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Summary

In forming processes, lubrication is needed to reduce friction and wear occurring at the contact areas between
the work-piece and the tool. This is provided by separating these surfaces as well as transporting abrasive wear
out of the sliding interface. With high interest in waste avoidance and efficient use of resources, today’s in-
dustry aims for substituting these lubricants. Thereby, deposition of coatings or local surface structuring offer
a different way to reduce friction in forming processes. For instance, this can be reached by using different
hard coatings as well as by utilizing manufacturing methods capable to control and reduce the contact area in
the tribological system.

In this project, the flange area of a deep drawing tool was macro-structured by turning-process (rotational
symmetric geometry) and by milling-process (non rotational-symmetric part) to decrease the contact area of
the work-piece up to 94% during the forming process. Also, the drawing edge radius of the tools was coated
with different types of hydrogen-free tetrahedral amorphous carbon layers, e.g. with a sp-ratios between 60%
and 70%. Together with the subsequently introduced micro-features on the ta-C layer, employing the innova-
tive method of Direct Laser Interference Patterning (DLIP), a further reduction of the contact areas was possi-
ble as well as to produce local rehybridization of the ta-C material. Also, high-throughput surface texturing of
semi-finished sheet metals by DLIP process was performed, for reducing friction by minimizing also the con-
tact area with the deep drawing tool.

Forming of test strips showed the influence of the macro-structured flange area by reducing the friction force
down to 75%. In addition, different modelling tools were developed for calculating both the process window
and to determine the generation of wrinkles during deep drawing with macro-structured tools. The macro-
structured deep drawing tools could also enlarge the process limits by increasing the stability against wrinkling
of the sheet metal during the drawing process. The ta-C coating on the die radius without application of lubri-
cation was capable to reduce the friction coefficient up to 20% compared to uncoated lubricated conditions.
Performed tensile-bend tests on micro-structured ta-C coated cylinders also demonstrated the potential to re-
duce friction, as well as an excellent capability to reduce wear compared to the standard conditions.

Keywords: deep drawing, dry forming, friction reduction, micro structuring, macro structuring, diamond lioke coatings,
ta-C, direct laser interference patterning, surface functionalization
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1 Aim of the project

In metal forming and especially for deep drawing processes, lubricants are used to considerably reduce the
friction between tool and workpiece. Effective lubrication is needed, as large contact areas and high normal
surface pressures lead to high friction forces during the forming process. However, lubricants are often haz-
ardous to the health and environment. Therefore, new more restrictive laws have been issued in Europe and
Japan since 2000, concerning the use of harmful lubricants in industrial application to establish safe and healthy
working conditions [1].

Furthermore, the application of lubricants in metal forming require subsequent cleaning of the forming parts
and adequate waste disposal, which increases the production costs further [2]. A lack of lubrication leads to
higher friction forces and accordingly higher punch forces in deep drawing processes. As a result, the process
limiting occurrence of wrinkles and bottom cracks is more likely. Hence, the negative impact of missing lu-
brication has to be compensated by an adapted tool concept.

Within the scope of this project, a new lubricant-free deep drawing process was developed, which is described
in Figure 1. The frictional forces and the tool wear are reduced at the critical tool areas. This is done by utilizing
several strategies, including macro structuring the tool in the flange area, coating of the die edge radius with a
protective layer of tetrahedral amorphous carbon (ta-C) and a subsequent micro structuring with Direct Laser
Interference Patterning (DLIP) of the ta-C surface. This concept includes also the micro-structuring of the
semi-finished products with a high-througput concept of DLIP, to further reduce the contact area between deep
forming tool and blank.

Each of these strategies is summarized in this report, describing the most relevant results obtained along the
funding period.
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Fig. 1: Schematic representation of concept for lubricant-free deep drawing process: macro structures in the tool flange area demands an alternating
bending of the blank in the drawing process; a protective tool-coating (ta-C) at the die edge radius reduces the friction coefficient and a
subsequent micro structuring with Direct Laser Interference Patterning (DLIP) reducing the contact area; micro-structuring of the semi-finished
products with a high-througput DLIP concept.

2 Preliminary work of macroscopic modifications

In the field of sheet metal forming, the deep drawing process is of greatest importance because of its versatility
in process design. It is mostly used in large series production, such as in the automotive, household appliance
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and packaging industries, but also in small and medium series production. Especially during deep drawing,
frictional forces occur on large surfaces, which are additionally increased during the forming process. On the
one hand the application of lubricant is particularly effective here. On the other hand this is most interesting
in the sense of substitution by corresponding process developments due to its broad application. Therefore, in
this proposed research project deep drawing with the aim of minimum quantity lubrication (or without addi-
tional lubrication) is investigated and corresponding process developments are proposed.

In deep drawing, the maximum drawing ratio is significantly influenced by friction. Too high friction forces
between the workpiece, the blank holder and the die lead to bottom cracks. MEILER et al. [3] illustrated this
clearly using the limit drawing ratio as a function of the friction coefficient as shown in Figure 2a. Forming
limit lines 1 and 2 show failure by tearing, while the bottom line indicates the process limit by wrinkling. In
addition, Figure 2b shows the situation in the process window. During deep drawing, the process window is
limited by the occurrence of wrinkles and bottom cracks. By minimizing the lubricant, friction increases and
therefore the required punching force increases. As a result, the risk of bottom cracks also increases. To ensure
a larger or at least a constant process window, the effective friction, especially in the flange area, must be
reduced. Especially smaller contact surfaces lead to a minimum frictional force in the sum. Therefore, the
minimization of friction in the flange area of a deep drawing tool can be achieved by minimizing the tool
surface in contact with the workpiece. In order to reduce the contact area between tool and sheet metal, the
possibility of a macroscopic tool structuring was presented within the framework of this priority program.
Macro structuring reduces the contact area to a line or point contact. However, this structuring increases the
risk of wrinkling in the unsupported sheet metal areas, as the normally used blank holder force for stabilization

is not applicable.
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Fig. 2: a) Increasing process windows in deep drawing by reduction of friction based on [3], b) Reduction of process window, restricted by failure
modes wrinkling and bottom crack

In order to ensure the stability of the sheet-metal in the non-supported areas against wrinkle formation, the
macro-structured blank holder device is slightly immersed in the die. The induced alternating bending in the
flange area increases the dent resistance of the semi-finished product in the tangential direction, which coun-
teracts wrinkle formation and allows a significant reduction of the applied blank holder force (see Figure 3).
The two positive effects of macro-structuring, namely the reduction of the contact area and the stabilization of
the flange area, result in a sufficiently large and stable process window for the desired dry deep drawing pro-
cess.

The combination of a small span A with a high immersion depth & has a positive effect on the avoidance of
wrinkling in the flange by increasing the moment of inertia of the surface, but at the same time increases the
necessary drawing force and thus the risk of bottom tearing. A large support span A with a low immersion
depth § reduces the drawing force and reduces the risk of bottom cracks but increases the probability of wrin-
kling. For a stable process, it is therefore essential to identify suitable parameters for support span A, immersion
depth 6 and the resulting curvature.

For a time-efficient determination of these parameters with interdepending variables, a semi-analytical model
for process modelling and prognosis of the process window regarding wrinkling and bottom cracks was devel-
oped within the framework of this project. The model was initially based on the special case of axis-symmetric
deep drawing and was adapted for an application to non-rotationally symmetrical components.
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Fig. 3: Macro structuring of deep drawing tool: reduction of friction forces and avoiding wrinkling by reducing the contact area in the flange area of
deep drawing tools, from the standard tool setup to the macro structured tool setup for lubricant free deep drawing processes.

2.1 Process modelling: Determination of process window

The process modelling for the design of the macro-structuring must consider the two relevant failure cases in
the deep drawing process, which represent the limits of the usable process window. On the one hand, this is
the occurrence of bottom cracks when the permissible maximum punch force is exceeded, and on the other
hand, the formation of wrinkles in the flange. For the determination of the occurring punch force, a detailed
energy calculation was developed and carried out, while an analytical buckling analysis was used for the pre-
diction of the wrinkle formation.

In order to be able to predict bottom cracks during deep drawing with macro-structured tools, the drawing
force must be compared with the permissible maximum drawing force as a result from the material strength.
The prediction of the acting drawing force is based on an energy equilibrium. The energy coming from inte-
grating the punch force over the punch displaement has to be the same like the required total inner energy,
which is composed of the ideal forming energy, the bending energy at the drawing edge rounding and the
alternating bending in the flange, as well as the energy due to friction. The calculation of the actual drawing
force is carried out using the approaches for conventional deep drawing according to DOEGE and LANGE [4, 5],
which will be extended and adapted accordingly for the new process with macro-structuring. The total energy
required for conventional deep drawing, which is composed of the ideal forming energy FEidea, the bending
energy at the drawing edge radius FEgendging and the energy to overcome friction Erricion, must be taken into
account with macro-structured tools for deep drawing, a further energy component that considers the alternat-
ing bending in the flange area, as shown in Figure 4.

Etotal = ETotal + EBending + EFriction (Eq. 1)
Etotal = foh Fpuncn - dh . (Eq. 2)
Eldeal = E 8Veormed- Oh * fr:a a %ln —W - %dr [Dog04, Lenz82] (Eq. 3)
Epending = (fm +3)° F 8Vrormed ' 8h " J} 5 - ki(B)AB  [Dog04] (Eq. 4)
Erriction = gy F 8V rormed- Sh (GB +) ki + B kf,z) [Dog04] (Eq. 5)

with: 7: Mean perpendicular anisotropy, éViormeq: Forming volume, §h: Virtual punch displacement, h:
Punch displacement, a, n: Material constants, R,: Initial radius of sheet metal, R,: Current radius of flange, 1:
Radius coordinate of material point, 1,,,: Bending radius, S: Bending angle, s: Sheet thickness, y: Friction
coefficient, k¢4 k¢,: Yield stress before and after bending and Fp,y,cp: Punch force.
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Fig. 4: Calculation of energy parts for deep drawing with macro-structured tools.

Here, n is the number of alternating bends of the sheet metal, and Ews, the energy required for alternating
bending, taking into account the strain hardening in the flange area. The energy components are calculated by
combining the models of DOEGE ET AL [4] and LENZE [6] using the "principle of virtual work". It is assumed
that the work due to a "virtual displacement" at the inner edge of the flange is equal to the work due to "virtual
displacements" in the flange volume and that volume constancy exists at constant sheet thickness. The indi-
vidual energy components were calculated as shown in Figure 4.

The model for calculating the alternating bending as well as the bending at the drawing edge radius was adapted
for macro-structuring in the flange area by using corresponding input parameters such as bending radius 7m,
bending angle £ and position of the bend r(f). The calculation of the integrals was numerically done using the
trapezoidal rule. The incremental process consideration allows the process time and the relevant non-linearities
to be taken into account. The actual drawing force can be calculated using the derived energy equation. This
is compared with the maximum permissible stamping force, which is defined by the tensile strength of the
material and the present sheet metal cross section. In this context it should be noted that the maximum possible
transferable punch force is limited by the effective sheet thickness at the transition between bottom edge and
side wall. DOEGE has shown that the measured maximum drawing force at rupture Fgr can be up to a factor
of 1.55 greater than the calculated force Fgr. This difference can be recorded as a correction factor by the so-
called dimensionless tear factor ar [7].

