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Abstract
Hot forming processes of complex parts with small cavities demand high-performance tools made of hardened steels. Their 
surface can be tribologically modified in order to control the material flow for improving the mold filling of functional ele-
ments. Surface structuring here offers great potential for adjusting the frictional properties and thus controlling the mate-
rial flow in forming processes. In this study, high-feed milling (HFM) of surface structures in hot work tool steel (HWS) 
components is investigated. The process performance was determined by cutting force measurements and tool life tests. The 
achievable surface topography was measured and evaluated in terms of structure quality and roughness parameters, and fric-
tion properties were derived based on the results. In a hot ring compression test, the influence of certain structure variants 
on the material flow was analyzed. The results conclude that HFM is a suitable process for structuring HWS components 
with constant structure quality and low tool wear. In addition, a variety of structures showed significant influence on the hot 
ring compression test. This indicates a relevant potential of HFM for the modification of hardened tool surfaces to improve 
the performance of hot forming processes and increase the manufactural quality and productivity.
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1  Introduction

The competitiveness of the forming industry requires 
advances in lightweight construction, functional integration 
and resource efficiency for an ecological and economical 
production of components [1, 2]. The innovative process 
class sheet-bulk metal forming applies bulk forming opera-
tions to sheet metal and enables a shortened process chain 
and improved mechanical component properties [3]. The 
related high forming complexity leads to three-dimensional 
stress and strain conditions, which can result in insufficient 
mold filling, e.g. of small cavities [4]. An additional limita-
tion of the degree of deformation can also be explained by 
the high strength of the materials used [5]. Process vari-
ants as hot forming offer higher forming degrees for high-
strength materials by reducing the yield stress, which lowers 
the required forming forces and enable the forming complex 
geometries [6]. Various investigations show the influence of 

elevated temperatures on the mechanical properties of e.g. 
dual phase steels by a decreased tensile strength, especially 
for the temperature range of 400–800 °C [7, 8]. A disadvan-
tage in hot forming is the temperature-dependent increase 
in friction and adhesion between the workpiece material and 
the die, which can reduce process performance. Since the 
properties of the tribological system can have a great influ-
ence on the quality of the formed parts, considerable efforts 
have been made to modify the tool surfaces by adjusting the 
surface topography by machining or coating [9–12]. Vari-
ous mechanical machining processes have been investigated 
with respect to the modification of cold forming tools made 
of hardened steels, showing significant potential for tailor-
ing surface properties in terms of surface integrity aspects 
such as stress state or topography [12, 13]. For enhancing 
the frictional properties, besides grinding, polishing or 
micromilling, high-feed milling (HFM) is very efficient 
for modifying large surfaces and able to produce various 
structures [14]. Related to the parameter setting, HFM can 
be used to adjust the topography in terms of mean rough-
ness and friction coefficients, which was investigated in a 
pin extrusion test [15]. With regard to the forming process, 
the optimized topographic condition by applying functional 
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surface structures in local areas of the forming tool can ena-
ble friction-dependent control of the material flow, result-
ing in higher mold filling of the tool cavities [11, 16]. With 
regard to hot forming, different coating systems have been 
investigated in a hot strip drawing test and a pin-on-disc test 
to evaluate the friction and wear at different temperatures 
unveiling an increased friction with rising temperature [17, 
18]. However, the potential of HFM surface structures in 
hot work tool steels for the efficient fabrication of tribo-
logically modified tools to improve material flow control in 
hot forming processes is poorly investigated. Therefore, the 
HFM of HWS components was investigated with regard to 
process forces, tool wear and the associated structure qual-
ity. With regard to the forming process, structure variants 
were machined on dies and the modified dies were used in a 
hot ring compression test to evaluate the impact on material 
flow. The results of the study highlight the potential of HFM 
structures to improve mold quality, which can be applied to 
complex operations in industrial applications.

2 � Materials and methods

2.1 � Materials

Machining specimens and dies made of HWS (AISI H11), 
hardened to approximately 52 ± 1 HRC (Hardness, Rockwell 
C Scale), were used for the study. The composition of alloy-
ing elements in AISI H11 is C = 0.36, Si = 1.00, Mn = 0.3, 
Cr = 5.00, Mo = 1.3, V = 0.4 (values specified in wt%) [19]. 
With a tensile strength Rm = 1800 MPa and yield strength 
Rp0.2 = 1460 MPa at room temperature [20], the material 
is characterized by high toughness and high-temperature 
strength. In Addition, the low sensitivity to hot cracking 
makes this high-alloy tool steel widely used for tools oper-
ating under high mechanical and thermal load in die casting, 
hot forging and extrusion applications [21]. Moreover, high 
ductility makes the material appropriate for use in critical 
aircraft parts such as helicopter rotors, landing gear compo-
nents or aircraft structures [22].

