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Abstract    
Bionic surface structures, inspired by the flora, were developed for Sheet-Bulk Metal Forming (SBMF) in order to locally 

control the friction condition by adjusting the wetting behavior. Five bionic structures were micromilled on ASP®2023 in 
annealed as well as hardened and tempered conditions. Subsequently, the structured surfaces were plasma-nitrided and coated 
with a CrAlN thin film. The influence of the treatment method on the structural geometry was investigated with the aid of a 
scanning electron microscope and 3D-profilometer. The wetting behaviors of water and deep drawing oil (Berufluid ST6007) on 
bionic surfaces were evaluated using contact angle measurements. The resulting micro-milled structures exhibit an almost 
identical shape as their bionic models. However, the roughness of the structured surfaces is influenced by the microstructure. 
The combination of plasma-nitriding and Physical Vapor Deposition (PVD) leads to an increase in roughness. All bionic struc-
tures possess higher contact angles than that of the unstructured surfaces when wetted by water. This can be explained by the fact 
that the structural elevations block the spreading. When the bionic surfaces are wetted by deep drawing oil, the lubricant spreads 
in the structural cavities, leading to smaller contact angles. Furthermore, the anisotropy of the structure has an influence on the 
wetting behavior. 
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1  Introduction 

Sheet-Bulk Metal Forming (SBMF) is a manufac-
turing technology to produce complex high-strength 
sheet metal components with the thicknesses of up to  
3 mm, with local functional features[1]. SBMF is char-
acterized by the application of a three-dimensional stress, 
which is similar to bulk forming processes, in order to 
form locally shaped elements on a sheet metal[2]. How-
ever, forming high-strength materials imposes high 
demands on the forming process. On the one hand, a 
high strength causes high tribological loads in the con-
tact zone. On the other hand, the formability of the sheet 
metal decreases when increasing the material strength[3]. 
A modification of the tool surface enables to sustain high 
tribological loads and, at the same time, to adjust the 
material flow[4].  

An appropriate method to increase the wear resis-
tance of forming tools is the duplex treatment, which 

combines a thermochemical plasma-nitriding process 
with a subsequent deposition of a PVD coating[5]. The 
plasma-nitriding treatment does not only increase the 
hardness of the subsurface zone, but also further enhance 
the tribological performance of the coating. Applying a 
wear resistant PVD coating onto the surface of the tool 
reduces the tool’s wear and extends the tool life[6]. Ce-
ramic hard thin films have the best properties for the use 
in the forming technology[7]. Due to the properties of 
Cr-based nitridic coatings such as a high hardness and 
lower Young’s modulus compared to Ti-based coatings, 
a low adhesion to counterparts, as well as a low coeffi-
cient of static friction, these coatings are especially 
suitable for forming tools[7].  

In order to form components with local functional 
features, it is necessary to control the material flow by-
locally adjusting the friction[8]. A geometric modifica-
tion of the surface changes the contact condition be-
tween the tool and the workpiece and thereby adjusts the 
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friction behavior. Besides conventional technical surface 
structures, bionic structures that are inspired by flora and 
fauna, are particularly promising as their structural pat-
terns are adapted to changing conditions in nature. Bi-
onic structures with concave, convex, and wave-like 
textures have already been developed for SBMF proc-
esses. The structures were based on the surfaces of the 
shell of beetles living in abrasive, erosive, and adhesive 
environments[9–11]. Combining bionic structures with 
CrAlN thin layers reduced the process forces of incre-
mental SBMF by 20% and increased the service life of 
the tool’s surfaces[11]. 

Another objective of structuring tool surfaces is to 
locally adjust the wetting behavior with lubricants and 
thereby to influence the friction behavior. Within this 
context, hydrophobic plants such as bamboo serve as an 
inspiration for the development of new bionic structures 
as reported by Guan et al.[12]. Their self-cleaning prop-
erty results from the hierarchical double structure of 
their leaves, which leads to a low surface energy[13]. As 
SBMF operations occur in lubricated condition, it is 
important to understand the influence of surface modi-
fications on the surface energy as well as the wetting 
behavior when using forming lubricants. Especially in 
this context, the approach to modify the contact angle 
and thus changing the friction conditions under lubrica-
tion is promising. Nevertheless, investigations on the 
wetting behavior of structured forming tool surfaces 
have not been conducted yet. This paper investigates the 
bionic structures developed based on the surface of hy-
drophobic plants. The structures were duplex-treated in 
order to investigate the interaction between the surface 
structure and the sequence of treatments, as well as the 
influence of the coating process on the wettability.  