In order to determine this factor analytically, it must be assumed that neither the bending nor the tangential
compressive stress and the appearance of sliding in the area of the punch edge as well as any friction above
the punch edge rounding influence the transmissible force. It remains to be expected, however, that the punch
edge radius, the sheet thickness, the drawing ratio and the effective stress condition will influence the tear
factor. This relationship can be derived by including the natural exponential function. The process can be
considered stable with regard to bottom cracks if the present punch force is smaller than the bottom crack force
(Fs < Fgr). The analytical model presented here has been verified by experimental tests, as shown in Figure 5.
For the deep drawing of sheet metal from DC04 with a diameter of Dy = 180 mm and a sheet thickness of 0.6
mm and 1.0 mm, the analytically calculated and experimentally measured punch force for the considered im-
mersion depths of 6 = 0.2 mm and 0.4 mm in all variants is below the critical bottom tensile force calculated
from the uniaxial tensile test, see Figure 5 left.

As expected according to the analysis, no bottom cracks occurred in the experiments. For a diameter of
Dy =200 mm and a sheet thickness of 0.6 mm, the analytical observation predicted the occurrence of bottom
cracks at an immersion depth of J = 0.4 mm, which was confirmed in the tests carried out. For the other variants
with an immersion depth of 6 = 0.2 mm or a higher plate thickness of 1.0 mm, the analytical analysis did not
indicate any failure, which was also shown in the experimental results. In sum, the results show that the im-
plemented approach is suitable for the fast prediction of the occurrence of bottom cracks.
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Fig. 5: Verification of the developed model and criterion for predicting the bottom crack, for sheet metal diameters of 180 mm and 200 mm.

2.2 Process modelling: Determination of wrinkling

In order to be able to make a statement about the generation of wrinkles during deep drawing with macro-
structured tools, the stability of the sheet must be examined with regard to the stress state present in the flange.
In general, the axissymmetric areas with the highest tangential compressive stresses (cause of wrinkling) and
the lowest radial tensile stresses (stabilizer) are considered (element 1, Figure 6), as the risk of wrinkling is
greatest in these areas. In addition, deep drawing with macro-structured tools is a special case in that the edge
area of the flange (red zone), in contrast to the inner areas (element 2, Figure 6), is supported by the tool on
one side only and forms a free end. This free end is therefore the critical area to be considered for the occurence
of wrinkles and is examined within the framework of a stability analysis to determine the critical tangential
stresses. Because the critical area is a free sheet metal end, it is modeled for the buckling analysis as a one-
sided rectangular plate with width a and length b, which is compressed with ¢i(r) and drawn with oi(7). Con-
sidering the equilibrium of forces, the tangential and radial stress acting on the free end can be calculated as
follows as a function of the workpiece radius using the TRESCA flow condition.

o.(r) = ke(r) - In (%0) (Eq. 6)
oy(r) = o,(r) — ke(r) (Eq. 7)

Free end part

Fig. 6: Assumption done for modelling the buckling effect in deep drawing, area 1 is more critical with respect to buckling than area 2 due to free,
unsupported end in area 1. Therefore, modelling of buckling is limited to area 1 as weakest area in the whole part geometry.

Because the free end is supported on one side and freely movable on the other, the balance of forces can be
described by equation 8. The deflection w of the element in z-direction as a function of element dimensions
and number of occurring sine waves (wrinkles) is calculated by equation 9. For the required prediction of this
number of wrinkles, SENIJOR has developed a model for deep drawing without hold-down in [8] using energy
methods (equation 10). Von KARAMAN has shown in [9] that the conventional elastic bending theory can be
extended to calculate plastic bending by substituting young’s modulus £ with the modulus for plastic buckling
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Eo (equation 11). Taking into account the boundary conditions and the dimensions of the free end, the critical
tangential stress oy, can be determined by solving equations 8 to 11, as described by equation 12.

a*w 20%w

ax*  0x20x2

a:Perimeter of free end of geometry
b: width of free end of geometry

w: buckling amplitude in z-direction
v: Poisson’s ratio

E: Youngs modulus

ay* Es§

*w 12(1—v2)( %w %w
t

g, ﬁ — Oy W) (Eq 8)

nmy

. mnx .
w = Zm=1,2,3,... Zn:l,Z,S,...Wmn SIn—-=—sIn—= (Eq.9)

Tm

1.65 Tor—il =m=<233. 7" (Eq. 10) | ,: Number of wrinkles
rm: mean flange radius

E, = —EF (Eq. 11) | 7o: Initial radius of .sheet metal

(VE+VP) ri: Inner flange radius
5 Ey: Effective youngs modulus for plastic buckling
m\2  (1\2
w2Es0?((%) +(3) ) P: Tangent modulus
Ot kr = (Eq.12)

Ok critical tangential stress

a6

Experimental investigations have been carried out to verify the calculations for critical tangential stress. For
this purpose, DC04 sheets with three different thicknesses (so = 0.3 mm, 0.5 mm and 0.6 mm) and a diameter
of Do =200 mm were selected for deep drawing with macro-structured tools with an immersion depth of 6 =
0.2 mm. Figure 7 shows the tangential stress curve during deep drawing and the critical tangential stresses for
the three sheet thicknesses.
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Fig. 7: Critical tangential stresses during deep drawing for different sheet thicknesses (so = 0.3 mm, 0.5 mm and 0.6 mm) and a diameter of Dy =200 mm.
The immersion depth J was 0.2 mm.

Figure 7 shows that the tangential stress (o) for deep drawing the sheet with so = 0.6 mm always remains below
the calculated critical tangential stress (oicr). Therefore no wrinkling is to be expected here (component 1). In
contrast, o; for deep drawing of the sheet metal with so = 0.3 mm is far above o, So that a very early wrinkle
formation in the process can be expected (component 4). The results show that with a thickness of so = 0.5 mm
and a stroke of 41 = 35 mm o is below ot and no wrinkling is to be expected (component 2). When the punch
displacement reaches 4, = 45 mm, o; exceeds the critical value o and wrinkling is expected to begin, as can
also be seen on component 3 at the edge of the flange. The experimental results show a good agreement with
the expectations from the stability analysis.

The transferability of the analytical model to non-rotationally symmetric components has been demonstrated
using rectangular tools from 1.2379. For theoretical consideration, the rectangular cup can be divided into four
axissymmetric corners and four non-curved segments. Since there is no tangential compressive stress in the
straight regions, the ideal forming energy is not considered here.
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Figure 8 shows that the results from the analytical model also correspond very well with the FE analyses and
the real experiments. The calculated energies can be used in an analogous way for the evaluation of the devel-
oped criteria for a detection of bottom cracks and for the evaluation of the increased probability.
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Fig. 8: Comparison between analytical, experimental and FE results for calculating the forming energy of a rectangular cup.

The transferability of the model equations to non-axissymmetrical geometries was verified by means of an
investigation of the process window borders (wrinkle formation and bottom cracks). On the basis of the ana-
lytical equations, the formation of bottom cracks by maximizing the immersion depth and the formation of
wrinkles by minimizing them, respectively, was specifically enforced. Figure 9 shows exemplary results for a
stable and an unstable process for axissymmetric and non-axissymmetric components made of DC04 with a
constant span of the macro-structuring of the tool from 4 = 8.0 mm.

Fig. 9: Feasibility study of deep drawing with macro-structured tools

2.3 Application of macro-structuring to high strength sheet materials

Within the second funding period, dry deep drawing with high-strength materials and increased sheet thick-
nesses was carried out as an example in order to analyze the process limits of the process with regard to dry
deep drawing. For this purpose, tests were carried out with a hot-dip galvanized complex-phase steel
(HDT780C) with a yield strength Ry of 780 MPa, a ultimate tensile strength R, of 820 MPa and an initial
sheet thickness so of 2.0 mm. The blanks with different diameters between 160 mm and 200 mm were deep
drawn with both macro-structured and unstructured standard tools. As Figure 10 shows, the measured punch
force for the macro-structured tool always below the punch force of the standard tool.

The blanks with a diameter of 190 mm have been deep drawn both with the standard dry and lubricated tool
(with the WISURA Z0O3368 provided for benchmark purposes) and with the non-lubricated but macro-struc-
tured tool. The drawing force for deep drawing with the macro-structured tool is even lower than with the
standard tool in lubricated condition. Furthermore, the blanks with a diameter of 200 mm cannot be deep drawn
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to the end of the process with either a dry or lubricated standard tool. However, this is possible with the macro-
structured tool and proves the extension of the process window for deep drawing by the macro-structuring of
the tools.

Macro-structured tool Material: HDT780C
- Standard tool (dry) Sp=2.0mm
B standardtool (lubricated) Diameter of the punch: 100 mm
|
— 600
< ]
£ 500
o ]
2
S 400 l
5 7 I
S 3004
2 - E
£ 2001 515
£ 1 EIE
5 1001 S19
2 B
0
@160 @170 @180 2190 2200

Diameter of the sheet metal in mm

Fig. 10: Applicability of macro-structured dry deep drawing with high strength materials

2.4 Alternating bending to adjust the properties of components

One challenge of sheet metal forming processes is always the elastic springback of components. This phenom-
enon is highly dependent on the material, in particular its hardening behavior, the sheet thickness, the part
geometry and the forming history. One aim of macro-structured deep drawing is to set up a robust process with
regard to feasibility and shape and dimensional accuracy, i.e. the safe placement of the working point in the
process window. For this purpose, the influence of the kinematic hardening of the material by the macro-
structuring with regard to the springback behavior is to be eliminated as far as possible. Since the material is
subjected to multiple plastic alternating bending during deep drawing with macro-structured tools, a possible
BAUSCHINGER effect, caused by the property of kinematic hardening of the material, can have a great influence
on the resulting springback. Since this material property cannot be influenced, the robustness of the dry deep-
drawing process should be improved by eliminating this material property from having a significant influence
on the dry deep-drawing result.

In the first investigation, the influence of kinematic hardening on the springback behavior of components by
forming a cap profile was examined. For this purpose the macro-structured tool with a constant span of 8.0 mm
was used. The springback of the three materials DC04, AA5182 and DP600 in two extreme cases, i.e. materials
with 100% isotropic hardening and 100% kinematic hardening, was simulated with the help of FEM and the
results were compared with experimental tests for two different immersion depths of 0.0 and 0.2 mm. The
numerical results based on the FEM simulation for the drawing of hat profiles with macro-structured tools
show that the restraining force caused by alternating bending in the flange area compensates the springback of
the workpiece independent of the type of hardening, as shown in Figure 11.

