 Simulation result of CO, pressure and temperature curve
originating from the center and outlet of the micro hole in the contact
zone. For a better clarity, a symmetric circle segment of the simula-
tion is shown at the top (full colored figure online)

a compression shock wave arises in the micro hole, which
triggers a sudden increase of pressure and temperature.
The applied contact pressure, the roughness of the contact
bodies, the used sheet material and the supply pressure of
the lubricant mainly influence the height of the contact zone
(distance between tool and sheet metal surface). The height
itself has a major impact on the lubricant flow, which in turn
influences the tribology conditions. In Fig. 6 the pressure
and temperature curve along the radius, originating from
the micro hole’s center, for CO, and a 10 pm high contact
zone is outlined. A symmetric circle segment is shown at the
top to illustrate the position in the 3D-CFD model. At the
passage from micro hole to the contact zone, the lubricant
accelerates again and similar effects like at the supply side
of the micro hole occur. However, the fluid pressure drops
below the limit when liquid CO, can be present, where-
fore all lubricant exists now in solid or gaseous state. If the
contact zone is of marginal height, the compression shock
wave can move from the micro hole to the contact zone. In
addition, heat exchange effects between fluid, tool and sheet
metal lead to a rise of temperature of the lubricant, effecting
evaporation processes and thus a delayed pressure decrease.
In general, as described, the tool and sheet temperature are
not decreasing significantly, although single roughness
peaks (asperities) exposed to the cold lubricant flow can
cool down to temperatures below 220 K, due to the high
medium velocity and fast heat transfer effects. For validation
of this numerical result, thermocouple experiments inside
the contact zone were performed showing minimum material
temperatures of around 233 K. However, as the temperature

Fig.7 Top view of the micro hole @ to investigate the CO, flow and
the point with the highest amount of dry ice formation @ and ® (cir-
cle segment to guide the eye) inside the contact zone: a regime with
no continuous flow; b approximately steady flow conditions during
drawing process

was measured in a distance of around 2 mm from the micro
hole and the thermocouple was covered by a 0.1 mm thick
copper foil, significant lower temperatures are expected
directly at the interfaces in the contact zone.

In contrast to the lubrication with liquid CO,, the temper-
ature stays above 270 K (cooling of Joule-Thomson effect)
when using one of the other described gaseous media. Fur-
thermore, the simulations showed a higher pressure inside
the contact zone when using CO, (micro hole outlet pressure
approx. 4.1 MPa) in comparison to the other media. This can
be explained based on a higher mass flux of liquid CO, at the
entrance of the micro hole. The micro hole outlet pressure of
the other investigated media is almost similar as the results
for air, N, (both approx. 3.3 MPa) and Ar (3.1 MPa) show.
The lower pressure for Ar is caused by a slightly lower gas
temperature as a result of the Joule—Thomson effect. As the
motion of the sheet metal is neglected in the simulations,
the load carrying capacity (acting force, pushing the counter
bodies apart) for one micro hole is independent of the vis-
cosity of the fluid. Hence, the fluid pressure in the contact
zone has the major impact on the load carrying capacity,
comparable to an external pressurized hydrostatic bearing
[30]. In Worz et al. [31] pressure tests in the contact zone
were performed, showing comparable results regarding the
relation between used lubricants and load carrying capacity,
validating the here shown simulative results.

The outflow tests, illustrated in Fig. 7, show mainly two
different flow regimes: (a) An unstable operating point where
the process pressure or the height of the contact zone is low,
resulting in an unsteady and low dry ice formation limited to
the contact zone. In (b) an almost stable operation point is
shown, which is found during the usual drawing process (fluid
pressure 6 MPa, contact pressure 5 MPa). The whitish color
of the center shows a high dry ice formation within the micro
hole. Hence, the temperatures at this point have to be lower
than 218 K. Although the simulation showed slightly higher
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Fig.8 Coefficient of friction for different contact and fluid pressures.
Left: Fluid pressure 6 MPa. Right: Fluid pressure 10 MPa(error bars
min. and max. values; dashed lines only to guide the eye)

