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It is known that surface patterns and coating systems can affect the flow behavior of forming 
tools. In this context, we report about the surface modification of forming tool steels for aluminum 
sheet metal forming process. Microstructures with variable spatial periods and depths are fabricated 
on tool steel samples using the direct laser interference patterning method. A picosecond-pulsed in-
frared laser source with a two-beam interference setup is applied for producing line-like structures. 
In addition, a diamond like carbon (DLC) coating system is deposited on the structured surfaces. To 
improve the adhesion tendency of the DLC coating, also different plasma nitriding parameters are 
examined. According to the results, a broad spectrum of different coating-structure combinations 
can be efficiently processed, which can optimize the tribological properties of the forming tool for 
aluminum forming applications. 
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1. Introduction
Due to its low weight and excellent energy absorption

capacity, aluminum is an excellent material for a wide 
range of applications, such as in the automotive or aero-
space industry. However, the design of forming technolo-
gies for aluminum alloys still presents some challenges. 
For instance, the strong adhesion tendency of these materi-
als leads to high adhesive wear on forming tools [1] and 
affects the surface quality of components, the process sta-
bility and the targeted tolerances. Thus, a high amount of 
lubricant is currently used to reduce the adhesive tool wear 
and to enable the production of aluminum alloy compo-
nents [1]. In order to improve the ecological and economi-
cal effectiveness of current production processes, effective 
strategies have to be developed to reduce the amount of 
lubricants without increasing the wear tendency.  

It is well known, that the properties and functions of a 
surface can be controlled by specific adaptation of the sur-
face conditions such as using microstructures or coating 
systems. To control the surface topography of materials, 
Direct laser writing (DLW) and direct laser interference 
patterning (DLIP) are effective methods for the production 
of structures in a wide range of applications for several 
materials. In particular, several applications where these 
technologies have been applied were inspired by nature [2-
5]. DLW and DLIP enable the production of microstruc-
tures with different achievable structure sizes. For example, 
the feature size of the DLW is typically in the range of 
10 µm to 250 µm and is limited by the diameter of the fo-
cused laser beam. If ultra-short laser pulses are used, struc-

tures with smaller feature sizes can be also obtained within 
the laser spot such as Laser Induced Periodic Surface 
Structures (LIPSS) [6]. 

The production of structures with significantly higher 
resolutions compared to DLW are possible by using the 
DLIP-technique. This method allows structure sizes up to 
half of the used laser wavelength. In case of a two laser 
beam configuration, their characteristic repetitive distance 
(spatial period) can be calculated using equation 1 [7]: 

 

Λ = λ / (2 · sin (ϴ/2)) (1) 
 

As it can be observed, the spatial period (Λ) is a function of 
the laser wavelength (λ) and the half intersection angle (θ) 
between the laser beams.  

In the past, several research works have been performed 
for structuring different materials using this method. For 
instance, Aguilar-Morales et al. created periodic micro-
structures with spatial periods ranging from 2.6 µm to 
5.2 µm using picosecond laser system emitting 1064 nm 
wavelength [8] in steels. Depending on the number of 
beams, the structure geometry can be changed as has been 
shown by Indrisiunas et al. For instance, a two-beam inter-
ference setup generates a line-like intensity profile [9], 
while a four-beam interference setup generates a dot-like 
geometry [10]. Recently, different DLIP optics have been 
developed for high-throughput processing. For instance, 
Lang et al. developed a two-beam DLIP system using a 
rectangular elongated laser spot at the substrate reaching 
processing speeds up to ~ 0.9 m²/min [11]. Overall, DLIP 
has become one of the most efficient techniques for struc-
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turing materials with high quality, throughput and flexibil-
ity [12]. Regarding the tribological performance of surfaces, 
Rosenkranz et al. demonstrated how to reduce the coeffi-
cient of friction of DLIP treated metals by controlling the 
interface contact area [9]. 

Similar to the micro structuring process, the surface 
properties can be also modified by the deposition of hard 
thin film coatings. Within a wide range of different coating 
classes, amorphous hydrogenated carbon coatings (a-C:H) 
are well known for their exceptional tribological properties 
[13-15]. These materials exhibit both low friction and high 
wear resistance and are already in use in several forming 
applications. Numerous investigations reported a low adhe-
sion tendency in contact with aluminum [16-18] which will 
be attributed to the intrinsic capability of self-lubrication 
and a high inertness of the passivated surface [17, 18].  

