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Abstract. The increasing demand for complex components with filigree sec-
ondary functional elements promotes the application of new process technolo-
gies to extend the process limits of sheet-bulk metal forming (SBMF). The
filling of cavities poses great challenges for manufacturing with sufficient
quality. In cold forming, a considerable potential could be observed regarding
mould filling, through a local adaptation of friction properties by surface
structuring. In this study the transferability to hot sheet-bulk metal forming,
which offers specific advantages due to thermal support, is to be investigated.
The machinability of a hardened (53 HRC) hot work tool steel (HWS) AISI H11
by micro- and high feed milling is investigated related to tool wear and surface
quality. Functional surface structures are applied on dies and adapted within the
scope of hot sheet-bulk metal forming. Subsequent a developed hot ring com-
pression test is to be used for tribological investigation of the structure-
dependent material flow. In addition, an increase in the wear resistance of the
structures by wet abrasive jet machining is to be focused on. Finally, the
improvement of the surface modifications by introducing selected structures into
a prototype tool is to be evaluated under real operating conditions with regard to
their durability and mould filling.

1 Introduction

The increasing complexity of components and requirement regarding weight reduction
as well as ecological restrictions put pressure on the manufacturing industry to con-
tinuously improve the production processes. However, the recent requirements for
improved part quality, weight and the integration of the functional components reach
the limits of conventional sheet metal and bulk metal forming processes [1]. One
process that extends the process limits is sheet-bulk metal forming (SBMF). By
combining sheet and bulk metal forming, complex components with integrated func-
tional elements can be produced efficiently [2].

Cold forming processes have particular advantages with regard to shape accuracy,
so that near-net-shape functional surfaces can be produced. However, the strength of
the materials used and the increasing degree of deformation needed for complex
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components are limiting factors [3]. On the other hand, semi-hot and hot forming can
offer advantages over cold forming at higher degrees of deformation required. At
higher temperatures, the yield stress decreases, which reduces the forming forces
needed [4]. Based on the temperature range used, semi-hot forming (650 °C < T <
900 °C) is to distinguish from hot forming processes (1000 °C < T < 1200 °C) [5].
The high temperatures offer the possibility of converting austenite into martensite,
which allows the production of highly durable components [6]. However, a disad-
vantage is that due to the temperature, an increase in friction and adhesion of the
workpiece material must be expected during the forming process. Although high
degrees of deformation can be achieved, small functional elements can still have
insufficient cavity filling or limit the design options due to undesired material flows.

To improve the tribological system in hot forming, various coating systems have
been investigated in recent years. Kondratiuk et al. analyzed the friction and wear
behavior of tools and workpieces [7]. They evaluated various AlSi and ZnNi coatings,
which were examined with regard to friction coefficients at different temperatures using
a specially developed hot strip drawing test. By applying a ZnNi coating to the
workpiece the lowest friction coefficient could be determined. In addition, different
coatings on the tool were analyzed, whereby an uncoated tool in combination with
coated workpiece sheets led to the lowest tool wear. Similar investigations were carried
out by Lee et al., who analyzed the influence of different coatings during hot forming of
AZ31 sheets [8]. They used a pin-on-disc test to determine the friction coefficients
between tool and material. Three different coatings were considered, which were
examined under different temperatures and load conditions. Hereby, a great impact of
the process temperature on the resulting friction was shown. According to Lee et al., an
increase in friction can be expected with rising temperature. However, the interrelation
of the process temperature with surface structures has yet not been investigated either in
publication or in current subject of this collaborative research.

Combined hot sheet-bulk metal forming (HSBMF) is developed to enable the
production of complex components made of high-strength steel materials at high
degrees of deforming. At the company Faurecia Autositze, for example, highly stressed
components for the automotive industry are produced using this advanced process.
However, the increase in complexity results in insufficient forming of the functional
shape elements, such as gears. Figure 1 illustrates the shape deviation around the
gearing on a prototype. Due to the insufficient shaping, components have to be con-
sidered as non-releasable. Despite various process optimization steps, the error could
not be completely prevented so far. An insufficient cavity filling with an undersize of
more than 10% cannot be compensated by conventional methods.