temperatures, which can be explained by the implemented
constant tool temperature, this study validates the previously
shown simulation results. Based on these p—T-results of the
simulation, the highest amount of dry ice was assumed around
0.5 mm after the exit of the micro hole. This can also be seen
as a faint circle around the micro hole in the outflow tests at
point 3 in Fig. 7b. After this position, the simulation showed
arapidly ongoing warming (heat exchange with tool and sheet
metal) and consequently sublimation processes. In this extend,
these effects could not be identified in the outflow tests, which
can be also explained by decreasing surface temperatures in
the experiments and simplifications, which were carried out
in the simulation. Thus, the dry ice sublimates later (higher
amount) inside the contact zone than expected from the simu-
lation and is longer present to lubricate drawing processes.
Inside the contact zone, single flow channels arise, follow-
ing the lowest resistance through the surface roughness. The
higher the applied contact pressure the narrower is the contact
zone and the later CO, changes its state from liquid to gaseous
and solid, which can be seen in a lower amount of white color
at the exit of the micro hole.

3.2 Strip Drawing Tests with Different Volatile
Media

3.2.1 Friction During Drawing

The coefficients of friction determined during the strip draw-
ing experiments using the volatile lubricants CO, (liquid),
N,, Ar and compressed technical air at contact pressure val-
ues of 5 and 15 MPa are shown in Fig. 8. The sheet metal
material DCO5 + ZE and the tool material 1.2379 (60 +
2HRC) were used for all investigations. The variation of the
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results measured in this process is shown by the minimum
and maximum deviation from the arithmetic mean as error
bars in the diagrams of Fig. 8. The left diagram shows the
results at a fluid pressure of 6 MPa and the right diagram
shows the results at a fluid pressure of 10 MPa. Variance
analysis (ANOVA) for this data showed no significant dif-
ferences for the investigations at p,,= 5 MPa. However, sig-
nificant, e.g. highly significant, differences at pyy= 15 MPa
(except air—N, at p, = 6 MPa; p-values <0.0004) were
measured.

To combine gained results, an increase in the coefficients
of friction could be observed with increasing contact pres-
sure for both fluid pressures investigated (6 and 10 MPa). In
other studies, with higher contact pressures using a stretch
bending testing rig adapted for volatile lubricants, it could
be shown that the increase of the coefficients of friction did
not continue continuously when increasing contact pres-
sure in case of applying both CO, and N,. Thus, at higher
contact pressures, a decrease of the coefficients of friction
could be observed due to a sealing effect between the sheet
and the tool surface, which improved the lubrication effect
in the contact zone [32]. The coefficients of friction were
remarkably low for all gaseous lubricants at a fluid pressure
of 10 MPa and a contact pressure of 5 MPa. Here, the fric-
tion coefficients were almost zero, which means that there
was effectively no friction between both contact partners.
The reason for this effect was found in the mechanical stress
equilibrium between the load carrying capacity (separating
effect of the fluid pressure) and the contact stress applied by
the strip drawing device. The fluid pressure in this experi-
mental series was set on the fluid inlet side to 10 MPa and
was therefore twice as high as the contact pressure of 5 MPa.
This caused the friction partners to separate from each other
(lift off), whereby the lifting height adjusted itself in such
a way that the average fluid pressure in the contact zone
corresponded exactly to the set contact pressure of the strip
drawing rig (cf. Sect. 3.2.2 and [9]).

For both fluid pressures of 6 and 10 MPa, the same order
of the results for the investigated lubricants with regard to
the level of the coefficient of friction could be observed. CO,
(pr= 6 MPa) reduced the friction most effectively down to
p=0.026 at a contact pressure of 5 MPa. At a contact pres-
sure of 15 MPa, CO, provided a coefficient of friction with
a value of 0.09 at a low level.

N, was found as the second most suitable fluid for fric-
tion reduction. The coefficient of friction here ranged
between u=0.032 and p=0.147. Increasing the fluid pres-
sure of N, did not reduce the absolute coefficient of friction.
However, the scatter of the repeat measurements (cf. error
bar in Fig. 8) decreased significantly and thus the stabil-
ity of the friction process increased with increasing fluid
pressure. Though, slight adhesions on the contact surfaces
of the drawing jaw occurred when applying both levels of
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tests under different lubrication media, fluid pressures (py) and con-
tact pressures (py). The framed samples were chemically examined
via XPS in the marked squares

fluid pressure, in each case at the higher contact pressure of
15 MPa. Thus, a process-safe use of this fluid under current
circumstances is to be evaluated as critical and is only an
option for low contact pressures.