2.2 � Processing by high‑feed milling

For the structuring process, HFM was investigated with 
respect to large area structuring of HWS components. Ordi-
nary HFM is a machining process for generating high mate-
rial removal rates in the roughing of hardened steels [23]. 
Characteristic is the comparatively low axial depth of cut ap 
in combination with a high feed per tooth fz, which allows 
large surfaces to be machined efficiently [24]. The specific 
cutting edge design of the focused cutter, which includes a 
small cutting edge angle at the frontal edge to reduce the 
proportion of radial forces, is suitable for machining a wide 

range of deterministic surface structures at specific parame-
ter values for the feed per tooth fz, the width of cut ae and the 
lead angle βf (Fig. 1). These functional surface structures can 
influence a surface's tribological properties in friction and 
its ability to control material flow in forging processes [11]. 
The 5-axis CNC machining center (DMG MORI AG, HSC 
75 linear, Bielefeld, Germany) equipped with a conventional 
high-feed cutter was used for the experimental investigation 
on HFM. The cutting parameters cutting speed vc, lead angle 
βf and cutting depth ap were varied and the cutting forces 
and tool wear were analyzed. With regard to the achievable 
surface topography and structure quality, a variation of the 
feed per tooth fz, cutting width ae and lead angle βf was car-
ried out.

2.3 � Analytical methods

When conducting the HFM tests on hardened HWS, the 
active Fa and passive Fp forces were measured using a pie-
zoelectric three-component dynamometer (Kistler Group, 
Winterthur, Switzerland). Subsequently, the process forces 
were analyzed with a developed software tool that allows the 
evaluation of cutting forces at more than 100 tool engage-
ments per test. In addition to the force measurements, tool 
life tests were performed and tool wear was characterized 
by measuring the flank wear VBmax after defined processing 
sections using a digital microscope (Keyence, VHX-2000, 
Ōsaka, Japan). The evaluation of the processed surface 
topography was performed with a 3D optical measuring 
device (Confovis, TOOLinspect, Jena, Germany) employed 
with a 20 × Olympus lens to achieve sufficient image reso-
lution. To evaluate the measurement, µsurf Analysis 7 soft-
ware (Digital Surf, Besançon, France) was applied according 
to DIN EN ISO 4287 [25]. For the characterization of the 
structure variants, the maximum profile height Rz was ana-
lyzed and utilized as an indicator of the specific frictional 
properties.

Fig. 1   Experimental setup for the high-feed milling tests [16]
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2.4 � Tribological test

In a hot ring compression test, the machined variants of the 
surface structures were evaluated with respect to their fric-
tional properties and their ability to influence the material 
flow, see Fig. 2. To ensure the characteristic heated process 
environment during forming, the dies operate in a Furnace 
(Nabertherm) that heats the specimens to T = 700 °C forging 
temperature. Ringshaped specimens made of DP600 dual-
phase steel were used for the hot ring compression tests.

The proportions of martensite and ferrite indicate a high 
hardness of the material. Various investigations show the 
influence of elevated temperatures on the mechanical prop-
erties of dual phase steels as DP 600 by a decreased ten-
sile strength, especially for the range of 400–800 °C [7, 8]. 
Thus, tribological changes are to be expected in a hot ring 
compression test, particularly when using structured tools. 
The dimensions of the specimens for outer and inner diam-
eters are do = 15 and di = 9 mm. The sheet thickness was 
compressed from s0 = 2 to s1 = 1 mm, which was ensured by 
calibrating the compression height in the continuous pretest 
for each pair of structured dies. Due to the manufacturing-
related rolling of the specimen material, the induced ani-
sotropies have an influence on the forming level in the ring 
compression tests, as already reported in similar tests [11]. 
Thus, the orientation of the rings was marked and varied 

equally from 0° to 90° during the hot ring compression tests 
to compensate for deviations. The deformation-related mate-
rial flow of the deformed specimen in the radial direction 
leads to a change in the inner and outer diameters, which was 
analyzed using a digital microscope. The inner diameter is 
a sufficient indicator for evaluating the frictional properties 
[27], with a larger inner diameter being associated with a 
lower friction. The mean and standard deviation were deter-
mined for the measurements. Boron nitride spray (CBN) was 
used for lubrication during the tests.