A critical property of a-C:H coatings for its usage in 
forming processes is the adhesive strength to the tool sur-
face. To improve the adhesive strength, a-C:H coatings are 
commonly deposited as coatings systems with metallic 
adhesion and intermediary [21]. As an alternative or addi-
tion, the steel tools can be plasma nitrided prior to the dep-
osition of the a-C:H coating system leading to a significant 
increase in the load resistance of a-C:H coatings [22], also 
known as duplex process. 

This study concentrates on the combination of estab-
lished surface treatment methods based on laser radiation 
and surface coating in order to improve the tribological 
performance of forming tools. For this reason different 
procedures are developed for improving the performance of 
forming processes combining DLIP-surface structuring 
with the deposition of a-C:H coating systems on a hot work 
steel. An important aspect of the investigation is to deter-
mine the achievable structure resolution, which is a rele-
vant property for adjusting the hydrodynamic effectiveness 
of lubricants in forming processes. Additionally, plasma 
nitriding of the tool steel is used prior the deposition and 
structuring of the forming tools to evaluate the impact on 
the adhesive strength of the a-C:H coating to the structured 
surface, which is a critical for the usage in forming applica-
tions.   

2. Experimental procedure
The experiments were performed on discs made of the

hot work steel 1.2343 with a diameter of 35 mm and a 
thickness of 4 mm. This material is characterized by high 
strength and ductility and is frequently used for forming 
tools [23]. The discs were electro-polished prior to the 
plasma nitriding and DLIP-structuring process using a 
3 µm diamond suspension and subsequently cleaned with 
isopropanol and ethanol. For the surface modification, the 
following two treatment sequences were exerted:  
(i) Surface polishing; DLIP-structuring; coating deposition
(ii) Surface polishing; plasma nitring; polishing; DLIP-
structuring; coating deposition

2.1 Plasma nitrating and a-C:H deposition 
Main goal of the nitriding process was the optimization 

of the adhesion tendency of the DLC coating system by 
lowering the hardness gradient in the surface boundary [24]. 
For the plasma nitriding process, an industrial plasma dif-
fusion chamber with unipolar pulse plasma supply was 

used. Here, two complementary nitriding parameter sets 
were defined to evaluate the impact of the plasma nitriding 
on the adhesion tendency. Nitrogen flow (10 % and 80 % 
of total flow), nitriding time (8 h), pressure (350 Pa) and 
substrate temperature (520 °C) were adjusted according to 
prior investigations [25]. 

The a-C:H coating system was deposited by a plasma 
assisted chemical vapour deposition process (PACVD) with 
acetylene (C2H2) as the precursors gas combined with ar-
gon as process gas. To enhance the coating adhesion, the 
substrates were sputtered clean for 30 min at the beginning 
of the coating process and an interlayer based on titanium 
with a thickness of 0.2 µm was applied by magnetron sput-
tering. The thickness of the complete a-C:H coating system 
was 2.2 µm. A more detailed description of the deposition 
process and the coating characteristics is stated in [26]. 

2.2 Direct Laser Interference Patterning treatment 
The laser experiments were realized using the direct la-

ser interference patterning (DLIP) technology. The used 
setup is illustrated in Fig.1. To produce the line-like pat-
terns, two round shaped Gaussian laser beams were over-
lapped on the substrate at a certain angle. At this region, a 
periodic intensity profile is produced which can be directly 
transferred to the materials surface by selective melting or 
ablation at the interference maxima positions [27-29]. 

Fig. 1 (a) DLIP workstation developed at TU Dresden for pro-
cessing of 2D- and 3D-parts; (b) Representation of two over-
lapped laser beams with the intersection angle and the interfer-
ence area; (c) intensity profile within the interference volume and 
the spatial period (Λ) between two intensity maxima.  