In order to ensure an adequate shaping of components in hot forming processes,
highly durable forming tools made of heat and wear resistance materials are required,
which promotes the increasing use of hot work tool steels (HWS). Due to its
mechanical properties, HWS is to be assigned to the group of difficult-to-cut materials.
To ensure the required dimensional and geometrical accuracy as well as surface quality,
the forming tools have to be machined in the hardened condition with a hardness of
over 48 HRC. The material hardness as well as the presence of secondary carbides
cause a high stress on the cutting edges. Especially in micromachining (tool diameter
d � 1 mm) this can lead to rapid tool wear progressions and premature tool failure.
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Therefore, a robust tool design is indispensable. An adaptation to these challenges of
hard machining has so far been achieved mainly by a more wear-resistant coating
system. Machining concepts adapted to the requirements of hot work steels are cur-
rently not available, which means that the potential of micromilling is limited.

2 Objective and Methodology

The main objective of this study is an improvement of the form filling in semi-hot and
hot forming processes based on the application of functional surface structures on the
forming tools. The associated research concept is designed in three phases, as shown in
Fig. 2. In the first phase the machining strategies high-feed milling (HFM) and
micromilling (MM) processes are investigated with regard to an efficient and reliable
machining of HWS. The tool load is analyzed by measuring tool wear and process
forces. The achievable surface quality is determined. Within these methods suitable
machining parameters and strategies will be specified to ensure a sufficient manufac-
turing quality with acceptable tool wear.

Furthermore, the optimization of MM tools with a specific cutting edge preparation
in terms of machining and surface structuring of HWS is focused. In the following
phase, the results regarding surface structuring of the previous investigations consid-
ering high speed steels (HSS) [9, 10] will be transferred to an application on HWS. By
introducing selected surface structures to hot forming processes, their potentials are
investigated regarding friction and wear. By using a hot ring compression test fun-
damental investigations of the interrelation of the surface structures with the process
temperature and the lubricants used can be examined. In the final phase, the findings on
the surface modification will be transferred to real operational conditions of the hot
sheet-bulk metal forming. The achievable improvement of form filling as well as a
detailed analysis of the occurring wear progressions will be analyzed.
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Fig. 1. Measurement of a prototype part with insufficient shaping of the gearing
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3 Process Design

In the following sections the experimental setup and process strategies are described for
the HFM and MM processes. The machining by HFM will be conducted on a machine
tool type DECKEL MAHO HSC 75 linear, a 5-axis CNC machining centre. Due to the
linear driven axis, the high achievable acceleration and the feed rate of up to vf = 90
m/min, the machine tool is highly suitable for HFM. The MM experiments will be
performed on a machine tool KERN HSPC 2522. The high working accuracy of 2.5 µm
and the speed range of the tool spindle (<160,000 rpm), makes this machine tool
particularly suitable for MM processes. Furthermore, an acceleration of the axes of
a = 2 m/s2 and maximum feed rate of vf = 6 m/min provide sufficient kinematic
capabilities for the demanding machining task of surface structuring (Fig. 3).

Phase II: Surface structuring

Phase I: Initial parameters for HFM and MM 

Parameter
Process force
Tool wear
Surface 
topography

Milling tool
HFM                MM

Selection of promising structures 
(B2 and B3) 

Transfer tribological results to HSBMF

Phase III: Prototype under real operating conditions 

Tool wear Quality 

Process

Upper die

Ring specimen

Lower die

t0 t1

Fig. 2. Conception of the technology transfer from the previously conducted cooperative
research, which focused on HSS [10]
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In the HF machining tests, conventional HFM cutters made of ultra-fine grain
carbide with a hardness value of 1900 HV and a diameter of d = 10 mm are used, as
shown in Fig. 4. The so-called X-Al coating applied is based on a TiAlCr coating
system, which makes these tools particularly suitable for machining hardened steels.
The measured rake angle values c = 0°. Due to the four face cutting edges with a
setting angle of j = 9°, which merges into a corner radius of re = 0.5 mm, high feed
rates can be achieved with low active machining force [11]. For the MM process, end
mills made of ultrafine grain carbide as well as spherical ball end tools with a diameter
of d = 1 mm are used. Due to the applied TiAlN-PVD coating, these tools are highly
suitable.

