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Abstract. Surface modification of workpieces for cold forming processes is common in industrial practice. 
Specific surface topographies manufactured by means of shot peening form lubricant pockets, which provide 
a continuous lubricating film throughout the process. Furthermore, hydrostatic as well as hydrodynamic 
lubrication effects emerge, which further reduce the friction during the process and protect the tool from wear 
effects. These effects are well researched and applied in order to enable cold forming processes. In dry forming 
processes, no lubricants are used, and the positive lubrication effects do not appear. Surface modifications by 
shot peening or knurling change surface integrity in terms of hardness, residual stresses and geometry. The 
effects of the changed surface integrity on the forming process are not researched. In tribometer tests, a hard 
and rough surface texture lead to a lower frictional shear stress, whereas a rather smooth and hard surface 
texture leads to a lower punch force in an extrusion process. The mechanisms between surface textures and 
the smoothing and forming process are unknown. Furthermore, findings of the tribometer tests cannot be fully 
transferred to the extrusion process. As in tribometer tests a pin is used as tool and in extrusion a whole die, 
a discrepancy between the most suitable surface texture for a friction reduction results out of different flow 
conditions. Still, the tribometer tests give a first reference on a surface pretreament. The paper deals with an 
investigation of surface textures in order to distinguish characteristics of surface textures respectively a 
friction reduction. By means of indentation tests of the quenched and tempered steel 42CrMo4 the plastic 
flow in dependency of different surface integrities are researched. The results show which characteristics help 
to lower the punch force the most, so for further investigations an optimized surface modification is set up in 
order to enable a dry metal forming process. 
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1 Introduction  
Cold forming processes are highly effective due to a 

high ratio of material utilization, high product quality and 
short production cycles. At the same time, cold forming 
processes are highly reproducible and suitable for the 
production of high quantities [1]. Nowadays, lubricants in 
combination with surface texturing of workpieces are 
used to enable cold forming processes [2]. Lubricants 
reduce process loads and prevent wear [3]. By means of 
surface texturing like shot peening a surface enlargement 
is achieved [4]. The surface enlargement supports a higher 
lubricant capacity and at the same time provides a 
lubricant film throughout the forming process by means 
of lubricant pockets [4]. In order to raise the process 
productivity of cold forming even further and at the same 
time reduce ecological problems of lubricants, cold 
forging without lubricants is investigated [5]. Cold 
forging without lubricants would reduce process steps as 

applying and removing of lubricants as well as recycling 
steps [5]. Due to the absence of lubricants the process 
loads may increase substantially and could cause damage 
to the tools or deteriorate the process [6]. 

There is some research on dry metal forming 
regarding sheet metal forming. By means of DLC-
coatings on deep drawing tools, a dry deep drawing 
process was realized by Murakawa [6]. Murakawa et al. 
extended this research by a review of different tribological 
conditions and found non-silicon films most suitable [7]. 
Osakada et al. investigated the impact of tool surface 
roughness on the coefficient of friction in dry sheet metal 
forming and found that a higher roughness resulted in a 
higher coefficient of friction [8]. Kataoka et al. made 
researches regarding ceramic tools and achieved 
comparable results to the lubricated sheet metal forming 
of low-alloyed steels [9]. Tamaoki et al. developed 
electroconductive ceramic tools for deep drawing [10] 
and was able to reach drawn quantities as high as with 
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lubricants [11]. Due to higher process loads and surface 
extension a transfer of these findings to cold metal 
forming is not directly possible [12]. Furthermore, the 
investigation of the influence of surface textures on cold 
forging processes are rather rudimental. Wang et al. 
investigated surface texturing of billets in upsetting and 
ironing processes and found a higher lubricant capacity 
for textured surfaces. An investigation on the dependency 
of lubricant capacity or forming force reduction in favor 
or the surface roughness or hardness was not done [13]. 
Groche et al. investigated the influence of surface textures 
on forming tools in order to reduce friction and wear. It 
was possible to reduce the friction ratio up to 40 %, but an 
investigation of a surface textured workpiece was not 
done [14]. 

The aim of the authors’ work is to investigate the 
surface textures of workpieces and their influence on the 
forming capability and friction reduction. The 
understanding of the mechanisms between a textured 
workpiece and the forming tool helps to enable a dry 
metal forming process, see Fig. 1 [13]. In former 
investigation the influence of surface textured workpieces 
on the use of self-lubricating PVD-coated tools is done 
[19]. The boundary conditions of the tribosystem are 
either changed by the use of a self-lubricating coating 
(Cr,Al)N+X:S (X = Mo,W) on tools or surface textures 
by means of shot peening. In this work, former 
experimental and numerical researches are extended with 
an analysis of surface textures and their forming behavior. 
The paper demonstrates how a dry metal forming process 
using surface textures on workpieces and self-lubricating 
tool coatings can be realized, see Fig. 1. 