As it can be seen, springback is reduced by generating alternating bending for all types of hardening in all test
materials. The results show that alternating bending can reduce springback of materials with pure isotropic
hardening behavior more than materials with pure kinematic hardening behavior. Since springback is a func-
tion of the yield strength, the material strength during alternating bending can slightly influence the springback
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of materials with predominant kinematic hardening behavior. However, experimental and numerical results
show that, taking into account these opposite effects, the restraining force has a major influence on the spring-
back behavior of materials. In order to investigate the influence of alternating bending on the dimensional
accuracy of closed components, the ring splitting method was investigated within the framework of the priority
program. For this purpose, a ring was cut from the frame area of the rotationally symmetrical cups and then
the ring was disassembled. The opening gap in the ring can show the large springback in the rim area of the
cup. The investigations were carried out with DC04 and Al 5182. The macro-structured tool has a constant
wavelength of 4 = 8.0 mm. The sheets of DC04 and Al5182 with an initial diameter of Dy = 180 mm and a
thickness of so = 1.0 mm were cleaned with a citrus-based cleaner and finally treated with acetone to remove
the pre-lubricant and ensure a comparable test condition. The samples, which would have to be deep-drawn
with standard tools, were lubricated with lubricant "WISURA ZO 3368". The deep-drawn parts were cut by
an electrical discharge process to prevent the external residual stresses caused by the cutting process.
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Fig. 11: Springback reduction as a dependency of immersion depth & in a drawn U-profile, with increasing immersion depth the alternating bending
effect will be increased as well as the restraining force; due to that stretching of the flange area, the spreingback effect is reduced.

The results show that by increasing the immersion depth in the macro-structured deep-drawing process, spring-
back can be reduced. Furthermore, the induced alternating bending in the newly developed process leads to a
compensation of the springback of the component by the induced restraining force due to alternating bending
as well as the further elastic-plastic deformation of the material during the alternating bending mechanism.
Table 1 and Figure 12 shows an overview of the rings after splitting.

2.5 Transfer to non axis-symmetric geometries

In order to verify the lubricant-free deep drawing process under practice-relevant conditions, both standard
and macro-structured tools for deep drawing a T-cup due to its complex stress state in the flange area were
designed and manufactured within the framework of the completed priority program 1676. The two criteria
for predicting the process limits were applied to the tool design. Based on this, no bottom cracks and no wrin-
kling were expected, which was experimentally confirmed. Furthermore, the results showed that the maximum
punch force during deep drawing with macro-structured tool under lubricant-free conditions is only marginally
higher than that during conventional deep drawing with spacer ring using lubricant. Furthermore, the results
showed that conventional deep drawing without the use of lubricant caused the sheet metal rupture due to the
applied blank holder force. However, the use of a spacer ring in conventional deep drawing under lubricant-
free conditions also resulted in a stable process without any significant difference in punch force compared to
deep drawing with macro-structured tools. However, in the latter process, due to its ability to control the flow
of material during the process, no dent in the bottom area of the part occurs.
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Table 1: Result of ring splitting test.

Opening gap in mm

Material * gindard  5=02mm 5=0.4 mm
DC04 50 45 37
AA 5182 95 73 64

6=04 mm —

6=0.2 mm—

Standard

Al5182

Fig. 12: Influence of immersion depth on springback behavior (for Opening gap 6 = 0.4 mm and 0.2 mm). Materials: DC04 and Al5182.

In addition, the results displayed in Figure 13, showed that the maximum punch force in deep drawing with a
macro-structured tool under lubricant-free conditions is only marginally higher than that in conventional deep
drawing with a spacer ring using lubricant. Furthermore, it was shown that conventional deep drawing without
the use of lubricant came to the bottom tear due to the applied blank holder force. However, the use of a spacer
ring in conventional deep drawing under lubricant-free conditions also resulted in a stable process without any
significant difference in punch force compared to deep drawing with macro-structured tools. Nevertheless, in
the latter process, due to its ability to control the flow of material during the process, no dent in the bottom
area of the part occurs.

Standard Macro-structured
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Fig. 13: Transfer of results on complex 3D-part; Reduction of maximum punch force my macro-structuring of tool surface despite the absence of
lubrication (left); usually critical increasing blankholder force as a function of the drawn depth during deep drawing as a result of using a spacer
ring — here without any negative influence on the result due to macro-structuring (right)
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3 Development of a load-compatible layer system

Within the framework of the sub-project "Development of a load-compatible coating system for deep-drawing
tools", highly wear-resistant tetrahedrally bonded amorphous carbon layers (ta-C) were deposited using the
pulsed vacuum arc (short pulsed Arc - spARC) technique. In contrast to alternative deposition processes for
ta-C coatings, the Arc processes are characterized by the fact that it can deposit ta-C coatings using relatively
inexpensive PVD equipment at high coating rates (up to 1 - 2 pm/hour) [10]. A disadvantage here can be the
large defect densities in the coating which arise simultaneously [11]. Furthermore, residual stresses in the
coating can influence the adhesion of the coating, which has a considerable influence on the service life or
general usability of thicker coatings [12]. A PVD coating system from Oerlikon (see Figures 14a and 14b) as
well as Innovap (see Figures 14c and 14d) was used in the tests. In particular, tests on doped layers were carried
out with the Inovap system, whiletests on smoothed layers were mainly carried out on the Oerlikon system.

= e

Fig. 14: a) and b) Oerlikon system with a chamber size of 1 m height and 1 m diameter. c) and d) system of the company Inovap for the deposition of
doped layers.

The spARC® is a combination of a direct current (DC) vacuum arc (a process widely used in industry for the
deposition of wear protection layers) and short high current pulses. These current pulses cause an increase in
the energy and ionization rate of the layer-forming carbon ions, which results in a high diamond bond content
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in the layer. Very hard layers with hardnesses of up to 75 GPa can be deposited [13]. Advantageous applica-
tions of these coatings are therefore, for example, tools for the mechanical processing of metals such as alu-
minium, copper, brass or even CFRP, where they reduce tool wear and the formation of built-up edges.

Within the scope of this project, the application for the processing of steel samples in forming tests was inves-
tigated. The coating of formed parts is particularly advantageous where, as addressed within this priority pro-
gram, lubricants are not used due to environmental aspects.

Within the project, the process parameters shown in Table 2 were used for the deposition of ta-C coatings.

Table 2: Representation of the essential process parameters for the deposition of ta-C coatings using spARC technology. Furthermore, characteristic
properties of ta-C coatings deposited by spARC-technique.

Technical data for the production of ta-C using spARC technology

Arc current 100 A
Pulsed arc current 1600 A
Pulse length 0.25 ms
Pulse frequency 100 Hz
Deposition rate 1.6 pm/h
Coating duration 160 min
Pressure during coating 1073 mbar
Deposition temperature <150 °C

Technical data of ta-C

Hardness 21-45 GPa
E-Modulus 360 - 450 GPa
Friction coefficient (dry, polished, after Strip tensile bending test) ~0.13-10.18
Coating thickness 1.6 —3.5 um
Temperature stability 350 °C

3.1 Surface roughness and layer characterization

The main development goal within the first half of this subproject was to reduce the surface roughness of the
coated components and to identify important influencing parameters, as these have a significant influence on
the tribological properties. Essential influencing factors are:

a) component wear, that formed material is deposited at roughness peaks of the tools;

b) the coefficient of friction between tribological partners can be increased to an adverse extent;

¢) the running-in behaviour of the tribological system is prolonged until the roughness is smoothed out and
d) the influence of surface structuring is eliminated.

For this reason, the development of roughness in relation to the material used (1.2379) was examined in detail
and compared with the roughness development of alternative steel materials (1.4301, 1.3505 and 1.3343). For
this purpose, the roughness was measured by means of the tactile step method. Within these investigations, the
roughness development and reduction both during and after the coating process was examined in order to show
ways in which the resulting layer roughness can be reduced most effectively.

The evolution of surface roughness has been investigated at different stages of the coating process. As shown
in, different working steels and a stainless steel have been compared with respect to their polishability and the
resulting roughness (see Figure 15a). The surface pretreatment was carried out using both polishing pastes
(diamond suspension 1 pm and 3 um particle size) and abrasive paper (grain size: 500, 1000, 4000). It is
characteristic that the softer comparison material 1.4301 in particular shows higher roughness with abrasive
paper with a coarse grain size. The actual coating process is preceded by a metal ion sputtering process to
remove water and impurities from the surfaces and thus to achieve an adhesive bond between the surfaces.

After metal ion sputtering, rolling bearing steel 1.3505 and 1.3343 in particular showed higher roughness with
increasing process duration (see Figure 15b). The steel 1.2379 used within the project, on the other hand,

42



Jaehnig et al. / Dry Met. Forming OAJ FPR 6 (2020) 030-068

showed lower increases in Ra roughness after metal ion sputtering compared to the materials 1.3505 and
1.3343. Since metal ion sputtering simultaneously heats up the samples, it is advantageous to choose this pro-
cess for a short time, as otherwise the process times can be considerably longer. It is also advantageous to
further classify material-related process parameters in order to reduce or optimize the coating time.
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Fig. 15: Ra values as a function of a) sample pretreatment and b) process time for metal ion sputtering of 1,2379 compared to other steels. Ra values of
an approx. 1 pm thick ta-C layer as a function of ¢) the normal force when brushing the sample (processing time 50 s, wire thickness 0.2 mm)
and b) the processing time of the brushing (wire thickness 0.2 mm, normal force 60 N).

In addition, these results show that the subsequent coating contributes to a significant extent to the increase in
layer roughness (e.g. Ra =~0.07 um for a 3.0 um thick layer). Subsequent polishing of the layers with a wire
brush is therefore necessary for unfiltered ta-C layers in order to smooth in or remove the particles implanted
during the deposition of ta-C by the arc process. For this purpose, substrates (roughness Ra ~ 0.03 um) were
coated coated with ta-C (roughness ~ 0.07 um) and then post-treated with a wire brush. During brushing, the
normal force between brush and coating, the processing time as well as the brush (SS wire with thickness 0.2
mm and 0.5 mm) were varied.

In Figure 15c and 15d it is clear that the roughness is inversely proportional to both the machining time and
the force applied during brushing. After only 5 s of machining time (speed: 7000 rpm, normal force 60 N), a
significant reduction of the surface roughness to values of up to Ra ~ 0.025 um can be seen. Here, brushes
with thicker wires lead to lower roughness at shorter machining times. A similar behaviour is shown depending
on the speed of the wire brush used. At a speed of 3000 rpm, for example, the roughness is Ra ~ 0.05 um,
while at 7000 rpm roughness of R ~ 0.025 um can be achieved with otherwise identical parameters.
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In summary, the evolution of roughness development for the coating process used is shown in Figure 16. It
becomes clear that relatively smooth substrates are roughened by the pretreatment by metal ion sputtering. A
smoothing of this roughness is partly achieved by the subsequent step of chromium deposition. However, the
final coating step, vapor deposition with carbon, again leads to an increase in roughness. This is mainly due to
carbon particles from the arc process (see Figure 16b).
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Fig. 16: a) Exemplary representation of the Ra values as a function of the processing steps performed during PVD coating using arc processes. b) SEM
representation of a nitrogen-doped ta-C coating.

Based on these results, an attempt was made to pre-treat tools in such a way that scoring/roughness was intro-
duced both parallel and orthogonal to the tool axis. The aim of these experiments was to change the topo-
graphy in such a way that a surface texture on the component surface is measurable even after the deposition
of the coating and the subsequent polishing of the samples. For this purpose, the samples were machined using
500 abrasive paper as well as by milling. The results of the milling as well as illustrations of reference samples
are shown in Figure 17. Furthermore, it can be seen that the grinding of the samples did not allow sufficient
roughness to be introduced into the tool surface.