Both technical compressed air (u,,,,=0.230) and pure
Ar (u,,,,=0.314) showed very high coefficients of friction.
With compressed air, however, slight to strong adhesion
formation on the strip drawing jaw occured. The oxygen
content in the technical compressed air has a strong negative
influence on the friction process (cf. Sects. 3.2.2 and 3.3).
This thesis is proven by the direct comparison of the coef-
ficient of friction of compressed air with pure N, depicted
in Fig. 8. The used technical compressed air consists of 79%
N, and 21% O, and differs from pure N, only in the O, con-
tent. It does not contain any inert gases or CO, in significant
amounts. The friction coefficients of compressed air for all

parameter combinations were measured far above those of
N,, as depicted in Fig. 8. In addition, the flow properties
(heat capacity, viscosity and compressibility factor) of the
contained oxygen cause no remarkable differences in flow
behavior compared to N,. This means that the strong adhe-
sion and abrasion formation and the higher coefficient of
friction can clearly be attributed to the negative influence of
oxygen in technical compressed air.

Another finding of these investigations was that only low
adhesion phenomena occurred on the drawing tools with
Ar, despite the highest friction coefficients. This can also
be recognized in the diagrams in Fig. 8 from the small error
bars. Thus, Ar as volatile lubricant caused high coefficients
of friction, but with relatively stable process behavior.

3.2.2 Evaluation of Wear Formation

Besides the friction coefficients, the evaluation of wear as a
result of the drawing process is an important factor to assess
emerging lubrication effects of the different volatile media.
In Fig. 9, images of the worn zinc-coated strips under differ-
ent lubrication conditions and contact pressures are shown.
The framed samples and areas indicate the measuring spots
for the subsequently described XPS investigations. In the
images it can be seen, that an increase of contact pressure led
to heavier wear in case of all trials. In accordance with the
friction coefficients, a lift off of the tool as a result of high
fluid pressure and low contact pressure prevent solid contact
between both counter bodies and thus any direct wear. The
results correlate with the CFD simulations and calculations
for a lift off made in Liewald et al. [9]. For 6 MPa fluid
pressure the tool starts to lift partially from 5.1 MPa normal
pressure on. As discussed, the limit was found approx. 15%
lower when using CO, as lubricant because of a higher pres-
sure (higher load carrying capacity) in the contact zone. For
10 MPa fluid pressure, this limit is around 7.5 MPa [9]. The
measured averaged surface roughness S, of the worn area,
shown in Fig. 10, illustrates this relation. For all lubricants,
except air, S, decreased as the roughness peaks of the zinc-
coated sheets were flattened. The increase of the surface
roughness, when using air as lubricant, can be explained by
high abrasive wear (creation of single deep wear scratches).
Although, the deviation between the reference and the under
air drawn specimens is on the lowest level (at p, of 6 MPa)
compared to the other lubricants, the calculation of the S,
value conceals the real depth of single scratches. As some
parts of the surface were flattened and other parts roughened,
the gloss measurements, illustrated in Fig. 11, show only a
low increase of the gloss for air, too. As these separate deep
scratches only occured when using air, this effect is probable
caused by the formation of ZnO from bare zinc and oxygen.
Zinc oxide can be used for lubrication at elevated temper-
atures because of its thermal stability. However, at room

@ Springer KE_:E



International Journal of Precision Engineering and Manufacturing-Green Technology (2023) 10:875-890

884
Fluid pressure 6 MPa Fluid pressure 10 MPa
25 . . T - 2.5
-@- Air ®- Air | ]
--4A- CO, v- N, .
g v-N, -4- Ar g
F- 20 - @- Ar e T 420 -
© 4 o
n 0
2 , 2
O 15+ Reference 4 Reference 415 ©
c ¥ =
£L £
(o)) ()]
> 3
(e} o
— —
§ 1.0 | Sai 10 41.0 §
€ v v =
=) e =
) © . 2
05 1 F ® 05
1 1 1 1
5 15 5 15

Contact pressure in MPa

Fig. 10 Averaged area roughness value of the sheet metal strips
before (reference) and after drawing with various volatile lubricants
at different contact—and fluid pressures (measuring area 15.5 mm?;
measuring accuracy +0.04 pm; dashed lines only to guide the eye)