 

Fig 1. Research objectives for a novel tribosystem for dry 
metal forming in view of the tool from the surface engineering 
view (IOT) and surface texturing view (WZL) [13] 

2 Previous Work 

The current research is realized in the second phase of 
the priority program SPP 1676 of the German Research 
Foundation. In phase I, new approaches to enable dry 
metal forming processes were investigated initially using 
stationary loads. In this section an explanation of a novel 

pin-on-cylinder tribometer, which was used to analyze the 
influence of surface textures on the frictional shear stress 
is given. To do so, a long frictional path has to be analyzed 
and ensure that an untreated surface texture is in contact 
with the pin along the frictional path. The experimental 
results are further complemented by the development of a 
numerical FE-model to analyze the influence of different 
surface textures on the friction shear stress. These results 
a correlated with shot peening parameters of the peening 
process to distinguish a parameter set to reduce the 
frictional shear stress the most for each shot peening 
medium. After the first step of tribometer tests, the surface 
textures are applied on specimens for an extrusion process 
in order to distinguish the most suitable surface texture to 
reduce friction and by that the punch force. 

2.1 Deposition process of the (Cr,Al)N+Mo:S 
coating 

The (Cr,Al)N+Mo:S-coatings were deposited by 
means of the hybrid direct current magnetron 
sputtering/high power pulsed magnetron sputtering 
(dcMS/HPPMS) technology in an industrial scale coating 
unit CC800/9 Custom, CemeCon AG, Wuerselen, 
Germany. The unit is constructed with a chamber volume 
of V = 1 m3. For the deposition five CrAl20 (Cr-base plate 
with 20 Al plugs) with a purity of wCr = 99.9 wt.-%, 
wAl = 99.5 wt.-% and one MoS2 target with a purity of 
wMoS2 = 99.5 wt.-% were used. The MoS2 target was 
mounted on one of the four dcMS cathode. In order to 
ensure a sufficiently high adhesion strength between the 
top layer and the substrate, a (Cr,Al) bond coat and a 
(Cr,Al)N interlayer were deposited first. The process 
parameters for the deposited coatings are listed in Table 
1. The process parameters of the (Cr,Al)N+Mo:S top layer 
are explained in more detail in Bobzin et al. [19]. 

 
Table 1. Process parameters for deposition of the 

(Cr,Al)N+Mo:S-coatings  

 

2.2 Analysis of the influence of shot peening 
parameters on evolving surface textures 

Shot peening by steel casks is commonly used as 
workpiece preparation in industrial cold forging processes 
[13]. The surface modification supports a friction 
reduction in combination with the use of a lubricant. In 
dry metal forming, as a result of the missing lubricant a 
higher friction is expected. In order to get the most 
suitable surface texture for a friction reduction in cold 
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forging, different peening media were investigated [13]. 
Besides steel casks, ceramic beads and corundum 
particles were used with different peening parameters, 
Table 2. 

 
Table 2. Shot peening parameters in dependency of shot 
media, (Steel = St, Ceramic = Ce, Corundum = Co) 

 
The best peening parameters for a reduction of the 

fricitonal shear stress in tribometer tests are the ones 
shown in Table 3 [14]. Furthermore, a rather sharp and 
hard surface texture as the one shot by corundum 
particles, reduced the frictional shear stress the most. 

 
Table 3. Resulting surface integrity after shot peening 
(Steel = St, Ceramic = Ce, Corundum = Co, Ref = Reference) 

 

2.2 Development and Use of a Pin-on-Cylinder 
Tribometer 

For an explicit investigation of the influence of the 
surface textures on the frictional shear stress conventional 
tribometers as a pin-on-disc-tribometer cannot be used 
since textures are flattened after the first revolution of the 
disc. To analyze the surface textures intensively, a new 
frictional path per revolution has to be used. Thus, a pin-
on-cylinder (POC) tribometer concept was realized on a 
lathe, see Fig. 2. 

 

Fig. 2. Schematic overview of Pin-On-Cylinder Tribometer 
 
The normal load is applied by means of a hydraulic 

actuator [15]. Due to these investigations, results 
regarding the influence of the contact between self-
lubricating coatings and surface textures on the friction 
shear stress were obtained [18]. Shot peening by 
corundum particles as the best treatment to reach lower 
frictional shear stresses in this interaction was confirmed, 
see Fig. 3. 