2.5 � Design of experiments

For the analysis of the cutting forces, the cutting param-
eters cutting speed vc, lead angle βf and cutting depth ap 
were varied as shown in Table 1. With regard to wide range 
of structure variants, the variation of feed per tooth fz, cut-
ting width ae and lead angle βf has been carried out, which 
results in different structure density and shape. Due to the 
large number of parameter constellations, a Latin hypercube 
design was used [28] for the design of experiments (DoE), 
which reduces the scope of the experiments. In this method, 
the parameter space within the specified ranges is divided 
into n equal intervals, where n is the number of experiments. 
Then, n points are selected for each of the three input vari-
ables and then randomly combined. In addition to the service 
life tests, n = 40 tests each were performed to analyze cutting 
forces and topography. To demonstrate the results, statisti-
cal DACE-models were computed using MatLab [29]. For 
each model, one of the three input parameters is fixed to one 
value. The size of the displayed test points indicates the dis-
tance to the calculated model. In order to evaluate the poten-
tial of HFM structures in terms of material flow control, hot 
ring compression tests were done at a forging temperature of 
T = 700 °C for 4 different configurations of the dies used (3 
structure variants, 1 ground specimen). Based on the repeti-
tion tests (n = 5 times for each orientation), the total number 
of compression tests was more than n = 40.

Fig. 2   Experimental setup for the conducted hot ring compression 
test [26]

Table 1   Experimental design

1 Latin hypercube design

Test Cutting speed vc 
in m/min

Lead angle βf 
in °

Depth of cut ap 
in mm

Width of cut ae 
in mm

Feed per 
tooth fz in 
mm

Cutting forces1 50–250 0–10 0.1–0.5 Full slot 0.25
Tool wear 100–200 3 0.1 1 0.25
Topography1 100 0–6 0.1 1–3.0 0.05–0.5
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3 � Results and discussion

In this section, the results obtained from the experimental 
investigation of HFM hot work tool steel are presented in 
terms of measured cutting forces, tool wear and generated 
surface structures. In addition, the potential of certain struc-
ture variants for hot forming is demonstrated in a hot ring 
compression test.

3.1 � Cutting forces

In order to evaluate the machining process for cutting the 
HWS AISI H11, the measured cutting forces are discussed. 
Figure 3 shows the active force Fa for different cutting 
depths ap. For a constant cutting depth ap = 0.1 mm, the 
cutting speed vc and the lead angle βf show no relevant 
influence on the behavior of the measured values. By 
choosing the cutting depth ap = 0.3 mm, the active force 
increases from 89 ± 4 N to a level of 243 ± 22 N. In addi-
tion the influence of the variation parameters also rises, 
while a high cutting speed vc and high values for the lead 
angle βf lead to a reduction in the active force of up to 
33 N (13.6%) and 20 N (8.2%), respectively. At a cut-
ting depth ap = 0.5 mm, the active force changes to a level 
of 353 ± 33 N. In this constellation, high values for the 

cutting speed vc and the lead angle βf lead to a reduc-
tion of up to 49.5 N (14%) and 20 N (5.7%), respectively. 
The reduction in cutting forces with increasing cutting 
speed vc is consistent with the literature [18]. This effect 
is attributed to an energy-induced higher temperature and 
thus a softening of the workpiece material, which leads to 
a decrease in strength and thus in cutting force. Similar 
effects are observed for the passive force Fp, see Fig. 4. 
Higher values for the depth of cut ap show an increase in 
the measured passive forces Fp. At cutting depths of 0.3 
and 0.5 mm, a higher lead angle βf leads to a significant 
decrease in the passive force Fp. While the specific angle 
of the cutting edges of high-feed cutters is intended to 
redirect higher portions of the cutting force axially into 
the passive force component, this effect is reduced by 
increasing the lead angle βf, which decreases the passive 
force Fp. The largest effect as observed for a cutting speed 
vc = 50 m/min from 290 to 133 N by − 157 N (− 45.9%). 
With respect to the cutting speed vc, a slight decrease of 
10–20 N was observed for increasing values. In agreement 
with the mentioned effects influencing the active forces Fa, 
the decrease can also be attributed to thermal softening 
of the workpiece material [30, 31]. However, a cutting 
depth of ap = 0.1 mm is essential to produce geometrically 
completely formed structures. When machining a greater 
depth of cut ap, higher lead angle βf and cutting speeds vc 

Fig. 3   Active forces Fa for a variation of cutting speed vc and lead angle βf at different values for depth of cut a ap = 0.1 mm, b ap = 0.3 mm, c 
ap = 0.5 mm
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in particular reduce the overall cutting forces. The lead 
angle βf highly affects the geometry of the structure and 
therefore cannot be adapted without changing the structure 
variant. The feed per tooth fz and the cutting width ae also 
have influence on the structure, as will be shown in the 
Sect. 3.2.