Z

Y
X

Technical specifications
Manufacturer: Deckel Maho KERN
Type: HSC 75 linear HSCP 2023
Max. Spindle speed: 28,000 rpm 160,000 rpm
Tool holder:
Traverse path:
Feed rate: 

HSK 63
885/600/600 mm
90 m/min

HSK 25
250/220/248 mm 
6 m/min

Fig. 3. Used machining center Deckel Maho, HSC 75 linear and KERN HSPC 2023

Manufacturer: Fraisa Diameter: d = 10 mm    HFM tool:
Zähnezahl z: z = 4 Coating: PVD/X-Al
Rake angle: γ = 0° Adjustment angle: κ = 9°
Helix angle: λ = 0 Corner radius: rε = 0.5 mm
Manufacturer: Seco Diameter: d = 1 mm       MM tool:
Teeth: z = 2 Coating: PVD/TiAlN
Cutting edge 
rounding:

S = 1.1
μm ± 0.4 

Corner radius: rε = 0.05 mm

Fig. 4. Used milling tools for HFM (Fraisa) and MM (Seco Tools)
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In Table 1 the specification of the workpiece material AISI H11 is listed. This
high-alloy hot work steel is hardened to approx. 53 ± 1 HRC and offers high tough-
ness and high-temperature strength, insensitivity to hot cracks and good thermal
conductivity. Therefore, this tool steel is one of the most common materials to be used
for tools within the hot forming process.

In order to analyze the machining processes of HWS, process forces will be
recorded with the three-component dynamometer MiniDyn 9119AA2 (HFM) and the
MicroDyn 9109AA (Kistler) (MM) using a sampling rate up to 200 kHz. For the
iterative determination of tool wear accruing a Keyence VHX-2000 digital microscope
(Keyence) is used. Furthermore, a qualitative assessment of tool wear with the sec-
ondary electron microscope (SEM) Mira3 XMU (Tescan) with back scattered electron
(BSE) detector and a coplanar energy-dispersive X-ray and electron backscatter
diffraction (EDX/EBSD) system is focused. In addition, the tool geometry is to be
digitized using the optical focus variation microscope Infinite Focus G5 (Alicona
Imaging) in order to quantify and characterize the tool wear by the volume difference
method. The achievable surface quality is to be analyzed with a confocal white light
microscope lsurf explorer (NanoFocus) with regard to certain roughness parameters in
order to obtain detailed information about the achievable manufacturing quality.

For the design of experiments (DoE) a Latin hypercube design (LHD) is used for
machining parameters to achieve a statistical experimental design and a reduced extend
of experiments, see Fig. 5. DACE (Design and Analysis of Computer Experiments)
models can then be created based on the experimental results for evaluation purposes.

Table 1. Composition off alloying element in AISI H11 (values specified in wt%)

C Si Mn Cr Mo V

0.38 1.00 0.40 5.30 1.20 0.40

a) Parameter space b) DACE modell
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Fig. 5. Schematic DoE using LHD and DACE models
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To analyze the achievable manufacturing quality in HFM processes, a variation of
the lead angle in the range 0° < bf < 6°, the feed per tooth 0.05 mm < fz < 0.5 mm and
the width of cut 0.5 mm < ae < 3 mm is planned. Due to this parameter range, test
should be carried out in a quantity of n = 40. For the purpose of measuring the cutting
forces during structuring HWS, beside the lead angle in the area 0° < bf < 10°, the
depth of cut and the cutting speed will be varied to conduct the structure specific tool
load. In terms of tool wear the cutting speed will be varied at vc = 100, 160 and
200 m/min. The respective parameter set is shown in Table 2.