 

Fig. 3. Frictional shear stress during tribometer tests with 
uncoated (A) and coated (B) tools 

2.3 Effect of surface textures on the punch force 
in an extrusion process 

After investigating surface textures using tribometer 
tests, the surface textures were applied in an extrusion 
process [16]. As in the tribometer experiments, the named 
surface textures were used. As coating a slighty adapted 
one compared to the tribometer tests were used. The 
punch velocity was a constant vP = 5 mm/s and the punch 
force was measured throughout the whole process. The 
punch force in extrusion processes is greatly influenced 
by the friction [17]. A lower punch force corresponds to a 
lower friction during the process. The results showed, that 
the lowest punch force was achieved from the 
combination of ceramic shot peened surface texture with 
self-lubricating tool coating, Fig. 4. 

 

Fig. 4. Maximum punch forces of workpieces with different 
surface structures and uncoated (A) and coated (B) tools 

 
The comparison between the results of the tribometer 

tests and the extrusion process show a discrepancy. A hard 
and rough surface structure results in low frictional shear 
stresses in the tribometer tests, whereas a softer and 
slightly rough surface texture leads to lower punch forces 
in the extrusion processes. This lack of knowledge needs 
to be overcome. To do so, smoothing effects for each 
surface texture need to be investigated. In dependency of 
the contact normal force, smoothing of the different 
surface textures manufactured by shot peening with 
different media is researched. 

3 Experimental set-up 
This section describes both the testing of the 

specimens and the evaluation of the surface textures using 

Medium Particle
form

Particle
size [µm]

Density
[g/cm³]

Hardness
[HV]

St round 700-1,000 7.8 390 - 535
Ce round 125 – 250 3.8 ~ 1,200
Co sharp 425-600 3.9 – 4.1 ~ 2,600

Surface
Peening parameters Surface integrity
p [bar] O [%] HV10 [HV] Sa [µm] Sz [µm]

St 3 100 280 2.23 25.7
Ce 2 100 410 1.38 26.8
Co 4 100 260 4.09 59.7
Ref 200 1.63 29.5
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roughness and hardness measurements. As specimen 
material the quenched and tempered steel 42CrMo4 (DIN: 
1.7225, AISI: 4140) was used. This steel is used for 
highly loaded parts in automotive or aircraft industries, 
e.g. gears, spindles, rods, and rams. Therefore, the 
material is very important for the forming industry. As a 
tool material the cold working tool steel X155CrMoV12 
(DIN: 1.2379, AISI D2) was used for the pin. It is a typical 
tool material in cold forging [17]. X155CrMoV12 was 
hardened to 62 HRC and the tool surfaces were polished 
(Rz = 1) according to the industrial standard. The 
experiments were conducted using the Pin-on-Cylinder 
Tribometer, without any revolution, see Fig. 5. 

 

 

Fig 5. Pin-On-Cylinder Tribometer with different active parts 
 
In order to analyze the impact of different surface 

textures during the smoothing process, different normal 
contact forces were applied. Before and afterwards the 
experiments, the surface roughness and hardness of the 
specimens were analyzed. For the experiments a turning 
lathe was used and the contact pressure was applied by 
means of a hydraulic actuator. Five different normal 
contact forces were applied: FN = [460;640; 1180; 1850; 
2600 N]. Each experiment was repeated three times to 
account for statistical effects. 

Surface properties 
The surface hardness was quantified by means of 

Vickers hardness according to DIN EN ISO 6507 and 
ASTM E384 using a Wilson Universal Hardness Tester 
UH250. 16 measurements using a testing load of 30 N 
were performed on polished cross-sections of each 
specimen. The 16 measurements were then averaged. 

The surface roughness was measured using a 
combined roughness and contour measurement system 
Hommel Etamic nanoscan 855 made by Jenoptik AG, 
Germany. According to preliminary work, the surface 
parameters Sa and Sz were evaluated based on standard to 
ISO 25178 and EUR 15178N in a measurement grid of 
5 x 5 mm. A contact tip with a tip angle of 60 degrees and 
a tip radius of 2 µm was used. Sa describes the averaged 
roughness of a surface, Sz its maximum height. 

Furthermore, laser scanning microscopy analysis was 
conducted in order to measure the size of each 
indentation. Laser scanning microscope Keyence VK-
X100 was used. Each indentation has a specific size. In 
order to get the maximum resolution, for each indentation 
a specific measuring area was selected. 

 

4 Results and Discussion 
The reference specimen (Ref) represents the initial 

state of the workpiece after the turning process and before 
any shot peening or other machining process, see Fig. 6.  