2  Materials and methods 

2.1  The development of bionic structures  
Five different plants inspired the development of 

the surface structures for the presented work: The bam-
boo plants Sasapalmata and Phyllostachys, 
Chusqueaspectabilis, the spurge Euphorbia myrsinites, 
as well as the rice plant Oryza sativa. The selection of 
the different topographies was based on the wa-
ter-repellent effect of the leaves of these plants. The 
hydrophobic behavior can be explained by a micro- and 
nanoscopic design of the topography of the leaves[13]. 
The double structure consists of papillae epidermal cells 

and an additional layer of epicuticular waxes. The sur-
face pattern of the leaves was studied using a SEM and a 
3D-profilometer in order to determine the structures. 
SEM images of the Oryzasativa’s double structure of the 
leaves are shown in Fig. 1 as examples of the leave 
structure of this plant.  

Developing bionic structures, it is essential to con-
sider manufacturing aspects related to the geometry 
since its complexity is limited by the structuring tech-
nique. An appropriate method to manufacture highly 
accurate bionic structures on tool steels is mi-
cromilling[14]. For this, the geometry of the structures 
was adjusted to the shape of the cutting edge of the 
milling tools. The developed bionic structures are 
schematically illustrated in Fig. 2. Structure St1 is based 
on the bamboo plant Sasapalmata and consists of rec-
tangular inner curvatures with a length of 360 μm, a 
width of 260 μm, and a depth of 10 μm. The Phyl-
lostachys bamboo plant is used as a source of inspiration 
for structure St2. This structure is characterized by two 
straight v-shaped grooves with a width of 10 μm and a 
depth of 10 μm each, with a distance of 30 μm between 
the individual grooves. Structure St3 is based on Eu-
phorbia myrsinites and consists of circular with 10 μm 
bumps, which flatten tangentially to the ground area. A 
single bump is surrounded by six other bumps within a 
range of 110 μm. Structure St4 is inspired by the bamboo 
plant Chusqueaspectabilis and consists of straight, 
semicircular grooves with a width of 110 μm and a depth 
of 20 μm, which are arranged 30 μm apart from each 
other. The rice plant Oryza sativa inspired structure St5, 
which has a wave-like structure with a depth of 20 μm 
and cyclic bumps at a distance of 200 μm. 

Except the bumps of structure St3, each structure is 
characterized by an anisotropic pattern. The directional 
dependency is illustrated with x- and y-coordinates in 
Fig. 3. 

Micromilling is a filigree advanced machining 
process and  it  is  the  only  technique  that  enables  to  

 

 
Fig. 1  SEM images of the (a) microscopic and (b) nanoscopic 
structure of Oryza sativaleaves.   
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Fig. 2  Schematics of the developed bionic structures. (a) Sasapalmata; (b) Phyllostachys; (c) Euphorbia myrsinites; (d) 
Chusqueaspectabilis; (e) Oryziasativa. 
 

 
Fig. 3  Process steps to replicate the (a) micro- and nanostructure of plants on steel by (b) micromilling and (c) plasma-nitriding. 

 
reproduce the microscopic structure of the leaves. One 
approach to generate a nanostructure is the plasma-  
nitriding process. Plasma-nitriding does not only in-
crease the surface hardness but also leads to a nee-
dle-shaped formation of the iron nitride Fe4N with a 
diameter of a few nanometers on the surface[15]. Thereby, 
bionic structures obtain an additional nanoscopic struc-
ture and form a double structure, which is similar to the 
surface of hydrophobic plants. Therefore, nitride needles 
are formed on purpose in order to generate both a nano- 
and a macroscopic structure. The process of replicating 
the micro- and nanostructure  of  the  plants  on  steel  is 

 
shown in Fig. 3.  
 
