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Abstract Sheet-bulk metal forming (SBMF) is character-

ized by successive and/or simultaneous occurrence of quite

different load conditions regarding stress and strain states.

These conditions significantly influence the material flow and

thus the geometrical accuracy of the components. To

improve the product quality a control of the material flow is

required. An appropriate approach is given by locally adap-

ted tribological conditions due to surface modifications of

tool and workpiece, so-called tailored surfaces. Within the

present study different methods to adapt the surfaces are

presented and investigated with respect to their tribological

effectiveness in SBMF. In a first step, requirements regarding

necessary adaptions of the friction values for two SBMF

processes are numerically defined. Based on the require-

ments different tailored surfaces are presented and analyzed

regarding their tribological influence. Finally, the potential of

surface modifications to improve SBMF processes is shown.

Keywords Tribology � Surface modification � Sheet-bulk
metal forming

1 Introduction

Global competition and legal requirements associated

with ecological challenges and growing customer

expectations force the forming industry to upgrade their

products. A promising approach to deal with the existing

requirements such as lightweight construction and

material use minimization is given by closely tolerated

and highly integrated functional components. Conven-

tional bulk and sheet metal forming processes often

reach their limits in producing geometrically complex

parts [1]. An innovative approach to meet these chal-

lenges is given by the process class SBMF which is

characterized by the application of bulk and sheet

forming processes on sheets [2]. This combination leads

to globally and locally spatial and a temporal variation

of load conditions. Within one single process, low con-

tact normal stresses combined with long sliding paths

can simultaneously occur with very high contact normal

stresses and short sliding paths. The resulting gradient in

contact normal stresses between different areas leads to

an uncontrolled material flow, in many cases yielding a

reduced product quality. Thus, one key challenge in

SBMF is given by the control of the material flow. An

appropriate method to realize this is given by the local

adaption of the tribological conditions. As the surface

properties are major influencing factors on the tribolog-

ical conditions, the modification of workpiece and tool

surface are possible approaches to meet the challenges.

To use the potential of these so-called tailored surfaces,

the selection of suitable surface adaptions adjusted to the

respective boundary conditions, is required. The aim of

the present study is the definition of requirements and

the investigation of different tailored surfaces regarding

their functional efficiency.
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2 Definition of requirements for controlling
material flow

2.1 Process analysis

To define requirements regarding the tribological adaption,

two processes are analyzed: a forward extrusion process

and a combined deep-drawing/upsetting process. Both

represent typical SBMF processes with varying forming

conditions. The processes start from circular blanks and are

aimed to produce a gearing component. Based on a general

description, a numerical investigation is used to determine

requirements regarding a local adaption of the tribological

conditions.

2.1.1 Forward extrusion process

The investigated forward extrusion process enables the

simultaneous forming of rectangular carrier elements and

triangular tooth elements on a circular blank (Fig. 1). The

forming of different functional element geometries within

one component is investigated to analyse how element

geometry is influencing material flow and die filling.

The tool set-up consists of a pre-stressed die including

the functional element cavities, a punch, a blank holder and

a counter punch (Fig. 2).

At the beginning of the process, a blank with an outer

diameter of 120 mm and a thickness of 2 mm is positioned

on the die (Fig. 3a). By a defined punch movement of

1.7 mm in z direction, the gearing is formed (Fig. 3b).

The process can be divided into two zones of different

tribological load conditions (Fig. 4).

Table 1 shows the numerically identified tribological

load conditions for both regions. For the FE simulation the

Tresca friction law was used. As contact algorithm a node-

to-segment contact of the FE program simufact.forming

12.0.1 was applied. In general zone 1 is defined as the

contact area between blank, punch, blank holder and

counter punch. This zone is characterized by low contact

stresses, nearly no surface enlargement and moderate

sliding paths. The contact area between die and blank

where the functional elements are formed is defined as

zone 2 which can be characterized by high contact stresses,

high sliding paths and a significant surface enlargement

occur.

Due to the high contact stresses in zone 2, material flow

is directed into the middle of the blank resulting in a

reduced die filling of the functional elements. To impede

the material flow from zone 2 into zone 1 an increase of

the friction in zone 1 is a promising approach. By such a
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measure the material flow into the cavities is increased

whereas the flow into the surrounding areas is constrained.