Particularly in MM, the wear-related running-in behavior of tools leads to an
inconsistent surface quality. Furthermore, shape deviations of the tools due to e.g.
intense abrasive wear can lead to insufficient manufacturing quality. To prevent such
effects and to increase the durability of the tools, a preparation of the cutting edges has
proven to be a target-oriented optimization of milling tools. Thus, wet abrasive jet
machining will be used to modify the tools microgeometry with the aim of reducing the
wear-related decrease of the performance of the tools. For this modification, a robot-
based wet abrasive jet machining system (Nicolis Technology) is available, which
includes a six-axis guidance of the tool to be prepared. This system allows an exact
adaptation to the task depending on the type of abrasive grain, jet pressure, distance of
the nozzle and feed speed. In addition, in a cooperation with the industrial partner
Jabro Tools B.V., a subsidiary of Seco Tools, a modified tool design is focused on in
order to achieve a further optimization of the tools performance due to an blended radii,
that extends the effective length of the cutting edge [12].

3.1 Machinability of HWS – Thermally Assisted MM

In terms of high-strength materials, suitable manufacturing processes such as MM are
limited in regard of productivity due to high tool load and resulting wear. This pro-
motes hybrid manufacturing processes that offer possibilities to increase the perfor-
mance [13–15]. In this respect different variants of thermally assisted machining
processes are focused on in several research [16, 17]. Thus, a new conduction-based
thermally assistance for MM process has been developed to homogeneously heat the
entire workpiece [18]. Due to a temporary softening of the workpiece material a
temporary reduction in the yield strength could be achieved. The resulting decrease in

Table 2. Process parameter at different points of investigation

Quality Cutting force Tool wear

Cutting speed vc 100 50–220 100–200 m/min
Width of cut ae 0.5–3 1, full width 1 mm
Depth of cut ap 0.1 0.1–0.5 0.10 mm
Feed of tooth fz 0.05–0.5 0.25 0.25 mm
Lead angle bf 0–6 0–10 3 °
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resistance to deformation reduces the cutting force with positive influence on tool life
of the end mills.

The thermally assisted MM is based on a device developed at the Institute of
Machining Technology (ISF) for passive resistance heating, see Fig. 6. It was possible
to generate a high thermal difference between the workpiece (up to 500 °C) and the
contact surface to the machine tool (<30 °C). System tests showed a high homogeneity
in the workpiece temperature TW at the surface of DTW,500°C < 20 °C, which ensures a
constant processing situation.

The construction limits the thermal expansion in height of the experimental setup
during the machining process within a range of Dh < 1 µm per minute as soon as the
heating phase was completed. Accordingly, defined and constant machining conditions
can be assumed during the experiments. By varying the workpiece temperature by 20 °
C < TW < 500 °C, a HWSAISI H11 (53 HRC) was machined using PVD-TiAlN coated
micro-end milling tools (d = 1 mm). Hereby, positive influences on the machinability,
manufacturing quality as well as tool wear could be determined. Therefore, a thermally
assisted MM process could be realized with the shown experimental setup.

As shown in Fig. 7, especially at a workpiece temperature TW = 380 °C, the
temporary thermal softening of the materials leads to a considerable reduction in the
resulting cutting forces FR up to 26.5% and, thus, of the resulting tool wear. However,
especially at high process temperatures this was accompanied by a negative influence
on the surface quality, which was attributed to oxidative effects. Furthermore, a sig-
nificant reduction in the burr height hBurr of up to 44% at TW = 260 °C was observed,
while only minor effects with regard to surface roughness were observed. The high
potential of a conduction-based thermally assisted MM could be demonstrated
regarding to the tool wear as well as with regard to high demands on burr-free pro-
duction tasks [18].