2.2  Heat-treatment and surface modifications  

The chosen modifications included four main steps: 
heat treatment, surface structuring, plasma-nitriding, and 
PVD deposition. After each process, the influence of the 
modification on the resulting topography as well as the 
wetting behavior is analyzed and discussed in the next 
section.  

The powder metallurgically manufactured high- 
speed steel ASP® 2023 was selected for the investiga-
tions. Besides the as-delivered annealed condition, the 
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samples underwent a heat treatment, consisting of 
hardening at 1100 �C and tempering at 560 �C for three 
times. Detailed information concerning the hardness 
depth profiles as well as the residual stresses in the 
subsurface area and the PVD-coating adhesion due to 
different heat and plasma-treatments can be found in 
previous studies by the authors[16,17].  

The ASP® 2023 steel was structured by means of 
micromilling, using the HSPC 2522 (Kern Microtechnik, 
Germany) machine at the Institute of Machining Tech-
nology. Different types of cutting tools consisting of 
ultra-finely-grained cemented carbides were used in 
order to process the bionic structures, as shown in Fig. 4. 
The detailed information about the used tools as well as 
the structuring time of the corresponding bionic struc-
tures are summarized in Table 1.  

The plasma-nitriding process was realized within 
an Arc-PVD device PVD20 (Metaplas, Germany). The 
samples were plasma-nitrided in a H2-N2-atmosphere 
with a volumetric ratio of 3:1 at a temperature of 560 �C 
for 8 hours as reported in previous studies[16,17]. The 
inhibition of nitrogen diffusion further affects the for-
mation of iron nitride Fe4N on the surface of the steel as 
the annealed-nitrided steel exhibits a higher amount of 
needle-shaped nitrides on the surface (see Fig. 5).  

An industrial magnetron sputtering device 
CC800/9 Custom (CemeCon AG, Germany) was used to 
deposit the CrAlN coatings. More details about the 
deposition process of the CrAlN coating can be found in 
Ref. [18]. The deposition time was adapted for the de-
positions to obtain a coating thickness of 2.5 μm. All 
substrates were treated differently and coated with 
CrAlN thin films, showing the same morphology and 
mechanical properties. The deposited CrAlN thin films 
have a chemical composition of 13.8 ± 0.2 at.-% Cr,  
35.3 ± 0.6 at.-% Al, and 51.0 ± 0.8 at.-% N. The coatings 
are characterized by a fully-dense microstructure with a 
hardness of 22.06 GPa ± 2.47 GPa and a Young’s 
modulus of 355.9 GPa ± 37.1 GPa. Fig. 6 shows SEM 
images of the morphology of the CrAlN coatings. 
 
2.3  Measuring and analyzing techniques  

The surface analyses of the bionic structures and 
the reference samples were carried out by means of a 3D 
profilometer and SEM. The 3D profilometer Infinite-
Focus (Alicona, Austria) was used to measure the ge-
ometry  of the  structures. Subsequently, the  3D  images  

(a) (b) (c) (d)

100 �m200 �m500 �m 2 mm
 

Fig. 4  SEM images of (a) a ball cutter with a diameter of 1 mm, 
(b) a deburring tool, (c) a ball cutter with a diameter of 0.2 mm, 
and (d) a torus cutter with a diameter of 4 mm. 
 
Table 1  Overview of the used cutter tools and the structuring time 
for each structure 

Surface structure Cutter type Tool geometry Structuring time 
(mm²·min�1) 

Plain-milled Torus cutter Ø = 4 mm 53.00 

St1 Ball cutter Ø = 1 mm 6.40 

St2 Deburrer 90� cutting edge 6.40 

St3 Ball cutter Ø = 0.2 mm 0.34 

St4 Ball cutter Ø = 0.2 mm 3.20 

St5 Ball cutter Ø = 0.2 mm 4.92 

 
(a) (b)

(d)(c)

10 �m

10 �m 10 �m

10 �m

 
Fig. 5  SEM images of the topography of (a) annealed, (b) tem-
pered, (c) annealed-nitrided, and (d) tempered-nitrided ASP® 
2023. 
 