The surface textures were almost completely removed by polishing with a wire brush (see e.g. the removed
grooves in Figure 17c and 17d). Only deeper grooves (up to 10 um deep trenches), which were made with a
lathe, could still be measured after coating and brushing the samples. An expected advantage of texturing
(mechanically or by laser structuring) the tools before coating is that the coating properties are not changed by
a subsequent process, e.g. a laser process. Thus, it could be shown that laser structuring using DLIP and an ns-
laser can have a positive influence on wear, but in some cases the coefficient of friction was also increased
(see section 4 for additional information). One reason for this is that the laser process converts the ta-C layer
locally into a-C or sp2-rich areas. This conversion can be avoided by structuring the tool before coating or by
using an ultra-short pulsed laser source.

-10

Fig. 17: Microscopic image of a) coated, b) coated and polished, c¢) textured and coated and d) textured, coated and polished tools for strip tensile tests.
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As has been shown, however, the texturing must be carried out in such a way that it is not removed again by
necessary polishing processes of the layer. Deviating from the project planning, the influence that coating of
sheet metal for strip tensile bending tests can have was also evaluated. For this purpose 1 m long sheet metal
strips were coated with 3.6 pm ta-C. This enables statements to be made about the behaviour of the coating in
relation to both coated and uncoated tools. Furthermore it will be shown which influence the strip tensile
bending test will have on the coated sheet metal strips.

3.2 Tribological and mechanical porperties of the deposited coatings

An essential parameter in the tribological evaluation of the properties of ta-C coatings is the coating hardness
[14, 15, 16]. This has a direct influence on the friction coefficient of the coatings used. Various studies have
shown that the hardness of the coating is proportional to the modulus of elasticity of the coatings [17]. How-
ever, experiments in the second phase of the project had shown that the E-moduli of layers from one batch can
be very different and that these tools can only be used for comparable tribological investigations to a limited
extent. The fluctuations here were between 350 - 420 GPa. It can be expected that the angle of incident during
the coating process is influencing the thin film properties as it was also found in the literature [18]. An expla-
nation of these fluctuations is related to subplantation model [19, 20]. According to this model, the ion energy
or the subplantation depth of the ions is decisive for the layer morphology. Too low or too high penetration
depths (ion energies) result e.g. in sp2-rich softer layers. Therefore, the influence of tool positioning within the
vacuum chamber (Figure 18) was evaluated. The following influencing factors of the positioning of a coating
in 1-fold rotation were determined from test experiments:

a) The tools were not aligned with the apex (see Figure 18) to the evaporators. The modulus of elasticity can
change depending on the angle.

b) The tools can be arranged differently between the evaporators. This can also result in varying coating angles.

In the following, all tools were therefore positioned according to Figure 18b and aligned with the apex when
the tool is directly in front of the evaporator.

a) b) c)
Linear region with highest elastic
Tools Evaporator Tools Evaporator modulus

[] ]

Elastic modulus
|:| |:| decreases with
increasing angle

Fig. 18: a) and b) Schematic representation of possible sample positioning within the coating chamber used. ¢) Schematic representation of the coated
tools.

As an alternative solution to reduce the variation in coating hardness of 3D components, it is advantageous to
apply a BIAS voltage during the coating process. This voltage should change the angle of incidence of the
carbon ions so that they strike more orthogonally to the sample surface. A further possibility for homogeneous
coating of rotationally symmetric tools is the deposition in 3-fold rotation, which results in a homogeneous
coating. However, the reduction of the effective coating hardness can be a disadvantage.

A further essential prerequisite for the functionality of the deposited layers is the layer adhesion, which has
already been a major focus of investigation in the first project phase. At the beginning of the second project
phase it was demonstrated that improvements in the tribological properties (in terms of higher hardness) of the
ta-C coatings can be achieved due to lower pressures during coating (reduction of the coefficient of friction in
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strip tensile bending tests from 0.18 to 0.13, see Table 1). Initial wear investigations using a ball-on-disc tri-
bometer (100Cr6 ball vs. ta-C) have shown that the coating wear is inversely proportional to friction. Two
samples with a hardness of 21 GPa and 24 GPa were compared. No wear was visible on the 21 GPa sample,
while for the 24 GPa sample clear signs of wear were observed.

3.3 Modification of the coating properties

In further work, the fundamental question was raised whether the properties of ta-C layers can be further opti-
mized. Two aspects in particular were examined:

a) The possibilities of reducing the layer stresses at the ta-C/steel interface by adjusting layer gradients, espe-
cially in point load scenarios;

b) What possibilities are there to influence the coefficient of friction by doping ta-C with fluorine.

Potential layer systems were simulated to set suitable layer gradients (see Figure 19). A maximum modulus of
elasticity of the layer of 400 GPa and 500 GPa at a layer thickness of 5 pm was assumed as an example. In
addition, the Young's modulus was reduced in 1 um steps starting at the surface (OF) in the direction of the
substrate (IF for interface) as well as in opposite steps of 50 GPa. The simulated indenter (diameter 100 pm)
was pressed onto the surface with a force of 10 N.

Coating: E-modulus OF 300 - IF 500 GPa Coatingl: Different elastic modulus
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Fig. 19: Schematic representation of the simulated layer system consisting of ta-C layer and substrate as well as the van Mises stress in the layer system
as cross-section as well as at the position x = 0 um and along the z coordinate.

It was shown that in the selected loading scenario, the van Mises stress at the interface (IF) is highest in the
layer with the highest modulus of elasticity. In contrast, the lowest stress at the interface is found when the E-
modulus of the layer is highest at the surface and decreases towards the substrate. It should be noted that the
maximum stress can also be a function of the selected stress scenario. Experiments have been carried out to
achieve such coatings by varying the chamber pressure during PVD coating. It was shown that at higher pres-
sures during the coating process softer layers with a lower modulus of elasticity can be deposited. To achieve
the lower chamber pressures, nitrogen was introduced into the vacuum chamber. However, it was difficult to
verify the results shown by simulation in experimental tests.

In further experiments, fluorine-doped ta-C coatings were produced. For this purpose, coating parameters were
selected according to the standard parameters (see table 2). In addition, CF4 gas was let into the coating cham-
ber (see figure 14c) during processing. It could be shown that fluorine-doped layers can be produced, here the
Fluorine content in the coating is a function of the relative amount of the same element in the coating chamber
as well as additional process gases (in this case argon). The basic idea of additional gases is to increase the
ionization rate of fluorine. At the same time, it can be seen that with a higher proportion of gas during the
coating process, the particle density in the layer increases.

Due to increased requirements with regard to occupational safety and the climate critical properties of flu-
orine-containing gases, the work on doped layers was subject to considerable delays. Corresponding layers
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could therefore only be deposited towards the end of the project (see figur. 20). Further investigations are
planned for the future.
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Fig. 20: SEM presentation a) a ta-C sample coated at 5 sccm CF4 and fluorine in the layer detected by EDX. b) a ta-C sample coated at 20 sccm CF4 +
10 sccm Ar and fluorine in the layer detected by EDX.

3.4 Modification of the ta-C interlayer

Interlayers between a tool and the ta-C coating itself are very important for the thin film adhesion, as it was
shown in various publications [21, 22, 23]. With regard to these interface, it is important to consider both the
substrate pretreatment and the use of adhesion-promoting layers. For adhesion promoting layers at ta-C it is
important to use materials that have carbide forming properties. For this reason, chromium was used as an
intermediate layer (see figure 21). Furthermore, chromium helps to improve the corrosion resistance of steels.
For these reasons, only carbide forming and corrosion resistant layers or materials can be considered as chro-
mium replacement layers. In contrast to carbon, the material price of chromium represents a significant cost
factor in the coating of components. In contrast to the use of an adhesion-promoting layer, this work package
follows the approach of modifying the component surface by nitriding and using this newly formed surface
layer as an "adhesion promoter".

First tests on stainless steels have shown that surfaces nitrided in this way have both a certain corrosion pro-
tection and adhesion promoting properties [24, 25]. For this purpose, the samples were subjected to plasma
nitriding at low temperatures using an arc enhanced glow discharge (AEGD) process immediately before car-
bon coating. It was shown that 3D components, especially at edges and corners, can have field elevations and
thus an increased nitriding. For this reason, the samples investigated in the following were produced using a
plasma-assisted CVD process (PACVD).

Prior to the actual PACVD nitriding process, the samples were sputtered in the CVD coating unit. The nitriding
process took place at a working pressure of 2.4 mbar und Argon as working gas. Also, the reactive gases N»
(80 %) and H, (20 %) were used, and the temperature of the process was set to 550°C. The process was
performed for 16 hours.

After the nitriding process, the surface of the substrates were treated with fine ¥4 pm diamond suspension and
were wetted and polished on a polishing machine. The coating systems examined in the following are repre-
sented in Figure 21.
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ta-C

Nitriding

Nitriding

Steel Steel

Fig. 21: Schematic representation of the layer systems examined in nitriding tests. ta-C with a chrome intermediate layer represents the standard layer
system used. Variations to this are the avoidance of chromium as intermediate layer and/or the nitriding of the substrates.

The investigated coating systems were examined by means of Rockwell-C test as well as scratch test. The
results of the scratch test are listed below:

Table 3: Adhesion properties of ta-C coatings with and without nitriding oft he steel substrates.

Property / Steel 1.2379 1.2379 1.2379 1.2379
Nitriding No No Yes Yes
Coating ta-C + Cr ta-C ta-C ta-C + Cr
Adhesive strength class HF 1 HF 1 HF 1 HF 1
Roughness (um) 0.05 +/-0.03 0.05 +/- 0.03 0.06 +/- 0.03 0.06 +/- 0.03
Critical load Lc2 (N) 28 +/- 1 25 +/-1 46 +/- 1 42 +/-1

The critical load Lc2 was evaluated as a measurement for the scratch test. This indicates the critical load at
which the first layer chipping occurs and thus an adhesive layer failure. It was found that nitriding the samples
before coating leads to a significant improvement in the layer adhesion in a scratch test. This was applied to
nitrided samples with and without a chromium intermediate layer.

3.5 Decoating of ta-C layers

Forming tools are relatively cost-intensive to manufacture and it is advantageous to regenerate or recondition
them after appropriate wear. In addition, such repairs are necessary if a faulty coating has occurred, e.g. due
to a process disturbance. Such repairs are usually very time and cost intensive. The use of appropriate friction-
and wear-reducing tribological protective coatings can increase the service life of high-quality tools, but the
cost of reconditioning these tools also increases. In order to make such tool repairs economical and time-
saving, it was investigated whether there are effective possibilities to remove the applied coating systems. Due
to the good layer adhesion and high hardness of diamond layers, the mechanical removal of material is very
costly and can generally be excluded as a manufacturing process. Optical processes such as laser ablation are
suitable in principle for removing of hard coatings [26], but they are either cost-intensive and slow, as multi-
pulse processing with ultra-short pulsed lasers is required, or they damage the starting material due to excessive
energy input. This can lead to melting of the component surface and further necessary process steps, such as
mechanical post-processing of the surfaces, may be necessary. For these reasons, chemical surface processes
are promising alternatives. However, it should be noted that carbon layers are in principle inert to many etching
agents. There are works where mixtures of potassium dichromate, K-Cr,O- and sulfuric acid H>SOs, or sulfuric
and nitric acids HNOs were used to remove or activate carbon, but these processes are very time consuming,
of even several hours [27, 28].