The effectiveness of such an approach was numerically

investigated using the FE software simufact.form-

ing 12.0.1. As reference, the process was simulated with a

constant friction factor of 0.05 in all contact areas. The

effectiveness was evaluated for two different gradients in

friction factor of zone 1 (varied) and zone 2 (fixed to ref-

erence value) defined by 0.15 and 0.25, respectively. As

shown in Fig. 5, the adaption leads to just a slight increase

of the die filling of the triangular element and a significant

improvement for the rectangular element. This effect

becomes more distinct with increasing friction factor gra-

dient. As a general result the local adaption based on the

zones with varying tribological load conditions is useful to

improve the process results.

2.1.2 Combined deep-drawing and upsetting process

The combined deep drawing and upsetting process is used

to produce a cup-shaped component with a circumferential

gearing (Fig. 6).

The tool set-up consists of a drawing die, an upsetting

punch, an upsetting plate and a drawing punch (Fig. 7).

The drawing die has an internal gearing which determines

the outer dimensions of the cup.

In the initial position the blank with a diameter of

100 mm and a sheet thickness of 2 mm is axially clamped

between the drawing die and the upsetting punch

(Fig. 8a). As the drawing die moves over the drawing

punch the deep drawing process starts by forming a cup

(Fig. 8b).

When the drawing die is in contact with the upsetting

plate the upsetting process is initiated by moving both the

upsetting and drawing punch downwards. Due to a reduc-

tion of the cup height during upsetting the material flows

radially into the gear cavity (Fig. 8c).

The forming process can be divided into two zones with

different tribological load conditions (Fig. 9).

Table 1 Tribological load

conditions (DC04, punch stroke:

1.7 mm, Counter punch force:

360 kN)

Zone Tribological load conditions (maximum values)

Contact stress in N/mm2 Sliding path in mm Surface enlargement in %

1 127.0 1.6 1.0

2 4000 2.0 70.0
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Zone 1 is the contact area between upsetting and

drawing punch being characterized by low contact stresses,

low sliding paths and no surface enlargement (Table 2). In

contrast, in zone 2, where the functional elements are

formed, contact stress, sliding path and surface enlarge-

ment are getting comparatively high (Table 2). For the

determination of the tribological load conditions simu-

fact.forming 12.0.1 was used with the same conditions as in

Sect. 2.1.1.

Due to the high contact stresses in zone 2, the material

flow is directed from zone 2 into zone 1 resulting in a

reduced die filling of the functional elements. Analogously

to the extrusion process, the material flow into zone 1

might be reduced by increasing the friction in this area.

Using the same approach as for the extrusion process dis-

cussed above, the effect of local friction adaption can be

shown, cf. Fig. 10.

Again, the higher the gradient between the friction

factor of zone 1 and 2 is the higher is the die filling. Thus,

the increased friction in the cup bottom impedes the

material flow into this area, simultaneously increasing die

filling, and finally positively influencing the geometrical

component accuracy.

2.2 Definition of requirements

Based on the results of the process analyses in Sect. 2.1 the

investigated processes can be divided into zones of specific

tribological load conditions. The forming zone of the

functional elements, respectively zone 2, is characterized

by high contact pressures, high surface enlargement and

long sliding path. This leads to an impeded material flow

into the cavities and a material flow into zone 1, which is

characterized by low contact stresses, low surface

enlargement and nearly no sliding paths. By increasing the

friction factor in zone 1 the material flow into this area can

be impeded. Using numerical investigations it has been

shown that with an increasing gradient between the friction

factor of zone 1 and 2 the die filling of the functional

elements is improved. Thus, methods to locally increase

friction in zone 1 and to locally reduce the friction in

zone 2 are required.