(a) (b)

1 �m1 �m
 

Fig. 6  CrAlN coatings on (a) annealed-nitrided and (b) tem-
pered-nitrided ASP® 2023. 

 
were examined with the aid of the software μsoft 
Analysis Premium 5.1 at the Institute of Machining 
Technology. In addition, the surface topography of the 
samples was analyzed utilizing the Field Emission 
Scanning Electron Microscope FE-JSEM 7001  
(Jeol, Japan). 
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The wettability of the bionic structures and the 
plain-milled reference surface were analyzed by the 
contact angle measuring system G40 (Krüss, Germany). 
The differently modified surfaces were wetted with 
distilled water and a deep drawing oil (Berufluid 
ST6007 (Carl Bechem GmbH, Germany)) using a 
volume of 5 μl of each fluid. This mineral oil-free 
forming lubricant (viscosity � = 160 mm2·s�1 at 20 �C) is 
used to form steel sheets of up to 4 mm and thus per-
fectly meets the needs of SBMF processes. As the ani-
sotropy of the structures has an influence on the wetting 
behavior[19], the wetting tests were carried out in x and 
y-direction for each structure and treated surface. All 
measurements were conducted at room temperature and 
10 repetitions were performed for each test. 

3  Results and discussion 

3.1  Influence of the process steps on the structural 
geometry  
For the subsequent investigation of the wetting 

behavior, it is necessary to analyze the geometry and 
topography of the bionic structures in order to evaluate 
the influence of the treatment on the wettability. For this 
reason, the structural geometry and surface topography 
were analyzed after each process step. 

 
3.1.1  Structure geometry and surface topography after 
micromilling  

The micromilled structures were analyzed con-
cerning their geometry and topography. 3D images and 
roughness values of the bionic structures after the mi-
cromilling process are presented in Fig. 7. On the left 
side of the respective images, the high-speed steel ASP® 
2023 is shown in annealed condition, while the right side 
shows its hardened and tempered condition. Structure 
St1 features the rectangular inner curvatures with a depth 
of 10 μm and fulfills the geometric specification. 
Structure St2 strongly deviates from the desired geome-
try, as it does not consist of v-shaped grooves but rather 
of closely packed furrows. The resulting geometry 
emerges from the dynamic wear behavior of the used 
deburrer tool, the 90� cutting edge of which wore out 
during the machining process. However, structure St2 
exhibits a reproducible geometry and was therefore used 
in the subsequent studies. The milled structure St3 fea-
tures the demanded shape of circular bumps but presents 
a slight depth deviation of 2 μm. The structures St4 and 

St5 also have the demanded geometry, but demonstrate a 
minor depth deviation. The small deviation of these 
structures is caused by a manufacturing tolerance of the 
micromilling machine and the tool wear. However, most 
of these bionic structures feature an almost identical 
geometry compared to the plants with a high accuracy. 

Besides the shape, the surfaces of the structure are 
distinguished by different topographies. The roughness 
of the structures is influenced by the heat treatment of 
the high-speed steel. Micromilled steel in annealed 
condition has a higher roughness than tempered steel. 
For instance, structure St1, annealed steel, is character-
ized by a mean roughness depth Rz of 7.58 μm ± 0.18 μm 
in x-direction and 4.25 μm ± 0.06 μm in y-direction, 
while the tempered counterpart exhibits lower values of 
6.12 μm ± 0.36 μm in x-direction and 3.16μm ± 0.06 μm 
in y-direction. A close investigation of the topography is 
conducted by SEM analyses. SEM images of structure 
St1 with both steel conditions are exemplary shown in 
Fig. 8. The structured surface on the annealed steel has a 
rough and uneven topography with micro burrs, while the 
structure on tempered steel has a smoother surface with 
less micro burrs. The different topographies can be ex-
plained by the microstructure of the heat treated 
high-speed steel since the type and size of the grains have 
an influence on the roughness of micro-machined sur-
faces[20]. The annealed microstructure consists of ferrite 
with a high ductility, while the hardened and tempered 
steel has a martensitic structure[21]. The martensitic 
structure is characterized by a higher deformability than 
ferrite and thus ensures a higher geometrical accuracy 
and surface quality when being machined. Furthermore, 
multi-phase ductile steel exhibits a higher roughness than 
single-phase steel as the cutting process is interrupted at 
the grain boundaries, thus causing micro burrs[22]. 
 