3.2 � Tool wear

Depending on the cutting forces, a change in tool wear 
can be expected when varying the cutting speed vc, which 
was investigated as follows. By varying the cutting speed 
between 100 < vc < 200 m/min an area of Astruct = 3.8  m2 
was structured. After defined machining areas the cut-
ter was measured with a digital microscope to determine 

Fig. 4   Passive forces Fp for a variation of cutting speed vc and lead angle βf at different values for depth of cut a ap = 0.1 mm, b ap = 0.3 mm, c 
ap = 0.5 mm

Fig. 5   a Measured flank wear VBmax of the cutting tools at certain values for cutting speed vc and b qualitative illustrations of the cutting edges at 
certain structured areas Astruct
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the flank wear VBmax of the cutting edges, see Fig. 5. The 
measurements were performed for n = 3 cutting tools per 
parameter setting for n = 4 cutting edges each. The results 
show with increasing cutting path, at higher cutting speeds 
of vc = 200 m/min less wear occurs compared to lower cut-
ting speeds of vc = 100 m/min. This is accompanied by a 
lower standard deviation. Figure 5b shows the cutting edges 
at certain structured areas and demonstrates abrasion and 
chipping at the engaging section of the cutting edges. The 
quantitative and qualitative results of the wear development 
are in causal agreement with the observed mechanical stress 
on the cutting edge related to the cutting forces. In general, 
the data state that structuring of the workpiece material AISI 
H11 (52 ± HRC) by HFM is very efficient showing low wear 
development. Especially at high cutting speeds, this process 
is suitable for structuring large surfaces by hard machining.

3.3 � Surface topography

To characterize the high-feed milled surfaces, the meas-
ured topography was analyzed in terms of surface rough-
ness and the resulting macroscopic structure form. Based 
on this information, promising structure variants were 
derived for the subsequent hot ring compression tests. 
Figure 6 shows the maximum profile height Rz for a vari-
ation of the lead angel 0° < βf < 6° and the feed per tooth 

0.05 mm < fz < 0.5 mm for the cutting width ae = 1, 2 and 
3 mm. The diagrams present a partial influence of the cut-
ting width ae, where in general a low value leads to a high 
density of tool interventions, reducing the roughness of the 
surface. Consistent with all diagrams, the maximum profile 
height increases significantly with the feed per tooth fz. With 
higher values for the lead angel βf, the roughness values 
also increase slightly, except for large feed per tooth fz at 
larger cutting widths ae. The Dace models show the abil-
ity to control achievable surface structure roughness with 
HFM by varying the cutting parameter as shown. However, 
a high value for Rz is not a fully adequate indicator for esti-
mating the frictional properties of structures. Therefore, 
the topography/ geometry of the structure was additionally 
evaluated qualitatively, as follows. Even if the machined 
structures generally have similar characteristics, varying 
the structure shape and height can lead to different proper-
ties in terms of functionality. Figure 7 shows four structure 
variants machined with high and low values for lead angle βf 
and feed per tooth fz. It can be seen that low values for the 
feed per tooth can produce homogeneous structures in the 
feed direction, while showing high roughness orthogonal to 
the feed direction, exhibiting strong anisotropy in terms of 
roughness. In contrast, the structures machined with high 
values for the feed per tooth exhibit high inhomogeneity 

Fig. 6   Maximum profile height Rz for a variation of feed per tooth fz and lead angle βf at different values for width of cut a ae = 1  mm, b 
ae = 2 mm, c ae = 3 mm
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in the feed direction. Therefore highly different frictional 
properties can be assigned to the machined structures [10].