A promising alternative approach is the possibility to remove the chromium adhesion promoter layer between
the tool and the ta-C layer. In this context, two methods, the so-called "tampon method" as well as an approach
using a potentiostat (three-electrode structure) were investigated. In summary, it was shown that the tampon
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process has advantages, among other things, with regard to the process speed. Figure 22 shows the roughness
of samples that were decoated at a voltage of 10 V and different media (caustic soda and sulphuric acid).

Reference £ 1.0
=4
S~ :
E <
oo e _
@ 1,0 .
500 pm T Total distance = 4.8 mm
NaOH £ 10 ‘ o .
£ S
2 e e b e e L
> 10l H : ; i
300 pm T Total distance = 4.8 mm
£ 50 AN SO U SO SO
= o a M‘;‘Q""&H}""f VR ‘J j A B
& -5.-0 H =
T - Total distance = 4.8 mm

Fig. 22: Comparison of the decoated surfaces at 10 V with the different solutions, versus the substrate material (reference). On the left side microscopic
images of corresponding surfaces. On the right side, images of the corresponding tactile roughness.

It was found that caustic soda, in particular is excellently suited for removing coatings while at the same time

producing relatively low roughness. The multiple coating and decoating of the samples could also be success-

fully demonstrated. Critical is the disposal of the resulting caustic solution, which contains CrIV according to

its coloration.

4 Micro-structuring with Direct Laser Interference Patterning

It is known that smaller effective contact areas can provide surfaces with a lower frictional force as demon-
strated by different authors [29 - 32]. Thus, in this project, both the tool as well as the metallic blanks were
micro-structured with the aim of minimizing friction and wear.

In particular, Direct Laser Interference Structuring (DLIP) was used as an innovative laser process to produce
sub-um and um structures directly on different materials [33, 34] by fabricating periodic surface structures
which result from transferring the shape of interference patterns directly to the material’ surface.

The principle of the DLIP is shown in Figure 23. As it can be seen, the primary beam is split by diffractive
optical element (DOE) into at least two coherent partial beams. These sub-beams are brought to interference
at a certain angle (0) on the surface. Due to the interaction between the substrate material and the laser radia-
tion, a periodic pattern in the micro or submicrometer range is created. The type of structure depends on the
number of laser beams used Thus, line or dot-like patterns can be produced with two or three laser beams,
respectively. Grid-like structures are also possible by irradiating the surface of the material two times, before
rotating the sample by a certain angle (e.g. 90°) between the irradiation steps [35, 36, 37].

The size of the structure or the periodic distance (A, distance between two maxima or minima) is determined
by angle (0) between the laser sub-beams and can be generally varied to obtain spatial periods between 150
nm and approximately 40 um [38 - 43].

In this project, the used DLIP optics allows changing the distance between the beam splitting diffractive optical
element (DOE) and the prism (Figure 23b). Consequently, the angle 6 and the spatial period can be changed
automatically. The positioning of the substrate is performed using XYZ-precision stages as shown in Figure
23a.

49



Brosius et al. / Dry Met. Forming OAJ FPR 6 (2020) 030-68

Fig. 23: DLIP-setup with a DLIP optical head, XYZ linear stages and a rotation axis, (b) Principle of the optical configuration for two-beam DLIP using
a DOE, a prim and a lens. (c) Resulting laser intensity distribution within the interference volume.

The DLIP method has been successfully used for structuring semiconductors, metals, polymers and ceramics
[44 - 47]. Furthermore, the structuring takes place within one process step. Additional processes such as pho-
toresist development or the transfer of structures by chemical or physical etching processes are not necessary.
Thus, the DLIP process offers the possibility to create the desired structures over a large area and at a through-
put speed of several cm?%s.

The area that can be structured with a laser pulse depends on the size of the laser spot (up to a few cm?),
whereby this is determined by the choice of suitable optical elements (e.g. lenses). In addition, the DLIP offers
the possibility to process complex component geometries (e.g. cylinders) easily and quickly, since the inter-
ference structures are created in the volume of the overlapping laser beams. Some examples of structures on
ta-C coated steels are shown exemplary in Figure 24. Note that the spatial period in Figure 24a was 180 nm.
In Figure 24b, characteristic rainbow-color effects (TU Dresden logo) are visible due to the high-quality of the
produced periodic structures.

Fig. 24: a) Direct Laser Interference Patterning on ta-C with period of 180 nm and one laser pulse. b) TU Dresden logo produced on ta-C coating with
DLIP.
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4.1 Optimization of friction-minimized functionalities on ta-C coated tools using DLIP

The realization of a load-compatible, lubricant-free deep drawing process requires a significant improvement
of the tribological properties, especially at the drawing edge radius. Here the introduction of a microstructure
can make a significant contribution. For this purpose, selected ta-C layer systems (with hardness values up to
~ 650 GPa) were processed direct laser interference patterning.

4.1.1 Influence of DLIP structuring on morphology and friction behavior of ta-C

Based on the wavelength dependent rehybridization thresholds of the ta-C layer, the material behaviour due to
DLIP was investigated [48]. Figure 25a shows the structured area of a ta-C surface where interference patterns
with a spatial period A of 2.3 um was used. The line-like geometry of the structure resulted from the interfer-
ence pattern produced using a two-beam DLIP optical head. In this case, the laser wavelength was 263 nm and
a nanosecond pulse length (~2 ns) was used.

Due to the Gaussian intensity distribution of the output laser beam, a gradually changing intensity of interfer-
ence patterning occurs on the ta-C surface. For example, the “area 1” in Figure 25a (see further details in Figure
25b) shows that for small laser fluences the rehybridization threshold of ta-C is exceeded at the positions of
the interference maxima. As a result of the energy input into the material, the transformation of sp3- into sp*-
hybridized carbon occurs. This leads to a local reduction of density combined with a localized bulging of the
ta-C layer. A further increase of the laser fluence at the positions of the interference maxima leads to an ex-
ceeding of the ta-C ablation threshold and thus, as shown in “area 2” of Figure 25a (see also Figure 25c), to a
gradually increasing ablation of the strongly sp?-containing areas. At the same time, there is a material bulge
at the positions of the interference minima, which can be explained essentially also by a sp3-sp? transformation,
which is again associated with a local density increase, but in this case due to thermal diffusion. This effect is
particularly pronounced for small spatial periods (A < 5pm).

At the position indicated as “area 3” in Figure 25a and 25d, the material regions which are adjacent interference
maxima converge (these zones are rich in sp>-hybridized carbon) and a higher features are formed. The struc-
turing mechanism is also schematically shown in Figure 25b, where the function I(x) indicates the spatially
resolved laser intensity of the interference pattern.

ablation

Fig. 25: (a) Example of DLIP patterned ta-C surface. Schematically presentation of (b) locally transformed ta-C surface due to laser irradiation, (c)
initial ablation of sp?-rich areas and (d) complete ablation of sp?-rich areas. The function I(x) represents the spatial laser intensity.
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The structuring process performed using nanosecond laser pulses was simulated using finite element methods
(FEM). The simulations allow for example to evaluate the dependence between different interference periods
and the resulting thin film heating during the material processing. These simulations are based on the heat
diffusion equation as it was published elsewhere [15].

In Figure 26, thermal simulations, based on the experimental parameters are shown. As a guide for the eyes,
the 1000 K adiabatic curve is indicated as a black line. The selected temperature distributions were taken when
the highest temperatures at the ta-C/air interface (at the interference maximum) is reached. Here a maximum
temperature of 4620 K is reached 8 ns after the maximum pulse intensity (Gaussian temporal pulse shape).
These temperatures are above the sublimation temperature of ta-C (around 3915 K) and thus thin film ablation
occurs. A comparison of the peak temperature at the ta-C/air-interface and the temperature at the interference
minimum positions reveal major differences. With decreasing interference period, the temperature at the in-
terference minimum position increases. For instance, at a DLIP period of A =2 pm a maximum temperature
of 1300 K is observed (see Figure 25a). The reader should note that a peak temperature of 1400 K is reached
20 ns after the maximum pulse intensity (data not shown). Since the graphitization temperature of ta-C is about
~1000 K we expect a structural modification of the thin film surface is modified.
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Fig. 26: Thermal simulations for structuring with periods of A =2, 5 and 10 um. The black lines indicate the temperature for sp*-sp>-rehybridization (at
1000 K).

From the simulations, it becomes apparent that the heat-affected zone (or amount of hybridized material) is
more pronounced for smaller interference periods (A = 2 um, see Figure 27a), whereby the rehybridization
threshold of ta-C is exceeded in extended surface areas (interference maxima and minima). In contrast, larger
interference periods such as 5 um or 10 pm (see Figures 27b and 27c, respectively) lead only to a rehybridiza-
tion at the positions of the interference maxima and not at the interference minima. These differences in the
rehybridized ta-C material can have a significant influence on the friction behavior and must be considered.

Different performed investigations, have shown that the sp>-rich areas presenting different morphologies (line,
hole or cross structures) produced by Direct Laser Interference Patterning can influence the friction properties
of tribologically interacting surfaces depending on the applied load and speed conditions [15, 39, 49].

For example, cross-like structures produced by the two-step procedure explained above showed a significant
improve on the friction coefficient. The structuring process was carried out on a ta-C layer with a thickness of
2.5 um using a ns-pulsed UV laser system with a wavelength of 355 nm. The non patterned ta-C layer as well
as the manufactured cross structures are shown in Figure 27a-d, and have structure periods A of 2.0 pm, 5.0 pm
and 10.0 pm. The influence of the structure period on the friction behaviour of ta-C was investigated using
ball-and-disc friction tests under non-lubricated conditions, and the obtained results are shown in Figure 27¢.
It can be seen that the friction behavior of ta-C can be both increased and decreased depending on the structural
period. In general, larger structural periods were found to be more favorable compared to the unstructured ta-
C reference layer. The reason for this behavior can be explained by the performed thermal simulations, since
a lower amount of rehybridized material is produced (note that the hardness of the ta-C coating is proportional
to the sp3-carbon content).
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Fig. 27: Scanning Electron Microscope images of (a) unstructured ta-C surface and cross-like structured ta-C surfaces with spatial periods of (b) 2 um,
(c) 5 um and (d) 10 pm. The influence of the surface structuring on the friction coefficient is shown in (e).

4.1.2 DLIP structuring of ta-C coatings using ultra-short laser pulses

As shown in the previous section, DLIP systems utilizing pulsed laser system can significantly influence both
the morphology and topography of ta-C coated tools. For further minimize thermal effects as well as the surface
contact are (by producing even more precise topographies), ta-C coated substrates were also micro-structured
using ultra-short pulsed laser system (pulse duration ~ 10 ps). This was performed to investigate the essential,
fundamental differences in material-beam interaction, especially with regard to thermal input.

The basic investigations on micro-structuring using DLIP with picosecond pulses was carried out on a selected
ta-C layer with a modulus of elasticity of 610 + 8 GPa and a thickness of 1.8 £ 0.1 pum. The DLIP system
consisted on a 70 ps pulsed laser source (with a wavelength of 1064 nm) and different laser fluences (from
0.74 J/em? to 2.03 J/cm?) were used. Also, different pulse-to-pulse overlaps (0 % - 90 %) were utilized and the
spatial period was set to a spatial period of 5 um. The microstructures generated on the ta-C coated steel were
analyzed with respect to their surface topology (by confocal microscopy and SEM) and composition (by Ra-
man spectroscopy). These results were compared with the topographies corresponding to ns-DLIP produced
microstructures.