3 Development and application of tailored
surfaces

Based on the defined requirements an adaption of the

friction conditions is needed. The tribological behaviour is

highly influenced by the workpiece and tool surface and the

used lubricant. In conventional sheet and bulk forming

operations a polishing step is used as surface finish for tool

surfaces [3]. This is aimed to reduce friction and abrasive

wear during forming [4]. Additionally, hard coatings, like

TiN or TiC, are applied on the polished tool surface to

reduce the abrasive wear. Beneath the tool surface prop-

erties the lubricant is very import for the tribological

conditions in conventional processes. In sheet-forming

operations oil-based lubricants are applied on the work-

piece-surface to reduce friction, abrasive and adhesive

wear [5]. For bulk forming operations a zinc phosphate

layer in combination with lubricants, like molybdenum
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Fig. 9 Zones of varying tribological load conditions
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disulfide, are often used [6]. All approaches of the con-

ventional processes have in common that they are used to

reduce friction and to globally change friction. Thus, based

on the numerically defined requirements these conven-

tional approaches are not always useful as methods to

locally increase and reduce friction in SBMF processes.

This motivates the need for an investigation of non-con-

ventional modifications of the tribological system for an

application in SBMF. As a local adaption is needed the

application of different lubricants is complicated due to the

often liquid consistency of lubricants. Thus, the modifica-

tion of workpiece and tool surface to so-called tailored

surfaces is the most promising approach. In general, there

are two different methods to adapt the friction conditions of

tool and workpiece surface: a modification of the chemical

surface composition or of the near surface properties like

topography and strain hardening.

Within this study a-C:H:W and Cr based hard coatings

are analyzed regarding the potential to influence the fric-

tion. Both types of coatings have the potential to fulfill the

requirements in zone 2 due the friction decreasing poten-

tial. An adaption of the surface topography can be realized

by different manufacturing processes applied on tool or

workpiece surface. To modify the tool surface micro-

milling, grinding and high-feed milling are investigated.

The use of micromilling enables the generation of deter-

ministic structures. Grinding and high-feed milling are

aimed to produce quasi-stochastic structures and quasi-

deterministic structures, respectively. The application of

these structures in general leads to a roughness increase

and thus an increase of the friction conditions as needed in

zone 1. For an adaption of the workpiece topography

deterministic and stochastic structures applied by micro

embossing and abrasive blasting are investigated. The

application of deterministic structures is aimed to generate

lubrication pockets and thus to reduce friction. The

increase of surface roughness and near surface strain

hardening by abrasive blasting is aimed to increase the

friction. Figure 11 summarizes the described classification.

Within the next paragraphs the characteristics of the

different tailored surfaces are presented. Besides the gen-

eral description, surface properties and tribological

behavior of two surface modifications for each surface

modification are analyzed. The surface properties are

described using the 3-D measured topography, the average

surface roughness Rz, and the near surface state of strain

hardening. The strain hardening can be measured indirectly

by the full width at half maximum FWHM of X-ray

interference lines [7]. To determine the tribological

behavior of the tailored surfaces a ring compression test

(RCT), which has been adapted to the forming conditions

in SBMF [8], is used as laboratory friction test (Fig. 12). In

such a test lower inner diameters are indicating high fric-

tion and v.v.

Table 3 gives an overview of numerically identified

tribological load conditions of the RCT. The values were

determined using the FE program simufact.forming 12.0.1

applying the Tresca friction law and a node-to-segment

contact.

The tribological load conditions in the laboratory fric-

tion test deviate from the described SBMF processes

especially with regard to the contact stresses. Thus, the

laboratory friction test does not exactly cover the occurring

load conditions in SBMF processes. This simplification of

the real conditions leads to the consequence that the tri-

bological behavior of the surface modification in the RCT

is not transferable directly to the behavior in the SBMF

process. But it is a good method, to model the general

conditions with challenging tribological load conditions

especially with regard to surface enlargement and sliding

path. The FE model of the RCT can also be used to

numerically identify friction factors. To realize this, several

friction factors are simulated and a calibration curve is

determined. The friction factor is derived by comparing the

simulated and the experimentally determined inner diam-

eters after forming. The friction factors can be used to

evaluate the tribological behavior of the investigated sur-

face modifications.

For all the experiments the deep drawing steel DC04 as

workpiece material and ASP2023/1.3344 (60 ± 1 HRC) as

tool steel was used. The experimental investigations were

carried out on a hydraulic deep drawing press
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High-feed milling
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Fig. 11 Classification of tailored surfaces in SBMF
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Lasco 100SO with a ram speed of 10.00 mm/s. To guar-

antee a statistical coverage three workpieces were tested

for each test series. Beruforge 150DL with an amount of

10 g/m2 was used as lubricant.