Fluid pressure 6 MPa Fluid pressure 10 MPa
T T T

T
- ®- Air ~®- Ar
400 -‘4— Co, 1 F-v N, 4 400
‘ v-N; ,/’ -- Ar
|- - Ar J/ b 4
= 300 | 1t S qe >
v
£ Y £
2 g
8200 1t H200 8
O] A 0]
100 | ‘ 1F .- {100
Reference : Bz " Reference
0 1 1 1 1 0
5 15 5 15

Contact pressure in MPa
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72 mm?; error bars +sample standard deviation; dashed lines only to
guide the eye)

temperature the friction behavior is comparable to those of
bare zinc [33, 34], especially in case of a roughly closed
zinc oxide surface layer [35]. Here, adhesion effects and the
regeneration of the ZnO surface layer can cause partial wear
debris, which can lead to an increasing abrasive wear and
the observed scratches.

Variance analysis (ANOVA) for the gloss measurements
of Fig. 11 showed no significant differences for the investiga-
tions at py = 5 MPa. However, significant, e.g. highly sig-
nificant, differences at pyy= 15 MPa (except air-CO, at p,=
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6 MPa; p-values <0.001) were measured. With a decrease
of 0.54 pm in surface roughness and an increase of 109 GU
compared to the reference at a contact pressure of 15 MPa,
lubricating with CO, led to very low wear. From cryogenic
machining with liquid N, it is known that decreasing tem-
peratures in the contact area changes yielding stress, shear
strength and local material hardness which can lead to a
reduction of the friction coefficient [36, 37]. As shown in
Sect. 3.1, the local surface temperatures, when using lig-
uid CO,, can decrease below 220 K. In comparison to the
temperatures reached in cryogenic machining these are even
high temperatures. However, as shown by Gaard et al. [38],
the adhesive wear and in relation also the friction coeffi-
cient is mainly influenced by the material temperature. A
decreasing temperature leads to less adhesive wear, which
is especially important while drawing aluminum and zinc-
coated sheets [39, 40]. Thus, the drop in temperature of the
surface when using liquid CO, can also be found as a rea-
son for the measured low wear and low friction coefficients.
Besides this effect, as discussed, the higher fluid pressure in
the contact zone and the dry ice formation (cf. Sect. 3.1) can
cause such low wear.

In contrast, the highest measured wear, especially at high
contact pressures, was obtained by using Ar as volatile lubri-
cant. As the passivation layer of zinc was rutted during the
drawing process, the tool surface got in contact with the bare
zinc. The Ar atmosphere acts as a protective gas, prevent-
ing the formation of oxides and carbonates (cf. Sect. 3.3).
Thus, the chemical tribology is comparable to those in vac-
uum atmosphere. Several studies examined the tribology
of dry sliding metal contacts in vacuum [41, 42], showing
a higher tendency to adhesive wear and consequently high
friction coefficients. However, as mentioned, the adhesions
on the tools by using Ar seemed relatively low. This leads
to the assumption, that adhesion effects on the tool surface
occured relatively fast in limited areas. Since these adhe-
sions were visible on the tool surfaces subsequent to the
process a stronger bonding of the adhesions to the tool than
the metallic bonding in the zinc is supposed. Thus, only
low adhesions are sufficient to create strong abrasive wear
and to smooth the whole sheets surface, especially at high
contact pressures.

The wear when using N, as lubricant was consequently
high, but lower than those of Ar. Fundamentally comparable
effects to Ar lubrication occurred. One difference is the abil-
ity of N, to adsorb on metal surfaces, which leads to a very
thin surface layer and reduces the adhesive wear [10, 43, 44].
In addition, the slightly higher pressure in the contact zone
compared to Ar decreases the wear, as shown in Fig. 11.
Overall it can be noted, that the measured gloss values of
the worn surfaces correlate and confirm the surface rough-
ness measurements. Thus, this investigation can be seen as a
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quick evaluation method of the wear of zinc-coated surfaces,
also for production processes.