The fundamental topographical differences as a result of the different pulse lengths are reflected in the emerg-
ing surface topography of the generated DLIP structures (see Figure 28). When ta-C is processed with a ns-
laser source, sinusoidal structures are increasingly formed at a fluence of approx. 0.6 J/cm?. The resulting
structure heights increase with increasing laser fluence up to ~300 nm (the cross-section of this topography is
shown in Figure 28b). This is mainly due to the sp*-sp? rehybridization during laser irradiation as has been
explained before. Starting at a laser fluence of approximately 1.3 J/cm?, the increasing laser intensity at the
interference maxima leads to a local ablation of the sp?-richer structure maxima. Differently, the structuring
process with a ps-laser source, shows only a limited expression of the sp*-sp? rehybridized areas even at higher
fluences of up to 2 J/cm?. The achieved structure heights are up to 100 nm (see cross-section of a ta-C coated
surface treated with 70 ps IR radiation in Figure 28¢), which can be explained with the shorter thermal diffusion
lengths.

A complementary analysis of the generated DLIP surface structures with the ps-laser source by scanning elec-
tron microscopy (SEM) shows the additional pronouncing of wave-shaped trench structures with a structural
period of about 800 nm. The observed substructures were identified as so-called laser induced periodic surface
structures (LIPSS) (see Figure 29a). In general, the structural period and orientation of the LIPSS is signifi-
cantly influenced by the laser properties used, such as the wavelength and polarization [50,51]. Due to the
geometry and size of the here reported structures, they can be recognized as low spatial frequency LIPSS
(LSFL), which typical spatial periods which are similar to the used laser wavelength (1064 nm) [52]. The SEM
investigations show for all investigated fluences the presence of LSFL at the areas corresponding to the inter-
ference maxima (see Figure 29a and 29b), for low and high laser fluences. The presence of the LIPSS surface
structures in combination with the already well controllable DLIP structures opens new possibilities for surface
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functionalization. It is expected that a combination of DLIP and LIPSS structures (so-called hierarchical struc-
tures) can have a significant influence on resulting surface functions, such as wettability, optical properties or
antibacterial effects, following nature's example.
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Fig. 28: (a) Comparison of structure heights for ns- pulsed laser and ps-pulsed laser structuring on ta-C. The diagrams in (b) and (c) show the peak
formation for the ns and ps structuring cases.

Fig. 29: SEM images of DLIP produced structures using 70 ps laser pulses (at 1064 nm wavelength). Laser fluence: (a) 1.52 J/em?; (b) 2.03 J/cm?2. Low
spatial frequency LIPSS (LSFL) were found at the interference maxima positions.

Raman analysis of both ta-C coated samples treated with both ns and ps pulses were also performed (see Figure
30). On the one hand, the analyses show that at the used laser fluences, there are no chemical changes at the
intensity minima positions. Differently, for both ps and ns DLIP processes, an increase in the structural order
along the direction outlined in Figure 30 within the ta-C material was observed [53]. From the intensity ratio
I(D)/I(G) in combination with the width and position of the G-peak, ns-DLIP processing results in a stronger
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order character and, as a consequence an increased content of graphite-like material-bound regions [54]. Con-
versely, in the case of ps-DLIP processing, a near-surface rearrangement of the sp?-rich areas can be assumed
due to the lower structure height in combination with the attenuated I(D)/I(G) peak ratio.
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Fig. 30: Raman measurements for ns-laser and ps-laser structured surfaces on line-like structures. At the intersity minimas no structural change occurs,
whereas an increase in the structural order is shown for the intensity maxima.

For the evaluation of ultra-short pulsed DLIP structuring on ta-C coatings, micro structures with spatial periods
of 2.0, 5.0 and 7.0 um were introduced on ta-C coated steel surfaces with line- and cross-like geometries.
Optical evaluation of the DLIP-pattern was performed by Confocal Microscopy measurements and Scanning
Electron Microscopy images. Ten samples were coated by a tetrahedral amorphous carbon layer of 2 pm thick-
ness and a sp*-content between 60-70%, with a hardness of ~ 45 GPa and a Young’s modulus of 360-450 GPa.
These surfaces were brushed to a surface roughness of Sz = 1.77 um. Two specimens were left uncoated for
reference measurement. All samples were ultrasonically cleaned with ethanol for five minutes individually to
remove contaminations from the surface. Micro-structuring of ta-C surfaces was performed with a 10 ps pulsed
laser with a 1064 nm wavelength and 1 kHz repetition rate, 99% overlap in x and 80% overlap in y-direction.
The laser fluence Fp per pulse was varied between 0.789 J/cm? and 0.309 J/cm?, where the lower fluence was
used in the second fabrication step for the cross-like structuring for not deteriorating the previous line-like
pattern [55].

The resulting line-like and cross-like structures of the DLIP micro-structuring with the periods of 2 um, 5 um
and 7 um on ta-C surfaces can be seen in the SEM images of Figure 31 and the structure heights before the
tribological testing in Table 3.

The influence of the ta-C coating and subsequent DLIP-structuring on the friction and wear behavior was
tested, three times for each combination, using a ball-on-disk tribometer (Wazau, SVT3). A 100Cr6 ball with
a diameter of 10 mm, cleaned with isopropanol, was pressed onto the sample surface as test counterpart with
a force of Fyy = 2N and slided with a deflection of 1 mm. The used frequency was 10 Hz and 36,000 cycles
were measured, resulting in a test duration of 60 min. The record of the friction force Fr, ambient temperature
and humidity was made at a frequency of 4 Hz. For the line-like patterns, the samples were positioned differ-
ently, to obtain tribological measurements depending on the orientation (parallel and orthogonal) of the pro-
duced line-like structures with respect of the ball movement direction. After the measurements, the surfaces
were characterized by confocal microscopy and scanning electron microscopy, three times on different posi-
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tions, without cleaning the surfaces after the tribological tests, and thus analyzing the presence of wear parti-
cles. The presented COF values are the average value of three measurements, taken after 60 minutes of meas-
uring.

2 um period 5 um period 7 um period

Line-like
structure

Cross-like
structure

Fig. 31: SEM images of the DLIP structured ta-C surfaces with spatial periods of 2 um, 5 pm and 7 pm aligned line-like (a-c) and cross-like (d-f). Laser
Induced Periodic Surface Structures (LIPSS) are found superimposed on the DLIP structures and small graphs guide the eye to areas of structure
maxima [55].
The lubricated steel samples show the lowest COF with 0.10, while the highest COF was measured for the
unlubricated steel surface with 0.60 (see Table 3). Furthermore, the COF of the unstructured ta-C (0.18) is
higher than any of the structured ta-C surface (0.11-0.17). The smallest COF on structured ta-C was found for
line-like structures with 5.0 pm period, aligned parallel to the sliding direction. By comparing the depth and
the volume of the wear tracks, as well as the remaining structure heights inside the wear tracks, an increase
can be seen from small DLIP period of 2.0 um towards the larger periods of 5.0 um and 7.0 um. Whereas the
COF was higher for sliding orthogonal on the line-like structures, the depths of the wear track are slightly
smaller and the remaining peaks in the wear tracks are slightly higher, compared to the values for sliding
parallel on line structures or sliding on cross-like structures. It can be therefore concluded, a reduction of COF
has the drawback of wear increase, which is in good agreement with the literature [49].

Table 3: Structure heights, COF and wear for the differently structured ta-C and references surfaces [55].

Sample Original peak height COF Depth of wear track Volume of Peak height in wear
+ SD [um] +SD + SD [um] wear track (x107) track
+ SD (x10%) [um?] + SD [um]

ta-C 2 pm ortho. 0.435+£0.051 0.17 +£0.01 0.362 +0.033 54.9+£10.2 0.027 £0.010
ta-C 2 pm para. 0.456 +0.003 0.15+0.01 0.466 + 0.056 73.3+8.2 0.019 £+ 0.003
ta-C 2 pm cross 0.339 +0.063 0.17 +£0.02 0.528 £0.071 112.0+10.3 0.019 £+ 0.002
ta-C 5 pm ortho. 1.315+0.178 0.16 +0.03 0.890 +0.120 196.0+33.4 0.485 +0.057
ta-C 5 pm para. 1.333 £0.131 0.11 +£0.01 1.059 +0.079 223.0+39.0 0.325+0.092
ta-C 5 pm cross 1.147 £0.079 0.15+0.02 1.095 +0.044 264.0+49.7 0.213£0.072
ta-C 7 pm ortho. 1.377 +£0.023 0.16 +0.02 0.945 +0.047 208.0+27.3 0.586 +0.033
ta-C 7 pm para. 1.380 +0.076 0.12+0.01 0.968 +0.096 215.0+29.0 0.489 £ 0.059
ta-C 7 pm cross 1.360 + 0.037 0.15+0.03 0.977+£0.117 198.0+26.0 0.221 +0.008
ta-C unstruc. - 0.18 £0.02 0.112 +£0.028 12.3+3.0 -

Lubr. steel - 0.10 +£0.03 0.153 +£0.030 16.8+5.4 -

Unlubr. steel - 0.60 +0.08 9.919 + 1.054 7130.0+ 1150.0 -

SEM images of the structured ta-C surfaces after the tribological measurements can be seen in Figure 32a-c
for 2.0 um spatial period, Figure 32d-f for 5.0 um period and Figure 32 g-i for 7.0 um period. For the spatial
periods of 5 um and 7 um, the line-like and cross-like DLIP structures show widened and flattened peaks but
intact surface structuring in the valley positions. It can be seen further, that in the case of orthogonal sliding
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(Figure 32d and g), the remaining plateaus are significantly wider than for parallel sliding (Figure 32e and h),
which results in less space for wear trap and an increase in the tribological contact area, which agrees with the
observed increase of the COF. For cross-like patterns and A = 5.0 pm period (see Figure 32f), the valleys are
partly filled with wear debris, modelling a line-like structure similar to the parallel-slided line-like structure
(Figure 32e).

Line-like structure, orthogonal slided Line-like structure, parallel slided Cross-like structure
{ sliding direction ¢ sliding direction &> sliding direction

period [

Fig. 32: SEM images after tribological measurements for line-like and cross-like pattern with A =2 pm (a-c), A =5 um (d-f) and A = 7 um (g-i) with
respect to the sliding direction. Small intensity diagrams show the position of structure maxima [55].

4.1.3 Three-dimensional laser structuring of draw ring radii

During the deep drawing process, significant friction forces can be observed in the region of the drawing ring
radius due to the wrapping of the work piece (see Figure 33a). Consequently, the drawing ring radius offers a
huge potential for minimization of friction forces especially under lubricant-free conditions. Typically, draw-
bend tests are employed to study the tribological behavior at the drawing ring radius [56].

In order to determine the influence of the ta-C coating as well as the structuring process on the friction behav-
iour, the active surface was completely and uniformly coated with ta-C layer of thickness 4 um and then struc-
tured using the two-beam DLIP system. In this case, the spatial period A was set to 10.0 um. Figure 33b shows
a confocal microscopic image of the structured active surface. The topography of the treated area is also shown
in the SEM image displayed in Figure 33c. In particular, from Figure 33b it can be clearly seen that despite
the non-planar geometry of the tool surface, the DLIP structures are well defined all over the tool surface.
However, local deviations of the structure period were observed. These deviations result from the curved ge-
ometry of the processed sample [57].
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Fig. 33: Laser structuring of bend surfaces. (a) Representation of the drawing ring radius during the wrapping of the work piece (draw bend tests); (b)
confocal microscope and (c) SEM images of DLIP treated curve surface of a ta-C coated tool.