3.1.2  Structure geometry and surface topography after 
plasma-nitriding and PVD-deposition 

The bionic structures were analyzed after being 
plasma-nitrided and coated with a CrAlN thin film in 
order to evaluate a possible influence of the treatments 
on the geometry and topography. The treatments do not 
lead to an alteration of the shape as the bionic structures 
maintain their geometry due to the near-net shape 
PVD-coating. This is exemplary visible in the false 
color images for structure St5 with annealed  as  well   as  
hardened  and  tempered  steel  in  Fig. 9.  However,  an 
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Fig. 7  3D images and roughness values of (a) St1, (b) St2, (c) St3, (d) St4, and (e) St5 structured on annealed, hardened, and tempered 
ASP® 2023. 
 
 

 
Fig. 8  SEM images of St1 structured on (a) annealed and (b) 
hardened and tempered ASP® 2023. 
 
increase of the roughness is recognizable after each 
treatment. The mean roughness depth Rz of structure St5 
with annealed steel increases from 13.38 μm ± 0.25 μm 
in x-direction and 1.35 μm ± 0.09 μm in y-direction to 
18.54 μm ± 0.25 μm and 1.50 μm ± 0.15 μm. The in-
crease of the roughness of nitrided structures can be ex-

plained with the formation of Fe4N nitriding needles on 
the surface. In addition, the deposition of the CrAlN thin 
film leads to a further increase of the roughness. The Rz 
values of the coated structure St5, annealed-nitrided steel, 
increase to 19.47 μm ± 0.22 μm in x-direction and  
2.26 μm ±0.16 μm in y-direction. In this case, the rise is 
caused by the cauliflower like topography of the CrAlN 
thin films. 
 
3.2  Wetting behavior of bionic structures  

The measured contact angles of the bionic struc-
tures in each process state when wetted with distilled 
water as well as with deep drawing oil Berufluid ST 
6007 are given in Figs. 10–15. The bar chart on the  left    
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Fig. 9  3D images and roughness values of St5 after each process treatment with (a) annealed and (b) hardened and tempered ASP® 
2023. 
 
shows the contact angle values in x-direction of the 
structures, while the values in y-direction are given on 
the right. 
 
3.2.1  Wetting behavior after micromilling 

The contact angles of micromilled steel in annealed 
as well as hardened and tempered condition are shown in 
Figs. 10 and 11. All structured surfaces possess larger 
contact angles than the plain-milled surface when wetted 
with a drop of water. This wetting behavior is observed 
for all structures after each process step. Furthermore, the 
shape of the water drop is not spherical as it is strongly 
influenced by the directional dependency of the struc-
tures St1, St2, St4, and St5. For instance, structure St2, 
annealed steel, exhibits contact angles of 84.1� ± 2.0� in 
x-direction and 68.6� ± 1.3� in y-direction. The 
y-direction of these structures is characterized by the 
orientation of the grooves while the elavations are per-
pendicular to them. All anisotropic structures exhibit 
larger contact angles in x-direction than that in 
y-direction. In addition, the contact angles in both direc-
tions are higher than the value of the plain-milled sur-
faces. This wetting behavior can be explained with the 
observation of Chen et al. who investigated the wetting 
of anisotropic rough surfaces[19]. They noticed that a 

water drop is trapped in a state where it resides on pillars 
of parallel grooves. The contact angles of the drop are 
different and both larger than the intrinsic value of the 
substrate material. The pillars act as local energy barriers 
and hence separate the water drop from neighboring 
lower energy states of the surface. These energy barriers 
prevent the spreading of the water drop in x-direction. As 
a result, the contact angle in x-direction is larger than that 
in y-direction. Furthermore, structures St2 and St4 tend to 
have the largest angles in x-direction for each process 
state of the sample. Comparing the structural geometry, it 
becomes evident that both bionic structures are charac-
terized by a greater number of bumps in x-direction. 
Therefore, the spreading of the water drop is stopped by 
more energy barriers and the water is not able to wet the 
surface with smaller angles. However, compared to St2 
or St4, structure St1 does not feature as many elevations 
and the spreading of the water drop is not hindered by 
many energy barriers. Thus, St1 has smaller contact an-
gles than the other anisotropic structures. As structure 
St3 has an isotropic structural geometry, the water drop 
spreads uniformly in both directions and has a spherical 
shape. Structure St3 with annealed as well as hardened 
and tempered steel is characterized by contact angles of 
79.6� ± 2.2� and 80.1� ± 1.5�, respectively. In addition to  
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Fig. 10  Contact angles of bionic structures with annealed steel. 
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Fig. 11  Contact angles of bionic structures with hardened and tempered steel. 