3.1 Tool-sided adaption

3.1.1 Adaption of chemical surface composition

By an adaption of the chemical surface composition using

coatings a reduction of the friction should be realized.

Additionally, due to the specific load spectrum in SBMF a

good wear behavior of the coatings is needed. To meet both

requirements two different coatings were investigated:

a-C:H:W coatings and Cr based hard coatings. a-C:H:W

coatings are known for their high friction reducing poten-

tial. Cr based hard coatings are characterized by a good

wear behavior.

3.1.1.1 a-C:H:W coatings Amorphous carbon coatings

are known for their low friction combined with a high wear

resistance and hardness [9]. Due to comparatively low

compressive stresses [10] and high mechanical toughness

of the coating material [11], especially a-C:H:W are suit-

able for an application under high contact pressures which

occur in SBMF. The necessary adaption of the tribological

behavior [12] can be realized by a variation of the depo-

sition parameters.

3.1.1.2 Cr based hard coatings The nitridic or carbo-

nitridic Cr-based hard coatings are synthesized by nitrogen

and/or hydrocarbon compounds (acetylene) by means of

reactive sputtering processes. In general, the friction con-

ditions of these coatings can be influenced by the element

composition. For example carbon incorporation leads to the

formation of C-rich phases and thus reduced friction.

Additionally, the application of metallic interlayers either

stops or reduces growth of defects in the coating both

leading to minor friction.

3.1.1.3 Evaluation of the tribological influence To

exemplarily evaluate the tribological behavior of the tool-

sided coatings two a-C:H:W and two Cr based hard coat-

ings are investigated. To analyze the potential of a-C:H:W

coating these coatings vary regarding their deposition

parameters (Table 4). The DLC1 coating is characterized

by a lower bias voltage Ubias and a higher argon flow rate

U(Ar). This combination normally leads to a higher per-

centage of hydrogen, a lower wettability of the coating and

thus higher friction values.

The Cr based hard coatings vary regarding the elemental

composition with respect to the ratio of nitrogen/carbon

and therefore influence the friction conditions (Table 5).

The main difference is given by the C content.

As the coating process itself leads to a slight increase of

the roughness due to surface defects, all coated surfaces

were afterwards polished. Figure 13 shows the result of the

RCT. The friction factor varies within a range of

0.08–0.13. The higher friction of the DLC1compared to the

DLC2 coating is caused by the lower affinity to interact

with the lubricant due to the lower wettability. The lower

friction of the CrAlCN coating compared to the CrAlN

coating can be explained by the carbon content, forming

amorphous phases [13].

In general, all investigated coatings are useful to reduce

friction and thus to adapt the tool surface in zone 2.

3.1.2 Adaption of surface topography

Besides an adaption of the chemical surface composition, a

modification of the tool topography is also suitable to

influence the friction. The different structures reach from

deterministic to quasi-deterministic and quasi-stochastic

patterns. This broad investigation of different types is

needed as the effect of structures under SBMF conditions

has not been investigated yet.

3.1.2.1 Deterministic-structures: micromilling Mi-

cromilling can be used to manufacture small deterministic

microstructures on the tool surface which are aimed to

adapt the tribological behavior. This process enables the

near-shape machining using CAD models of the structures

and NC programs and is especially suitable for generating

sophisticated tool geometries. The structures can be

machined in many different designs which are limited by

the cutter geometry and cutter diameter. The research

focuses on bionically-inspired [14] and technological

structures as micro dimples [15]. These deterministic

structures normally lead to an increase of the friction [116].

3.1.2.2 Quasi-deterministic structures: high-feed

milling Similar to the micromilling process high-feed

milling is used to manufacture microstructures which are

aimed to adapt the tribological behavior of the tool surface

Table 3 Tribological load

conditions (DC04, t0 = 2 mm)
Tribological load conditions (maximum values)

Contact stress in N/mm2 Sliding path in mm Surface enlargement in %

630 1.9 86.0
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[17]. While micromilling is used to produce deterministic

microstructures designed by CAD, high-feed milling pro-

cesses leads to quasi-deterministic microstructures. Surface

topographies with a high reproducibility can be machined

by the use of different cutting edge forms and milling

parameter values. One characteristic of the high-feed mil-

ling process are the low axial cutting depth as well as the

high feed per tooth. This combination leads to a special

kind of surface topography due to the fact that some areas

of the material are not machined [16].