Consequently, additional investigations focused on the influence of the tool geometry on the structure periodic
of the patterns fabricated using DLIP were performed. Here, it was of fundamental interest to investigate how
strongly the non-planar surface geometry influences both the local structure period and the structured area per
laser pulse. While the former directly influences the structure geometry, the latter is highly important to deter-
mine how fast a forming tool can be processed. Note that the area of interfering laser beams is typically smaller
(from hundreds of um? to some cm?) compared to the total treated area. Consequently, the sample surface has
to be moved relative to the interference setup to achieve a homogeneously textured surface.

For the structuring of curved surfaces, an experimental DLIP setup was developed, which is shown in Figure
34a.
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Fig. 34: (a) Experimental DLIP setup for the structuring of non-planar surfaces. (b) Observed deviations of the structured area in terms of length and
width per DLIP laser pulse. The region 1 (y < 12.5°) depicts an acceptable interference area with a homogeneous surface pattern, while in
region 2 (y > 12.5°), the interfering laser beams do not properly overlap. (c) deviation from the spatial period (A =2.3 pm aty =0°) as a
function of the surface tilt angle at constant working distance.
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In order to determine the deviations from the planar structuring process, two basic studies were carried out.
On the one hand, the position of the DLIP processing head with respect to the linear stage was kept constant
in order to estimate the tolerance of the DLIP process with a different working distance. In comparison, the
working distance to the sample surface was kept constant in the second study.

In Figure 34b, the deviation of the structured area per laser pulse in dependence on the angle of inclination vy
of the sample is depicted, in terms of length and width of the structured area. The region 1 in Figure 34b
represents the acceptable range in which the structured area deviates from the planar reference by a maximum
of only 10%. Differently, region 2 represents the area from which significant changes in the structured were
observed as the sample surface moves out of the core of the interference volume. Compared to the region 1,
the ta-C surface was also structured, but the achievable structure depths are less pronounced. With a constant
working distance between the interference build-up and the sample surface, the size of the structured area
remains almost constant with increasing angle y. However, for very large angles of inclination (y > 12.5°), an
increase in the structural period (from A =2.3 um up to A = 6.0 um) was observed, representing more than 10
% which results from the projection of the interference pattern in the curved surface. The deviation from the
spatial period (A = 2.3 um at y = 0°) as a function of the surface tilt angle at constant working distance is
shown in Figure 34c.

A further development of the DLIP-setup for structuring the drawing ring radius on industry-related tools was
carried out. Due to the lack of rotational symmetry of most of the industry tools, the DLIP laser beams were
positioned on the middle of the drawing ring radius (Figure 35b). Therefore the beam path is deflected by a
mirror after the last optical element of the DLIP configuration (compare Figure 35a and 35b). During the
structuring process, the z-distance of the DLIP optical head is adjusted to the tool geometry and the tool itself
is positioned using x-y translational stages. This allows producing the highest structures at the point with the
most defavorable tribological conditions (Figure 35c¢). Surrounding this area, the structures become less pro-
nounced in the entry and exit area of the drawing ring radius (Figure 35d). Furthermore, the computer-con-
trolled adjustment of the mirror angle for a more uniform structure size along the entire drawing ring radius,
offers a future research opportunity.
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Fig. 35: (a) DLIP setup with vertical laser beam and inclination angle of 0° for structuring of a cylindrical surface and (b) modification of the DLIP
setup by placing a mirror between the DLIP head and the pulling edge radius of the dry forming tool. (c, d) Confocal images and SEM images
for surfaces corresponding to position 1 and 2 on the half-round surfaces.

4.2 Microstructuring of semi-finished products

While the structuring of the tool surfaces is highly attractive from a tribology and lifetime point of view, the
structuring of the semi-finish material is typically not attractive due to its large area. While this is true for
nearly all structuring methods, DLIP offers the industrial scalability to achieve structuring speeds of about
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0.36 m¥min directly on metal surfaces [58].Such high structuring speeds can be performed by using high
power laser systems (e.g. 200W at 1064 nm wavelength). The main objective of the laser treatment is to reduce
the effective contact area between the tool and work piece or to control the material flow during a deep drawing
application.

Figure 36a summarizes the achievable structure depths of the semi-finished material DC04 as function of the
structure periods (A = 2.0, 5.0 and 10.0 um) and the utilized laser fluences. In this case, a high-throughput
DLIP setup with a ns-pulsed laser source was used. The results show that the largest structure depths can be
achieved for the largest structure periods. However, the highest aspect ratio (AR), defined as the quotient
between the structure depth and the spatial period, is achieved for the smaller periods (e.g. AR =0.3 for A =
2.0 um; AR = 0.1 for A = 10.0 um). Note that the structure depth stagnates for laser fluences higher than
~2 J/cm? in the case of A =2.0 um. This can be attributed to the excessive melt of the surface, especially for
smaller periods due to Marangoni convection [59, 60]. The typical quality of a produced pattern on a DC04
surface is shown in Figure 34b. In this case, the spatial period was A = 5.0 um. The image shows that the line-
like periodic structure is well defined all over the steel surface regardless of its initially relatively high surface
roughness of about Sz =10 um. On the other hand, the processability of non-polished surfaces could be demon-
strated, what is necessary for the treatment of real parts.

a) b) TR
| | Period: 5 pm [”,m]
= 1.0 . . = '
=
. 08 . .
2
5 0.6 E .
2 04 - ]
o 0.4 .
-.g 0.2 Perioda: g:m
E O A 10um
0 12 16 20 24 238

Laser fluence [J/cm?]

Fig. 36: (a) Structure depth as function of the employed laser fluence for A =2, 5 and 10 um structure periods (DC04 steel). (b) Surface topology of a
DCO04 steel surface after DLIP processing with a structure period of A =5 pm (laser fluence: 2.3 J/em?).

42.1 Concept and method optimization for high-speed DLIP of metal sheets

For the fast and effective processing of metal foils, a concept for high-speed structuring was adapted to create
functional surface structures on semi-finished sheet metal products. It is based on an optical configuration of
two prisms and a cylindrical lens (see Figure 37). Firstly, a biprism is used to generate two partial beams from
an expanded and collimated beam of a pulsed high-power laser source. The partial beams are then aligned by
a second prism and focused in a line by means of a cylindrical lens (see in Figure 37 the top and side views).
In this way, depending on the optical elements used, the resulting line-spot has a lateral dimension between 5
and 15 mm. However, in the direction of processing (x), the length of the spot is only between 50 and 200 pm.
Compared to the round laser spot of established DLIP configuration, this allows significantly higher structuring
speeds. For instance, throughputs up to 0.36 m*/min on metals have been demonstrated [58]. The spatial period
that can be generated is determined by the choice and orientation of the dual prism configuration.

The influence of DLIP microstructuring process of semi-finished products was evaluated using deep drawing
tests by strip tensile bending tests. For this purpose, DLIP line structures with a structure period of 10.0 pm
were generated on DCO04 sheet metal strips and tested in combination with different coating systems (e.g. 3-
fold rotationally ta-C coated tools with a coating thickness of 2.25 pum; 1-fold rotationally coated tools with a
coating thickness of 4.25 um).
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b)

Fig. 37: Optical configuration of the high-speed structuring concept in different side-views: (a) y, z and (b) X, z. The translation of the sample during
the structuring process is performed following the x-direction.

In particular in this case, the DC04 sheet metal strips were microstructured with a nanosecond (ns) pulsed laser
source with a wavelength of 1064 nm. The extent of the interference area generated on the material with a laser
pulse was approximately 0.8 mm? (100 pum x 8 mm). The maximum laser power used was 61 W at a pulse
repetition rate of 2 kHz. Figure 36 illustrates the surface condition measured by confocal microscopy before
(Figure 38a) and after (Figure 38b) microstructuring. As it can be seen, although the relatively high initial
roughness, the produced structures can be very well recognized, which is typical when ns-pulses are used.
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Fig. 38: Surface topography of (a) unstructured and (b) structured DC04 surface. The DC04 sheet metal strips were microstructured with a nanosecond
(ns) pulsed laser source at a wavelength of 1064 nm. The maximum laser power used was 61 W at a pulse repetition rate of 2 kHz.

4.2.2 Influence of the DLIP process of DC04 on the friction behavior with a ta-C coated tool

The influence of microstructuring on the friction behaviour in the forming process was investigated by means
of draw bending tests. The micro-structuring was performed on commercially-sourced DC04 steel, cut in strips
of 1 mm thickness, 1000 mm length and 20 mm width, using the procedure described before. Before structur-
ing, the metal strips were cold-rolled and cleaned using a citrus based cleaner and acetone to remove any pre-
lubrication. One set of 42 strips was left unstructured for reference purpose (Figure 39d). Two types of DLIP
structures are produced on the other test strips: one set of 42 strips with structures longitudinal (Figure 39b)
and other 42 with structures placed transverse (Figure 39c¢) to the bending direction.

The structured area on the metal strips was larger than the area in contact with the bending tool in order to
ensure a homogenous surface structure influence during the bending procedure. The resulting topography was
analysed by confocal microscopy before and after the bend test. The draw bending tests were conducted under
dry friction conditions in combination with two different ta-C coated tools (1 and 3-fold rotation during coating
procedure). The 9 cylinder-tools with 3-fold rotation coating have a lower ta-C coating thickness of 2.25 um
compared to 9 cylinder-tools with 1-fold rotation coating with 4.25 pm coating thickness. The basic test ar-
rangement of the draw bending test is shown in Figure 39a.
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Fig. 39: (a) Draw bending test setup with the metal stripe drawn over the active area of the tool. The metal stripes were differently treated with the DLIP
method, obtaining periodic lines which were (b) longitudinal or (c) transversal to the drawing direction. (d) Also the unstructured reference
surface was evaluated.

Figure 39b and 29c illustrate the regions corresponding to the measuring positions I, II and III. Area I corre-
sponds to a non-structured region, while Area II was micro-structured but was not in contact with the tool
during the bending process. Differently, Area III was micro-structured and was also in contact with the ta-C
coated tool during the draw bend test. Figure 39d only shows the areas I (unstructured, outside the tool contact
during bending process) and area III (unstructured, with tool contact during bending process).

A statistically secured evaluation of the coefficient of friction was done by 21 measurements for each strip
condition (transverse structured, longitudinal structured or unstructured strips) as well as for both tool condi-
tions (1-fold or 3-fold rotation during coating). For each 21 measurement-strips, three cylinders were used
which results in 7 stripes for one cylinder. The topographical evaluation of the surfaces after the draw bending
test was done with confocal microcopy at several positions in area III.