3.4 � Hot ring compression test

After investigating the machining of HWS (AISI H11) by 
HFM for efficient structuring of large surfaces and identify-
ing advantageous parameter values, structure variants were 
analyzed with respect to its tribological properties for con-
trolling the material flow. Following previous work in this 

area, certain structure variants were selected and applied on 
modified dies to be investigated in a hot ring compression 
test [10]. The tests were conducted at a test temperature of 
T = 700 °C. The shape and size of the resulting inner ring 
diameter were measured as an indicator of material flow 
control in the forging process. The results were compared 
with ground dies (Fig. 8). The ground dies lead in the orien-
tation of 0° and 90° to an almost symmetrical inner diameter 
of d = 6 mm. By the influence of the used surface structures 
this value changes. In particular, HFM1 and HFM2 structure 

Fig. 7   Relation of profile height Rz to certain surface structure variants

Fig. 8   a Resulting inner ring diameter di in the hot ring compression test, b structure variants used to modify the forging dies, c compressed 
specimens
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show the ability to reduce the inner ring diameter, which 
indicates higher friction values [32]. A larger height of the 
structure and thus structure peaks enable a more effective 
form-closure leading to higher impact on the material flow. 
Especially the heat related decrease in tensile strength Rm 
of the workpiece material can increase the interaction 
with structure peaks or cavities. This additionally leads to 
embossing on the specimen. Observing HFM1 the low value 
for the cutting width ae enhances the number of overcuts 
on the already machined surface as presented, resulting in 
a complex topography with lower roughness values. This 
effect in the topography has been shown in former studies of 
milling processes [33]. The lower surface roughness reduces 
the impact of the remaining structure. In comparison, the 
HFM2 structure shows the greatest influence, leading to a 
reduction in the inner diameter of up to 13% compared to the 
results obtained with the ground dies. Moreover, the strong-
est anisotropy was observed for the resulting inner ring 
diameter generated with the HFM2 structure. The structure 
variant HFM3 leads to an increased value for the inner ring 
diameter di, which may be associated with lower friction 
values. All structure variants, especially HFM2, show lower 
values for the standard deviation of the inner ring diameter di 
compared to the ground dies.

The results obtained under laboratory conditions in a ring 
compression test show the potential of HF-structured form-
ing tools for influencing the frictional properties in uniaxial 
hot forming processes. Due to the three-dimensional stress 
and strain conditions in industrial forming processes, appro-
priate transfer work is required.

4 � Summary and outlook

The presented work provides analyses on the structuring of 
hot work tool steel (AISI H11; 52 HRC) by high-feed mill-
ing. Varying the parameters of cutting speed vc, feed per 
tooth fz and cutting width ae, the resulting cutting forces 
(active Fa and passive Fp) as well as the associated wear 
of the milling cutter were determined. Subsequently, the 
producible structural variants were characterized by confo-
cal microscopy with respect to their qualitative shape and 
the corresponding roughness values. In selecting promising 
structure variants, the frictional properties and potential for 
material flow control were analyzed using a hot ring com-
pression test. The following findings were obtained:

•	 For the machining process of structuring components of 
HWS, advantageous parameter values have been identi-
fied. Higher cutting speeds of vc = 200 m/min lead to a 
reduction in cutting forces and wear development, com-
pared to a cutting speed of vc = 100 m/min. Furthermore 

higher values for the lead angel βf also decrease the cut-
ting forces, while also changing the resulting structure 
geometry. Increasing the depth of cut ap reinforces these 
tendencies. In general, the cutting forces are low, which 
explains the low wear development. Regarding the sur-
face topography of the machined structures large differ-
ences in the achievable maximum profile height Rz and 
their geometry in qualitative terms can be observed as 
well as anisotropies in the structure formation.

•	 The results obtained in the hot ring compression test 
show an influence on the inner ring diameter of up to 
13% and allow friction properties of certain surface 
structures to be derived, which partly represent decreased 
and increased friction. This illustrates the potential of 
high-feed milling structures for influencing the material 
flow in hot forming processes. Further tests are required 
to verify the effectiveness of the HFM structures for hot 
forming under three-dimensional stress and strain condi-
tions.

•	 Further investigations are necessary to evaluate, (1) the 
change in structure quality in the form of e.g. burr forma-
tion, associated with cutting edge wear in HFM as well as 
the resulting friction properties; (2) the wear behavior of 
functional surface structures in hot forming and, if neces-
sary, to consider the use of wear protection coatings.

Completing these steps will provide the basis for transfer-
ring the knowledge of structuring to the industrial applica-
tion of hot forming, which will be carried out in a future 
work.
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