 
the water drop, the structural cavaties of all bionic 
structures were wetted with a thin water film. The co-
existence of a drop and a film was already observed by 
Bico et al. and defined as a “composite drop”[23]. In case 
of structured surfaces of a hydrophilic material, the 
water drop spreads inside the solid cavaties and coexists 
with the solid filled liquid film. Between the two heat 
treatments of the high-speed steel, no significant dif-
ference concerning the wetting behavior could be ob-
served. Annealed as well as hardened and tempered 
structures exhibit contact angles values in an equal di-
mension. 

When wetted with Berufluid ST 6007, the surfaces 
present lower contact angle values than that surfaces 
wetted with a water drop. This behavior is related to the 

high viscosity of the forming lubricant. The annealed 
plain-milled surfaces as well as hardened and tempered 
steel show the values of 24.0� ± 1.8� and 23.3� ± 2.3�, 
respectively. Except structure St3, the structured sur-
faces exhibit lower values ranging from 15.2� to 22.6� 
than the unstructured counterparts. Due to the high vis-
cosity, the lubricant spreads into the structural cavities 
and, by wetting these areas, leads to small contact angles. 
However, this behavior is not observed for structure St3 
as its bumps block the spreading of the lubricant. A di-
rectional dependency of the wetting behavior is further 
observed for the anisotropic structures St1, St2, St4, and 
St5. Similar to the wetting with a water drop, the struc-
tures are characterized by a larger contact angle value in 
x-direction than that in y-direction. 
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3.2.2  Wetting behavior after plasma-nitriding 
The measurement results of the contact angles for 

the bionic structures after plasma-nitriding are listed in 
Figs. 12–13. The plasma-nitrided structures possess 
larger contact angle values than the unstructured sur-
faces when wetted with a water droplet. The plain-milled 
steel with annealed as well as hardened and tempered 
steel have the contact angles of 64.7� ± 1.6� and  
63.9� ± 1.7� after being plasma-nitrided. The bionic 
structures in annealed-nitrided condition show the val-
ues between 66.6� and 87.6�, while the tem-
pered-nitrided counterpart shows the contact angles 
ranging from 70.4� to 83.1�. The wide range of values of 
the annealed-nitrided structures can be explained by 
outlier values since most of the contact angles are within 
the same range as of the tempered-nitrided variant. Since 
plasma-nitriding does not affect the shape of the struc-
tured surfaces, the anisotropic structures St1, St2, St4, 
and St5 still show a direction dependent wetting be-
havior. The wetting of plasma-nitrided surfaces with 
Berufluid ST 6007 shows a similar behavior for the 
untreated structures. The structures have smaller contact 
angle values than the unstructured surfaces. However, 
the plasma-nitrided surfaces do not show any significant 
change in the wetting behavior. Even though the 
plasma-nitriding process generated a nanoscopic struc-
ture on the surface, no substantial influence on the wet-
ting could be observed. This is due to the randomly 
distributed nitriding needles, which do not follow a re-
quired deterministic pattern. In addition, the diffusion of 
nitrogen into the surface layer should cause a change of 

the surface energy, thus influencing the wetting behavior. 
Tang et al. proved in their work that a plasma treatment 
increases the surface energy of stainless steel[24]. How-
ever, such a correlation was not observed after 
plasma-nitriding the structured surfaces. Furthermore, 
the plasma-nitriding process causes an increase of the 
roughness, as discussed in section 3.1.2. According to 
Wenzel’s theory, the surface roughness enhances the wet-
tability[25]. Therefore, the combination of plasma-nitriding 
and the increase in resulting roughness should induce a 
change of the contact angle due to the effect of nanoscale 
surface modifications. However, the structured surfaces 
are characterized by macroscopic dimensions, which 
seem to superimpose the nanoscopic effects. Therefore, 
the wetting behavior remains on an equal level. 