The evaluation of the coefficient of friction from the bending tests (Figure 40) shows that the laser microstruc-
turing process has an important influence, in particular when the line-like pattern geometry is longitudinal to
the drawing direction. This effect was observed, independently of the coating used in the tool (1 or 3 fold
coating process). In comparison, all other workpieces, whether with structuring transverse to the drawing di-
rection or without structuring, showed a higher friction coefficient.

tool: 1x = 1-fold tool - rotation during ta-C coating process
tool: 3x = 3-fold tool - rotation during ta-C coating process
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Fig. 40: Coefficient of friction resulting from the draw bend tests for different surface combinations. The lowest friction was measured for the sheet
structuring longitudinal in drawing direction and tools with 3-fold rotation during their ta-C coating process.
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In addition to the friction coefficient, also the wear behavior of the used strips was evaluated. It was found that
the unstructured surface of the reference strips presented significant wear after the bending tests, as former
plateaus were abraded (Figure 41c). The DLIP structures on the sheet surfaces transverse (Figure 41a) or lon-
gitudinal (Figure 41b) to the drawing direction are still present after the test. In contrast to the unstructured
surfaces (Figure 41c), confocal images of the micro structured strips (Figures 41a and 41b) reveal a removal
only at the maxima positions of the structured surface pattern on the initial surface plateaus. The DLIP struc-
tures at the tribo-contact level, show structure heights similar to those before the test, which means that these
structures did not interact during the draw bend test.
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Fig. 41: Surface topographies of the (a) transverse and (b) longitudinal structured surfaces and the (c) unstructured reference surface after the draw
bending test.

4.3 Development and optimization of the DLIP-process on industry-close tools

The realization of a load-compatible, lubricant-free deep drawing process requires a significant improvement
of the tribological properties, especially at the drawing edge radius. Here the introduction of a microstructure
can make a significant contribution. A clear influence of the applied microstructure on the wear behavior of
the tools could already be observed in strip tensile bending tests. As a result, a reduction in ta-C coating friction
on the tool was observed as a result of the existing microstructure. For this purpose, selected ta-C layer systems
(with a hardness of up to ~ 650 GPa) were structured by DLIP.
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Fig. 42: Relative measured working distance from the DLIP optical head to a cylindrical part as function of the angular position.

A distance measuring system is developed for improved control of the working distance, i.e. the positioning
of the DLIP interference volume. This is necessary for the generation of homogeneous microstructures since
deviations of several 10 - 100 pm can already lead to minor changes in the projected interference area (2D
interference volume on material surface).
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The developed system utilized a triangular laser sensor (optoNCDT1320, from Micro-Epsilon Messtechnik
GmbH), which was used to register the relative of the DLIP optical module as function of the position. First
tests were conducted on cylindrical parts. Thus, the working distance (WD) was measured at different angles
of the rotational axis. The measured results are shown in Figure 42, denoting that variations up to 1031 um, in
particular, when the rotational stages are not concentric.

The importance of focus control due to changes in the working distance on a planar surface was analyzed with
a tilted steel plate under an inclination angle of 60°. DLIP microstructures were fabricated with a two-beam
configuration at 532 nm wavelength, 10 kHz laser frequency and 10 um distance between the laser pulses. In
Figure 43a, images of two structured areas are shown, one with applied distance measuring system during the
structuring (left) and one without (right). The microstructures were analyzed every 8 mm along the 40 mm
long structured area, at the measuring positions 1 — 5, indicated in the figure. The results for structuring process
with distance measuring system can be found in Figure 43 b. In this case, the spatial period was A =4.25 um
and the structure height was 1.25 £ 0.35 pm for the five positions. In contrast, for the setup without correcting
the vertical position of the DLIP head (Figure 43c) the spatial period varied from 1.69 pm up to 7.06 um and
structure height from 0.83 £ 0.58 pm to 1.34 £ 0.43 pm.
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Fig. 43: (a) DLIP structured areas produced on steel surfaces with and without the developed system for working-distance correction using a triangular

laser sensor. Confocal images of the treated areas at the positions indicated in (a), (b) using the working-distance adjustment, compared to the
standard process (c), without working distance correction.

4.4 DLIP microstructuring of doped ta-C layers to improve tribological properties

The previous microstructures were fabricated on undoped ta-C layers using DLIP processes. Within the scope
of a further tribological optimization of the forming tools, doped ta-C layers were also laser treated.

For this tribological test, cylinders were coated with ta-C in different iterations of decoating procedures or the
use of nitrogen during the ta-C deposition. The DLIP structuring was done with the setup already shown in
Figure 35. This system utilizes a solid-state Nd:YVO4 laser (Edgewave PX 200) emitting 1064 nm wavelength
with 10 ps pulse duration and repetition rates up to 30 kHz and maximum output power of 10 W. The spatial
period of the microstructuring was A = 5.0 pm.

The tribological tests were performed with a draw bend test machine under 90° deflection. Commercially-
sourced metal stripes (like the ones described in the previous section) were drawn over the test cylinders,
prepared | the different coated and structured surfaces. The initial surface roughness was Sa = 1.21
0.34 um The drawn-bend tests were carried out at room temperature under dry conditions with a constant
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drawing velocity of 100 mm/s and a contact surface pressure 50 MPa. For each cylinder variation at least two
cylinders were evaluated, each with four untreated DCO04 stripes bend over them. The drawn length per stripes
was 400 mm, resulting in a 1600 mm length drawn over each cylinder.

The results of the friction coefficient measurement can be found in Figure 44. The diagram shows the largest
friction coefficient for the untreated, unlubricated reference cylinder surface (0.23). It can be seen, that the
friction coefficient of the ta-C + decoated cylinder was 0.16, which means about 30% below the untreated
cylinder. A possible explanation is the highly increased value for surface roughness Sa of the coated + decoated
surface. The cylinder covered with the ta-C layer exhibited the lowest coefficient of friction (0.135), which is
similar to the test results reported in [62]. This value is almost 40 % lower than for the uncoated surface. An
iteration of ta-C coating, decoating and repeated ta-C coating leads to an increase of the friction coefficient
(0.16), what can be explained by the higher surface roughness of the ta-C surface [61].
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Fig. 44: Measured friction coefficients for differently coated and structured cylinders during draw bend test with DC04 stripes. The surface roughness
parameter Sa is shown for better analysis of the dependencies [61].

For the cylinders that were nitride before the ta-C deposition process, the measured friction coefficient was

0.145. This can be attributed to the low surface roughness after nitration and coating. The use of a N2-atmos-

phere during the ta-C coating process leads to a friction coefficient of 0.155. The reason for this result can be

explained by a lower sp*-content in the ta-C film. The decrease of the sp*-content could be attributed to the

higher pressures that are used for nitrogen doping (which typically results in an increased sp>-content).

Friction tests with DLIP structured ta-C coatings show a slight increase in the friction coefficient compared to
unstructured ta-C surface. The draw-bend test of the coated and subsequently DLIP-structured tool shows a
slightly increased friction coefficient (0.185) which is also similar as previous reported values [62]. This result
can be linked to the modified sp*/sp? ration at the interface maxima positions, where sp?-rich elevations change
the contact geometry. The friction coefficient value of the cylinder with repetitive ta-C coating and decoating
before the final ta-C structuring was slightly decreased (0.165) compared to the coated and structured sample
(0.185). Although the friction coefficients for the laser treated samples increased compared to the ta-C coated
samples, a significant reduction in the wear volume is expected [62].

In further experiments, fluorine-doped ta-C coatings (see Chapter 3.3) were microstructured using DLIP. Also
in this case, a solid-state Nd:YVO4 laser (Edgewave PX 200) was used, emitting 1064 nm wavelength with
10 ps pulse duration. The spatial period for the microstructuring process was also set to A = 5.0 um and the
pulse overlap to 50 %. In Figure 45 the results corresponding to the structure height analysis as function of the
laser fluence on differently doped ta-C surfaces are shown. Furthermore, the insets show surface topographies
of selected structured surfaces. The highest structures, with 0.583 + 0.062 um were measured on the samples
with DLC + 5 sccm CF4 during the layer deposition. Surfaces with doped DLC + DLC top-layer show structure
heights similar to samples with a conventional DLC coating, which can be explained since the doped ta-C
layers underneath was not reached by the laser radiation. As the doped DLC samples are only manufactured
towards the end of the project, further investigations regarding the influence of the dopant concentration on
the triological performance are planned for the future.
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5 Conclusions

In this project, macroscopic and microscopic structuring approaches were introduced and evaluated to realize
lubricant-free deep drawing process, in combination with advanced carbon like diamond coatings (ta-C). The
following main conclusions arized from the performed experimental and theoretical calculations and simula-
tions:

Macro-strucring the flange area of deep forming tools reduced the effective friction by minimizing the tool
surface in contact with the workpiece to a line or point contact geometry. This macro-structuring concept
increased the risk of wrinkling in the unsupported sheet metal areas, since the normally used blank holder force
for the stabilization of the process is not available. Thus, the macro-structured blank holder device was slightly
immersed in the die. The induced alternating bending in the flange area increased the dent resistance of the
semi-finished product in the tangential direction, which neutralized wrinkle formation as well as allowing a
significant reduction of the applied blank holder force. For the determination of the punch force, a detailed
model to was developed in combination with an analytical buckling analysis for predicting the wrinkle for-
mation. The application of macro-structuring to high strength sheet materials as well as the analysis of the
influence of kinematic hardening on the springback behavior of components lead to a lubricant-free deep draw-
ing process under practice-relevant conditions.

Diamond like coatings were also applied to the forming tools in order to reduce friction and wear. This was
performed using the spArc-technology. In general, it was observed that the coating deposition process leaded
to an increase of the surface roughness. However, it could be also shown that by brushing the ta-C layer, the
roughness could be reduced significantly, to values comparable with the roughness of the tools before the
deposition process. In order to avoid delamination, graded layers with different hardness levels were satisfac-
tory employed. Alternatively, it was also shown that nitriding of the forming-tools could also significantly
increase the adhesion of the ta-C coating. Finally, it was shown that an electrochemical decoating with caustic
soda and thus a regeneration of ta-C coated tools is possible. This is of high relevance taking into consideration
the high-cost for manufacturing forming tools.
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Regarding the microstructuring process of the ta-C coated tools, it was found that the Direct Laser Interference
Patterning method produced at low and moderate laser fluences locally rehybridized patterns of sp* and sp?
hybridized carbon areas, having a significant influence in the forming process depending on the processing
conditions. The amount of sp-sp>-rehybridization was thereby primarily correlated to the used laser wave-
length, laser fluence and laser pulse duration. By applying ultra-short laser pulses (~10 ps), Laser Induced
Periodic Surface Structures (LIPSS) were found superimposed on the DLIP-microstructures. For processing
industry-close three-dimensional tool surfaces, an optical DLIP setup was constructed. Maximum structure
heights of up to 1.4 pum were produced uniformly at the pulling edge radius of the deep forming tool. Also a
high-throughput DLIP concept was developed, allowing the optimization and cost-effective microstructuring
of metal-sheets to further reduce the friction coefficient down to 0.18 by decreasing the area in contact to the
tool surface.

Within this project, a new lubricant-free deep drawing process was developed. Frictional forces and tool wear
in critical areas were reduced without the use of standard lubrication by utilizing several strategies, including
macro structuring the tool in the flange area, coating of the die edge radius with a protective layer of tetrahedral
amorphous carbon (ta-C) and a subsequent micro structuring with DLIP of the ta-C surface and the sheet
metals. These outcomes follow the vision of dry metal forming and the targets of the SPP1676 by minimizing
the use of lubrication and decreasing the related environmental hazards under practice-relevant conditions.
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