 

 

Fig 6. Surface textures before machining (Steel = St, 
Ceramic = Ce, Corundum = Co, Ref = Reference) 

 
The other specimens are shot peened by steel casks 

(St), ceramic casks (Ce), and by corundum particles (Co). 
Scanning electron microscopy images (SEM) show, that 
the reference structure is even. The steel and ceramic shot 
peened specimens have some craters, but remain in a flat 
surface. The corundum shot peened surface texture has 
many craters and is rough at the same time. 

After indentation tests were done, laser scanning 
microscopy analysis were made. The results for a normal 
contact force of FN = 2,600 N show the indentation 
clearly, see Fig. 7. The indentations were measured 
according to every specimen and contact normal force. 
This indicates, which surface texture has the biggest 
resistance against the plastic deformation. The elliptical 
extent was measured and the area of the ellipsoid was 
calculated via: 

                                  A = π · w · h  (1) 

A is the area, w is the width and h the height of the 
contact ellipse. In this example, The indentation on the 
ceramic shot peened surface texture resulted in an area 
ACe = 4.7 mm², the steel shot peened one in ASt = 6.6 mm², 
the corundum shot peened one ACo = 7.1 mm², and the 
reference surface texture in ARef = 8.3 mm². Each 
experiment was repeated three times to account for 
statistical effects. 
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Fig 7. Laser Scanning Microscopy pictures with indentation by 
a normal force of FN = 2,600 N and their resulting area 
(Steel = St, Ceramic = Ce, Corundum = Co, Ref = Reference) 

 

Table 4. Extent of indentation area generated by a forming 
force of FN = 2,600 N (Steel = St, Ceramic = Ce, 
Corundum = Co, Ref = Reference) 

 
 
The evaluation of all indentations shows that due to a 

higher contact normal force greater indentation areas 
evolve, see Table 4. The rise of the area is not linear. The 
reason for these irregularities is the varying surface 
roughness on each specimen. The smoothing mechanism 
starts with a contact of the tool with the roughness peaks. 
In the beginning, there is a plastic deformation on a 
microscopic level. The more the roughness peaks are 
smoothed in, the more material gets into contact with the 
tool and a plastic deformation on a macroscopic level 
proceeds. Depending on the section, some higher 
roughness peaks are smoothed in faster than others and 
the plastic deformation on a macroscopic level proceeds 
earlier. Overall, the indentations on the reference surface 
texture evolve into the greatest indentations. The 
reference surface structure was not pre-treated, so no 
strain hardening took place due to surface modifications. 
The roughness of the surface was low, so from the 
beginning on, nearly the whole surface was in contact 
with the tool. The surface texture shot peened by ceramic 
casks resulted in the smallest indentation areas. The 
surface texture is a bit rougher than the reference structure 
in the beginning, but not as rough as the steel or corundum 
shot peened surface texture. At the same time it is the 
hardest surface texture. Due to a higher roughness and a 
higher hardness than the reference surface texture, the 
smallest indentation area evolve. The ceramic shot peened 
specimen has a lower roughness than the other peened 
specimens have. Due to the lower roughness, more 
material gets into contact with the pin from the beginning 
on. Therefore, the contact normal force results in a lower 
contact normal pressure, as in a rougher surface texture, 
which results in the lower indentation area. The surface 
roughness is the dominant criteria for the evolution of the 
indentation area in the beginning of the process. When the 
forces rise the strain hardening due to the pretreatment 
becomes the dominant criterion and supports a lower 

plastic deformation. In combination with the results of the 
extrusion process, a surface texture, which results in a 
smaller indentation area is the most suitable one to lower 
punch forces and friction in extrusion at the same time.  

 

 
Fig. 8. Indentation area in dependency of shot peening medium 
and contact normal force 

5 Summary and Outlook 
The resulting discrepancy between the frictional shear 

stress during tribometer testing and the punch force in an 
extrusion process led to an investigation of the plastic 
deformation of different surface textures. A reference 
surface texture machined by turning as well as several 
shot peened specimens, peened by steel, and ceramic 
casks and by corundum particles were investigated. Due 
to different pretreatments, different surface integrities 
evolved. These surface textures were tested with 
increasing normal contact forces. Rising contact normal 
forces resulted in larger indentation areas. Furthermore, a 
harder and rather flat surface texture resulted in the 
smallest indentation area, whereas a flat but soft surface 
texture resulted in the greatest indentation area. 
Respective to the lowest punch force, an ideal workpiece 
has a hard surface texture with a low roughness. In order 
to separate the effects of roughness and hardness of the 
surface texture, further researches have to be done. 
Hardened and unhardened with an identic roughness as 
well as rougher or flatter surface textures with an identic 
hardness need to be investigated. 
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