3.1.2.3 Quasi-stochastic structures: grinding Grinding

with toric pins is a promising process for grinding free

form surfaces with constant contact conditions. In general

the two strategies frontal and lateral can be distinguished.

The frontal strategy is defined by cutting and feed direction

transverse to each other, while when grinding laterally,

cutting direction and feed direction are parallel. These

strategies and process parameters can be used to realize

different surface roughnesses [18] and thus varying tribo-

logical conditions. The frontal strategy normally leads to

lower surface roughness and higher productivity [18]. A

higher feed rate also leads to higher productivity but at the

same time and as a function of the cutting speed it also

leads to feed marks on the surface and thus worsening of

the surface quality.

3.1.2.4 Evaluation of tribological influence For the

evaluation of the tribological influence two selected surface

modifications of each manufacturing process are investi-

gated. The topographies shown in Fig. 14 are influenced by

the process parameters which are explained below.

The micromilling structures are characterized by a

bionically inspired deterministic pattern (MiMi1) with a

100 % degree of coverage and a technological structure

(MiMi2) with a 10 % degree of coverage. The structure

depth amounts to 10 lm. The MiMi1 is manufactured

using a micromilling tool with a diameter of 1 mm. The

Table 4 Deposition parameters

of a-C:H:W coatings
Coating Sputtering power

Psputter in W

Bias voltage

Ubias in V

Argon flow rate U(Ar)
in sccm

Ethine flow rate U(C2H2)

in sccm

DLC1 1358 57 232 50

DLC2 1200 259 180 28

Table 5 Element composition

of Cr based coatings
Coating Chrome Cr in % Aluminum Al in % Carbon C in % Nitride N in %

CrAlCN 11.90 22.55 19.91 45.65

CrAlN 15.02 32.95 – 52.03
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tool which was used for the MiMi2 has a diameter of

0.2 mm. The application of the structures results in an

increase of the averaged profile depth what should signif-

icantly influence the tribological conditions.

The high-feed milling structures HiFe1 and HiFe2 are

generated using a feed per tooth fz of 0.25 mm, a lead angle

a of 3� and a width of cut ae of 1 mm. For both structures a

milling tool with a diameter of 10 mm was used. The tool

used for HiFe1 is additionally characterized by a free-

formed cutting edge. This should result in a lower rough-

ness compared to HiFe2 which was generated using a tool

with a straight cutting edge.

The ground surfaces GR1 and GR2 were manufactured

using electroplates tools with CBN grinding grains with a

grain size of dg = 91 lm and a cutting speed of

vc = 30 m/s. Radial lines were chosen as tool path with a

tool path distance of ab = 1� resulting in a surface finish

symmetrical to the centre of the die. The feed rate of GR1

amounts to vf1 = 200 mm/min. To manufacture GR2 a

feed rate of vf2 = 1000 mm/min, which results in feed

marks transverse to feed direction, was used. These feed

marks are especially prominent in the extracted profile

from the 3D surface. Combined with the grinding groves

these results in a higher surface roughness compared to

GR1 where no clear feed marks are distinguishable from

the grinding grooves anymore.

The lowest determined friction factor of the presented

surface modifications amounts to 0.14. The highest friction

factor has a value of 0.2. To determine the influencing

factors on the friction conditions Fig. 15 correlates the

roughness and the resulting inner diameters. All described

tailored surfaces act friction increasing. There is a tendency

to increasing friction values with increasing roughness

values. Thus, all manufacturing processes can be used to

adapt the tool surfaces in zone 1 which has been defined in

Sect. 2.

3.2 Workpiece-sided adaptions

Besides an adaption of the tool surface, a modification of

the workpiece surface is possible. The following para-

graphs are aimed to present two friction influencing

methods.