3.3 Changes in Chemical Surface Composition
During Drawing

The chemical analysis was made to investigate any chemical
changes of the surface caused by the drawing process or the
used lubrication media (air, CO,, N,, Ar). As the measure-
ments were performed on the zinc-coated strips after the
strip drawing experiments, the mainly detected elements
were C, O and Zn (cf. Fig. 12). In addition, small amounts
of Ca could be found. The corrosion protection of zinc is
based on the formation of ZnO and ZnCOj; or in humid
environment rather different zinc hydroxycarbonates [45].
As the binding energies of the carbonates are similar and
the samples contain a variety of different other chemical
compounds, an exact allocation of the measured elements
to the types of carbonates is not possible within this study.
The Zn 2p spectrum contains two spin-orbit peaks at
1046 eV (1/2) and 1022.3 eV (3/2). For the investigation

only the 3/2-peak was evaluated and split into two sub peaks
at 1022.6 eV and 1023.6 eV, relating to bare zinc / zinc oxide
and zinc carbonates, respectively [46]. The O 1s spectrum
can be fitted by three curves with maxima at 530.9 eV allo-
cated to oxides (mainly ZnO), 532 eV assigned to organic
contaminants and 533.3 eV assigned to carbonates [47, 48].
The C 1s spectrum is also split into three peaks: the first at
284.9 eV allocated to aliphatic hydrocarbon contaminations,
the second at 286.4 eV assigned to C—O compounds from
residue oil additives and other contaminants and the third at
290.6 eV allocated to inorganic carbon (mostly carbonates).

In Table 2, the surface composition as a result of the
XPS measurements and the aforementioned allocation is
shown in atom percentage. The small amounts of Ca can be
explained by the acetone precleaning of the metal strips as
a residue of the acetone production from calcium acetate.
The high organic carbon content of the reference is caused
by residues of the protection oil of the sheet metal as well as
deposits from the environment. After the drawing process,
the organic carbon was reduced for all lubricants because of
wear and shear forces at the surface initiated by the high flow
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Fig. 12 Selected electron energy spectra for zinc (a), oxygen (b) and carbon (c), measured by XPS of the zinc-coated sheet metal; reference (ref,

before drawing) and drawn with different volatile lubricants

Table 2 Quantification overview of the chemical analysis results of the reference and the worn strips drawn with different lubrication fluids (in

atom percentage)

Element C C C (6] O O Ca Zn Zn
Lubricant organic hydro- organic others inorganic oxides organic carbonates oxides/car-  bare/oxide carbonates
carbon bonates

Ref. 31.9 27.2 2.5 10 11.6 6.2 0.8 9.8 -

Air 8.7 39.4 7.5 72 2.8 19.8 1.6 12.9 -

Cco, 1.9 23.6 114 4.3 0.4 36 0.7 18.9 29

N, 59 42.6 7.1 6.4 5.1 18.3 1.1 13 0.4

Ar 0.5 10.4 8.5 13.3 2.4 28.5 - 36.3 -
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velocities of the lubricants. By using Ar, the effect of wear
on the surface chemistry can be recognized distinctively.
In contrast, the reduction of the organic carbon content on
the surface by using CO, as lubricant is mainly caused by
a cleaning effect of the medium. Dry-ice blasting is a well-
known technique for cleaning surfaces even for removing
volatile organic compounds (VOCs) [49, 50]. Although CO,
is relatively inert and has no electric dipole moment, the
Van der Waals interaction energy of the liquid phase with
other particles is very high [51]. As mentioned, the CO, is
usually passed to solid and gaseous state before hitting the
sheet metal surface. Nevertheless, partially liquefaction can
occur, caused by the dynamic pressure in the center of the
jet. In addition, an adsorption of the contaminants on the
surface of the dry ice can contribute to the cleaning effect.

The increase of inorganic carbon in relation to the refer-
ence for all lubricants is driven by the percentage decrease of
the organic carbon. However, in comparison to other media,
when using CO, a greater increase was measured. This can
be explained by the formation of zinc carbonates as, in the
presence of CO,, ZnO converts to ZnCO;. Consequently,
this process is well-advanced as the sheets are usually aged
in ambient air. Thus, the reference is supposed to contain
carbonates as well. As mentioned, the exact allocation of
the zinc carbonates is not possible and additionally, in case
of the reference, contaminants obscure the measurement of
ZnCO;. Therefore, the real amount of zinc carbonates was
expected probably higher for all samples. However, taking
the measured amounts of inorganic carbon and oxygen from
carbonates into account, a significant increase of carbon-
ates by using CO, is obvious. To prevent white rust, the
formation of ZnCOs; is a desired process. Thus, the drawing
process with liquid CO, is not just only dry, but can help to
prepare the parts for further process steps such as coating or
joining by cleaning and passivating the surface. The sharp
increase of ZnO by using Ar is caused by wear as a very thin
surface zinc oxide layer forms from bare zinc in the time of
handling in ambient air before and after packaging airtight.
In all measurements, no iron could be found, so, despite of
wear effects, the zinc coating was still closed and the wear
of the tools was not measurable. The presented findings are
related to the use of electrogalvanized sheet metal, however
investigations [52] showed similar behavior when using hot-
dip galvanized steel sheets. Even with uncoated DCO5 sheet
metal, promising findings regarding friction and wear were
made.