Fig. 6. Experimental setup to realize a thermally assisted MM process [18]
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3.2 Structured Dies in Hot Ring Compression Test

In the following the focused surface structures are presented, which will be used in
warm forming processes within the later phases. To evaluate the achievable friction
factor m in a hot ring compression test, different milling processes and strategies have
to be considered in order to manufacture the variation of (quasi)-deterministic surface
structures, as shown in Fig. 8. Structures of the two milling processes HFM and MM
can be seen, which have to be investigated. The structuring process by HFM allows the
application of numerous variations of defined roughness by adjusting the cutting
parameters, which can be characterized as quasi-deterministic structures. However, due
to the tool size and the necessary accessibility, this process is limited to larger areas.
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Fig. 8. Example for different structures in dependency to the machining process
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Instead, structuring by MM has advantages due to the high flexibility and variance of
the structure designs, which are partly based on natural examples (bionic structures).
Therefore, micromachined deterministic surface structure can also be applied to
complex freeform surfaces. According to the time-consuming machining this strategy
is more suitable for small areas.

Due to processing-related weak points, such as burr formations, an initial wear
development of the structural elements during forming processes can be observed.
Therefore, a post-processing of the machined structures by a wet abrasive jet machining
is considered within the framework of the research [18]. The reduction of sharp edges
as well as burr formations on the surface structure, which can be observed as peaks in
the roughness profile, leads to a reduced susceptibility to wear of the dies, see Fig. 9. In
addition, it is expected that the coatability and coating adhesion of e.g. applied PVD
coatings can be significantly enhanced by this post-processing.

In order to investigate the frictional behavior of the different surface modifications
under influence of process temperatures, a hot ring compression test will be used.
Depending on the friction of the tool surface in contact, the inner diameter of the ring
sample increases at low and decreases at high friction, which indicates the direction
and, thus, the controllability of material flow. Due to the different surface structures
introduced by MM and HFM, the influence on the material flow can be observed.
Specimens with the ratio of outer diameter, inner diameter and height of 15 : 9 : 2
(Da : Di : h) are to be used. The specimen material is the commercially acquired
DP600 steel and composed of ferrite and martensite, which is mainly located along the
boundaries of the ferrite grains. The chemical composition is shown in Table 3.

Fig. 9. Post-processing of HF milled surface structures by wet abrasive jet machining [18]
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In collaboration with the Institute of Forming Technology and Lightweight Con-
struction (IUL), a hot ring compression test is realized by a modified furnace using an
integrated compression tool, see Fig. 10. The Nabertherm system provides a temper-
ature range of up to T = 1250 °C and the press provides a maximum process force of
Fmax = 475 kN. In general, due to the small size of the specimen and the low mass, a
very rapid heat loss by convection and conductive effects during contact with the
forming tools has to be assumed. However, the developed procedure allows a high
reproducibility due to the enclosed experimental setup and the ability of specific control
of the sample temperature, dies and atmosphere. Due to the small number of process
cycles conducted for each tool configuration, the wear progression of the introduced

Table 3. DP600; alloying elements (values specified in wt%) and material properties [20]

Furnance

Structures

Spacer 
ring Die

Ring sample

vf

Heating coil

Fig. 10. Developed apparatus to realize a hot ring compression test with structured dies
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structure, can be neglected. During the tests a height reduction of the ring samples from
2 to 1 mm is to induce. An additional precise spacer ring with a thickness of 1 mm
leads to a sudden increase in the process force on contact and thus to an interruption of
the compression process, as soon as the targeted deformation is reached.