3.2.1 Deterministic structures: micro embossing

Micro embossing processes are used to generate deter-

ministic, friction reducing lubricant reservoirs on the

workpiece surface which originally is characterized by a

stochastic electrical discharge texture (EDT). Due to flat-

tening of the workpiece-sided deterministic microstructures

during forming, a hydrostatic pressure in the closed lubri-

cant reservoirs is built up which takes over a part of the

nominal load, thus relieving the real contact area and

reducing friction. The friction-reducing potential depends

on the specific properties of microstructures which mainly

can be characterized by structure diameter, structure depth,

degree of coverage, and the total quantity of structures on

the whole workpiece surface. The investigations revealed

that the friction reducing potential depends on the total

quantity of structures. The lower the quantity, the lower is

the friction. This is explainable by the interaction of the

stochastic structures of the EDT surface and the deter-

ministic structures. An interaction of the deterministic and

stochastic structures may benefit the formation of open

lubricant reservoirs what results in a lower potential to

reduce friction.

3.2.2 Stochastic structures: abrasive blasting

The surface characteristics of specimens modified by

abrasive blasting can be used to adapt the tribological

conditions. The application of stochastic structures by

blasting leads to a roughening and a near surface strain

hardening, significantly influencing the material flow and

thus friction conditions [19]. The higher the values of

roughness and strain hardening, the higher is the friction

[19].

3.2.3 Evaluation of tribological influence

Figure 16 shows the topographies of two exemplary micro

embossed surfaces.

The characteristics of both structures are described in

Table 6. Structure depth and degree of coverage were kept

constant for both surfaces. This leads to the same total

structure volume. The structure diameter varies between
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Fig. 15 Correlation between roughness and friction
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300 and 500 lm. Thus, ME2 has a lower number of

structures due to a constant degree of coverage.

The correlation between micro embossed surfaces and

the results of the RCT, shown in Fig. 17, reveal that micro

embossed structures in general act friction reducing and are

thus useful to modify the workpiece surface in zone 2. The

friction factor of both surfaces is about 0.12. The friction

values decrease with decreasing quantities of structures.

This can be explained by an interaction of the deterministic

micro embossed structures and the stochastic structures of

the EDT surface.

Additionally, two blasted workpiece surfaces are

investigated regarding their tribological behavior (Fig. 18).

The blasted surfaces vary regarding the used blasting

grit size and pressure (Table 7). These parameters signifi-

cantly influence the roughness and near surface strain

hardening [19].

The friction factor of AB1 amounts to 0.16. The use of

AB2 leads to a friction factor of 0.20. To investigate the

influence of these surface properties on the tribological

behavior Fig. 19 correlates friction and surface properties

[19]. Blasted workpiece surfaces are generally useful to

increase friction and thus to adapt the workpiece surface in

zone 1. In general, the friction values increase with

increasing roughness and strain hardening values [16]. This

confirms the assumption that strain hardening and rough-

ening significantly influences the tribological conditions

and thus the material flow.

3.3 Comparison between workpiece- and tool-sided

tailored surfaces

The investigation of the tailored surfaces revealed that an

adaption of the tribological conditions according to the

defined requirements in Sect. 2.2 can be realized. Table 8

classifies the investigated tailored surfaces regarding the

zone where the modifications can be applied.

Within the investigation different influencing factors of

the tailored surfaces on the friction values were identified.

Figure 20 gives an overview on the identified influencing

factors.
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Fig. 16 Topographies of micro embossed workpiece surfaces

Table 6 Structure characteristics

Parameter ME1 ME2

Structure diameter in lm 300 500

Structure depth in lm 5 5

Degree of coverage in % 15 15

Quantity of structures 483 172
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The topography of the tool surface significantly influ-

ences the friction. A high roughness of the tool surface

normally leads to high friction values. To reduce the fric-

tion the adaption of the chemical composition of the tool

surface is a suitable approach. Strain hardening and

roughness of the workpiece surface were identified as main

influencing factors on the tribological behavior of modified

workpiece surfaces [19]. An adaption of the characteristics

of deterministic lubricant reservoirs, especially the total

number of structures on the whole surface can be used to

reduce the friction.