By using air or N, as lubricants, the measured chemical
composition of the surface after the drawing process was
almost similar. Thus, the lubrication by air seems to have
no promoting influence on the amount of ZnO on the sur-
face. However, the measurements could not finally clarify
the influence of the oxygen entailed in the lubricant air.
This is due to the following three conditions: First, a clear
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distinction between bare Zn and ZnO is difficult, second, the
ZnO formation takes place right after the drawing process
and third, the surfaces of the metal strips drawn under air are
inhomogeneous. Nevertheless, during the drawing process
under air lubrication a higher ZnO concentration is likely
resulting in higher wear. The O, content of the lubricant can
also cause the increasing friction and wear values by raising
air pressure at high contact pressures (cf. Figs. 8 and 10).

4 Conclusion

Volatile media, especially CO,, are suitable for dry deep
drawing processes and specific recommendations for the
use of this new tribological system can now be given. The
presented findings are related to the use of zinc coated sheet
metal, however a similar behavior is suggested when using
uncoated steel sheets. Starting from numerous basic inves-
tigations up to drawing tests, the research presented here
focused on tribological and tribochemical investigations of
the suitability of different fluids (air, liquid CO,, N, and Ar)
as volatile lubricants. New strip drawing jaws were designed
or rather optimized with regard to minimal elastic defor-
mation and manufactured for these investigations. Thus,
the influence of the elastic deformation on the tribological
behavior could be evaluated as insignificant. For producing
the at least 5 mm deep and defined conical shaped micro
holes, a depth-adapted laser drilling strategy was developed
in which the focus of the laser beam moves along a spiral
path and the focal plane was shifted incrementally (adjusted
to the drilling process) below the surface of the drawing jaw.

Fluid dynamics simulations were performed, especially
for CO,, showing a high acceleration of the fluid in the micro
hole and the contact zone which leads to dry ice formation.
Temperatures in CO, dropped to approx. 200 K, cooling the
surface partially to temperatures below 220 K. In contrast
to lubrication with CO,, the other media studied (air, Ny,
Ar) showed only a minor cooling effect. Besides the cool-
ing, CO, triggers a higher pressure in the contact zone and
consequently lower friction and wear, since it passes the
narrowest part still in the liquid state. Thus, the formation of
dry ice, the cooling of roughness peaks, the higher pressure
in the contact zone and the formation of zinc carbonate as a
solid Iubricant caused the lowest measured friction and wear
when using CO, of all investigated lubricants. Furthermore,
the chemical analyses showed a cleaning and passivating
effect of the CO, drawn strips. To summarize, liquid CO,
showed the most promising results for dry deep drawing
process lubrication.

In contrast, the highest friction and wear were found
when Ar was used. The XPS measurement performed on
the sheet sample drawn with Ar showed a reorganization
of the surface as the former interface was completely worn.



International Journal of Precision Engineering and Manufacturing-Green Technology (2023) 10:875-890 887

The use of air showed medium friction coefficients but local
heavy wear due to oxidation processes in the contact area
and subsequently partial single deep scratches in the zinc
surface. Thus, Ar and air appeared to be unfavorable for
the lubrication of drawing processes. With N, as lubricant,
moderate friction and wear were measured. Therefore, for
processes with only low contact forces or when moderate
friction and wear are acceptable, N, lubrication may be a
relatively low-cost and environment friendly option.

By using the volatile lubricants presented here, it is possi-
ble to achieve the aforementioned goals of improved sustain-
ability, environmental protection and pollutant reduction in
the production of deep drawn sheet metal components. This
is mainly due to the substitution of conventional oil-based
lubricants including additives that are harmful to health
and environment and the shortening of the process chain
around oil application, component cleaning and disposal of
the cleaning residues. In addition, it is based on a significant
improvement in process stability, especially in the connec-
tion with CO,. This new tribological system thus contributes
to achieving environmental and climate goals and can pro-
vide an economic benefit by saving investment costs for oil
application and component cleaning.
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