In hot forming, release agents are generally used to prevent the material from
bonding to the mould. For example, sprayed-on graphite can be used to reduce the
friction between workpiece and mould. Therefore, in cooperation with the industrial
partner Faurecia, the typically used release agents and lubricants are included in the
investigation to analyze the interrelation with surface structures and process tempera-
tures. At a structure depth of 5–40 µm and structure shapes with varying entry and exit
angles, interactions with the lubricants can be expected. Subsequently, the geometry
formed in the hot ring compression test is measured with the coordinate measuring
machine Prismo Vast (Carl Zeiss Industrielle Messtechnik). By the use of a friction
factor model according to Tresca it will then be possible to determine the maximum
transmittable friction shear stress and thus the resulting friction factor m for the DP600
in dependency of the inner diameter [21]:

m ¼ ð�0.04545 � Di þ 0.6392Þ
ðDi � 6.328Þ ð1Þ

4 Prototype Tool Under Real Operating Conditions

Following the fundamental investigations, a prototype tool will be designed and
manufactured in cooperation with the industrial partner Faurecia. This forming tool is
supposed to have complex cavities, which result in an insufficient shaping of the
gearing during a conventional hot sheet-bulk metal forming. In addition to the con-
struction of a suitable prototype, the HFM and MM of the investigated structures
especially at critical areas of the forming tool is planned to adapt the friction factor m to
the desired material flow. In extensive forming tests under real operating conditions,
the performance of a modified mould is to be investigated under consideration of a
structure- related process improvement. Finally, the potential of the approach is to be
assessed based on the detected wear and the achievable manufacturing quality of more
than N = 1000 parts.

The complex tribological stress during forming processes can lead to a change in
the shape of surface structure introduced, which influences the service life of the
moulds. In order to analyze the wear-related change structural shape, the surface
topography is to be observed with a white light interferometer by means of arithmetic
mean roughness Ra as well as the valley void volume Vvv, which allows a conclusion
about the extent of tool wear. Additional SEM images provide qualitative information
about adhesion effects and delamination of coating and therefore complement the
analysis of the operational behavior of the modified mould.
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In the following, examples of measured topographies of polished and HF milled
structured surfaces are shown to schematically illustrate the measuring principle used to
evaluate the wear, see Fig. 11. These methods allow the evaluation of the wear
resistance of the examined structures and allow the detection of undesired running-in
behavior or layer delamination, in the case of applied CrAlN coating systems.

5 Achievable Component Quality

In order to analyze the manufacturing quality, e.g. the shaping of the gearing, by
adjusting the friction of the moulds, an evaluation of the resulting geometry is nec-
essary. To ensure a sufficient cavity filling, the produced components are digitized
focusing of critical areas of the gearing, as shown in Fig. 12. In addition to the
workpiece shape, wear-related changes of the surface structure can lead to insufficient

HF milled surface after 10,000 forming cycles (HSS, SBMF) a) 

b) Polished surface after 10,000 forming cycles (HSS, SBMF) 
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Fig. 11. SEM measurements of HF milled dies after 10,000 process cycles [10]
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mould filling after a high number of process cycles. Therefore, a comparison of
components formed by conventional tools and modified tools is to be carried out over
the considered tool life. With regard to the process capability, the quality of more than
1000 parts has to be analyzed with regard to sufficient form filling of complex cavities.
The experiment will be carried out at the industrial partner Faurecia.

6 Conclusion and Outlook

The increasing demand for complex components with integrated functional elements
and weight reduction is encouraging the development of SBMF, a potentially efficient
process that enables the production of complex parts in fewer process steps. The
fundamental results achieved in previously conducted investigations with regard to the
application of surface modifications in cold SBMF process promote the transfer of
these findings to the hot forming HSBMF. The present work shows a consistent
concept for achieving these results by describing in detail the machines, tools, and
investigation methods. Furthermore, an approach is described showing how already
developed surface structures can be used. Regarding the thermally assisted HSBMF
process, a developed method to perform a hot ring compression test was introduced,
allowing the evaluation of surface structures and lubricants under defined temperatures
and process conditions. With the help of the described investigations it is attempted to
investigate the potentials of surface structures for the targeted control of material flow
in hot forming processes to enhance the shaping of secondary shape elements. Fur-
thermore, the intended added value through the cooperation with the industrial partners
Jabro Tools and Faurecia Autositze was highlighted.
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Fig. 12. Comparison of mould filling of parts produced with conventional and structurally
modified dies [10]
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