 
3.2.3  Wetting behavior after PVD-deposition 

The measured contact angles of the structured sur-
faces after the PVD-deposition are given in  
Figs. 14–15. When wetted with water, the coated struc-
tures have larger contact angles than the unstructured 
surfaces. Unstructured surfaces with annealed-nitrided 
and tempered-nitrided steel have the contact angles of 
62.2� ± 2.3� and 62.8� ± 2.1� after the deposition. The 
CrAlN coated structures have the contact angles be-
tween 68.1� and 82.0�. Furthermore, the direction de-
pendent wetting behavior applies to the anisotropic 
structures as well. As described in sections 3.1.1 and 
3.1.2, the larger contact angles with the water drop are 
formed due to the structural elevations that act as energy 
barriers. 

 

 
Fig. 12  Contact angles of bionic structures with annealed-nitrided steel. 



Tillmann et al.: Influence of PVD-duplex-treated, Bionic Surface Structures on the Wetting 
Behavior for Sheet-bulk Metal Forming Tools 529

 
Fig. 13  Contact angles of bionic structures with tempered-nitrided steel. 

 

 
Fig. 14  Contact angles of bionic structures with annealed-nitrided steel and CrAlN coating. 

 

 
Fig. 15  Contact angles of bionic structures with tempered-nitrided steel and CrAlN coating.       
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The CrAlN coated structures present the same 

tendencies as the uncoated structures when wetted with 
Berufluid ST 6007. The bionic structures also exhibit 
smaller contact angles than the unstructured surfaces. 
The structures have the contact angles ranging from 
16.1� to 20.4�, while the unstructured surfaces with an-
nealed-nitrided and tempered-nitrided steel exhibit an-
gles of 22.0� ± 1.7� and 22.3� ± 1.1�, respectively. In 
addition, the anisotropic wetting behavior with the lu-
bricant is observed for structures St1, St2, St4, and St5.  

According to the current state of knowledge, 
Cr-based thin films have a low surface energy and thus 
larger contact angles than steel wetted with water[26]. 
Within our investigations, a difference between CrAlN 
coated and uncoated structures was not detected, as the 
structures exhibit similar contact angles after deposition. 
The increase in roughness can be considered to be a 
possible cause for this behavior. Besides the influence of 
the surface energy, the wetting with fluids is also af-
fected by the surface roughness. 

4  Summary and outlook 

Bionic structures, based on models from the flora 
were developed and successfully applied onto 
high-speed steel for SBMF tools. The heat-treatment 
affects the surface topography of the micromilled sur-
faces since the micromilling process is influenced by the 
microstructure of the steel. Further treatments consisting 
of plasma-nitriding and PVD-deposition lead to an in-
crease of the roughness due to the formation of nitride 
needles and growth defects of the CrAlN thin film. 
However, the treatments do not have an impact on the 
shape of the structures.  

The wetting behavior with fluids can be influenced 
by structuring surfaces. The bionic structures exhibit 
higher contact angles than the unstructured surfaces 
when wetted with a water droplet. The anisotropy of the 
structures influences the wetting with water, as the 
structural elevations act as energy barriers and block the 
spreading of water. Thereby, higher contact angle values 
are achieved when the surfaces are wetted with water. A 
contrary behavior is observed for the deep drawing oil 
Berufluid ST 6007. Due to its higher viscosity compared 
to water, the lubricant spreads easier into the structural 
cavities. Thereby, the structured surfaces feature smaller 
contact angles than plain-milled surfaces when wetted 
with a forming lubricant. Therefore, structuring tool 

surfaces is a method to locally adjust the wettability with 
lubricants, thus changing the friction condition with a 
counterpart. Further tribological investigations need to 
be conducted in order to evaluate the influence of the 
wetting behavior during real forming processes. One of 
the major aspects for further research is to adjust the 
topography of PVD thin films by changing the bias 
voltage. 
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