Besides the influencing factors on the tribological con-

ditions, the advantages and disadvantages of tool- or

workpiece-sided surface modifications have to be consid-

ered. Tool-sided modifications require lower manufactur-

ing efforts, as the modification is only necessary once

before the tool is used. A disadvantage is given by an

increasing wear of the surface modifications during the

operating time of the tool which can lead to a reduced

effectiveness. The advantage of workpiece-sided modifi-

cations is given by the full utilization of the effectiveness,

as the adaption is afresh for every single forming process.

The disadvantage of these adaptions is given by the high

manufacturing effort, as every single semi-finished product

needs to be adapted. As both adaptions have advantages

and disadvantages the potential of a combined workpiece-

and tool-sided modification has been additionally investi-

gated. Figure 21 exemplary shows the results of the RCT

for the tool- and workpiece-sided adaption with the highest

friction and the combined application of these adaptions. A

combination of workpiece-and tool sided adaption results

in a friction factor of 0.24.

The results reveal that a simultaneous adaption of tool

and workpiece leads to a further increase of the friction.

This can be explained by the combination of two very high

roughness values. Thus, due to this simultaneous modifi-

cation the advantages and disadvantages of both adaptions

can be used for a further increase of friction can. The

investigations of the different tailored surfaces in Sect. 3

and the identified friction influencing factors can now be

used for a target-oriented selection of suitable surface

modifications with regard to the defined requirements in

Sect. 2.

Table 7 Blasting parameters

Parameter AB1 AB2

Grit size in lm 88 ± 35 718 ± 246

Blasting pressure in MPa 0.1 0.3
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Table 8 Tailored surfaces
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4 Experimental verification

The effectiveness of exemplary tailored surfaces, which has

been described in Sect. 3, has already been exemplary shown

for the extrusion process [20] and the combined deep-

drawing and upsetting process [21]. To investigate the gen-

eral effectiveness of tailored surfaces in both processes

zone 1 has been adapted. This region can easily be modified

due to the flat geometry of the tool components. Based on the

RCT results shown in Sect. 3 the required friction increase in

this zone can be realized by workpiece-sided abrasive

blasting, the adapted tool topographies and the combined

adaption. For the extrusion process the effectiveness of a

combined tool- and workpiece-sided adaption has been

applied. The tool components in zone 1 were adapted using

the HiFe2 structure. The workpiece has been blasted in the

corresponding region. Due to the increased friction in zone 1

morematerial remained in the area of the gearing yielding an

increased die filling of the functional elements. The maxi-

mum height of the triangular element was increased by 12 %

[20]. For the rectangular element the height increase

amounts to approximately 17 % [20].

For the combined deep-drawing and upsetting process

the workpiece-sided abrasive blasting was exemplarily

applied [21]. The blanks were blasted in the area of the cup

bottom which represents zone 1. Due to the increased

friction in this area a decrease of the bottom thickness by

0.05 mm and thus a reduced material flow into the cup

bottom has been observed [21]. This results in an increased

die filling of the functional elements by 2.1 % [21].

Thus, it can be stated that locally adapted tribological

conditions are a useful method to improve the die filling of

functional elements and thus to expand the process limits

of SBMF processes.

5 Summary and outlook

Based on defined requirements for SBMF processes

workpiece- and tool-sided tailored surfaces were identified

as appropriate methods to adapt the friction and thus to

extend the process limits. As tool-sided adaptions Cr based

hard coatings and a-C:H:W coatings were identified as

suitable to reduce the friction values by an adaption of the

chemical surface composition. An adaption of the tool

topography using micromilling, high-feed milling and

grinding was identified as a suitable method to increase

friction due to an increased surface roughness. Through

abrasive blasting of the workpiece surface an increase of

the friction conditions can be realized due to an increased

roughness and near surface strain hardening. Workpiece-

sided micro embossing is identified as an appropriate

modification to reduce the friction. Additionally, it has

been shown that a simultaneous modification of workpiece

and tool surface further strengthens the tribological

influence.

Future work should focus on a further development of

the tool- and workpiece-sided tailored surfaces. The tool-

sided tailored surfaces should be analyzed regarding their

wear behavior, in particular with respect of long-time

stability of the geometrical micro patterns. The work-

piece-sided tailored surface needs to be further developed,

too. Especially, an improved understanding of the impact

of specific geometrical features and their interactions

might open the perspective towards optimized tailored

friction conditions which beneficially can be used in

SMBF.
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