The DLIP workstation uses a solid-state laser system 
(Edgewave PX2000) which emits light with a wavelength 
of 1064 nm. The pulse duration was 10 ps pulses and the 
repetition rate can be changed up to 10 kHz. The diameter 
of the interference area is approximately 196 µm. In the 
DLIP optical head, the incident beam is divided by a dif-
fractive optical element into two beams of comparable in-
tensities. Then, the beams are parallelized using a prism 
and finally overlapped with a converging lens on the sub-
strate. The angle of incidence defines the spatial period. 
Spatial periods of 3.0 µm and 6.0 µm were produced by 
setting the angle θ to 20.4 ° and 10.2°, respectively (see Eq. 
1). Further information about the experimental setup has 
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already been published elsewhere [30]. By moving the 
samples in x- and y- directions, using an Aerotech axis sys-
tem, larger areas can be processed (up to 300 mm x 
600 mm). Variation of the hatch distance in x-direction and 
pulse to pulse distance in y-direction (overlap) determined 
the homogeneity and structure depth. Fig. 2 shows sche-
matically the process strategy utilized in this work, follow-
ing the strategy developed in Aguilar-Morales [30]. By 
setting the pulse overlap and thus the number of pulses per 
area it is possible to control the energy introduced into the 
material. In particular, this strategy has shown to be very 
efficient for adjusting the structure depth. In the experi-
ments, the hatch distance was set to 60 µm and the overlap 
was varied from 80 % up to 97.5 % to achieve the required 
structure depths according to Rosenkranz [9]. Pulse over-
laps below 80 % led to structure depths of approx. 0.2 µm 
and were found out in preliminary investigations. 

Fig. 2 Schematic drawing of the moving process strategy with 
and without pulse overlap in x- and y-direction for the DLIP pro-
cess.  

2.3 Tribological investigations 
Various tribological test methods, such as the strip ten-

sile test, are known in forming technology. However, for an 
effective characterization of the tribological properties in 
this study a new screening test was developed for the mi-
crostructured test specimens. W. Rehbein`s investigations 
served as the basis of the new test method [31]. For the 
investigations a translatory tribometer (SRV5 Optimol) was 
applied with a pin on disc specimen configuration, like 
shown in Fig. 3.  

Fig. 3 tribological test assembly (SRV5 Optimol). 

The test scenario envisages an increasing load in six 
stages from 6 MPa, 16 MPa, 30 MPa, 50 MPa, 76 MPa to 
100 MPa, with 4 mm stroke and lubrication with KTL N20. 
The range of the selected pressure values was derived from 

the critical strain of geometry changes in the sheet metal 
forming process. In order to obtain a larger number of 
measurement results in the lower pressure range, the pres-
sure levels for experimental testing were selected at a non-
uniform distance. The test conditions in the higher pressure 
range were technically limited to 100 MPa. 

In addition, the specimen temperature was set at 100 °C. 
The load levels were chosen with regard to different loads 
in the forming process. The test frequency was set at 
4.2 Hz and corresponds to a speed of approx. 2 m/min, 
which is also comparable for forming processes. 

The mean coefficient of friction per load level and the 
accumulated deviation of the stroke movement per load 
level were used to evaluate the results. The characterization 
and evaluation of structured and unstructured test speci-
mens were based on the selected assessment criteria. 

2.4 Surface and material characterization 
For the analysis of the surface morphology of the pro-

duced textures, White Light Interferometer (WLI, Sensofar 
S Neox) with 50x magnification was used. Also, Scanning 
Electron Microscopy (SEM, XL30 ESEM-FEG) as well as 
an energy-dispersive X-Ray spectroscopy (EDX) were used 
to analyze the surface topology as well as the chemical 
distribution of elements. 

The hardness depth profiles of the plasma nitrided sam-
ples and the coating hardness were determined with a 
commercial hardness tester (Fischerscope H 100) recording 
load versus depth curves up to 30 mN (coating) and 50 mN 
(nitride steel). The hardness of the a-C:H coating measured 
34.1 GPa. The abrasive wear rate of 1.0 10-15m³/Nm was 
determined with the ball cratering test [32] operating with 
an alumina (Al2O3) suspension (mean alumina grain size 
1 µm). Roughness data were collected using an Atomic 
Force Microscope (Bruker Veeco Dimension 3100) in tap-
ping mode measuring an arithmetical mean height of 10 ± 
2 nm for the polished disc and 15 ± 1 nm for the unstruc-
tured a-C:H coating. To evaluate the adhesive strength of 
the a-C:H coating to the structured surface Rockwell tests 
were conducted according to ISO 26443.  

3. Results and discussion

3.1 Properties of plasma nitrided hot work steel 
The adhesive strength of the tool coating to the tool sur-

face is a critical property for the lifetime of coated forming 
tools. To evaluate the need of a prior plasma nitridring of 
the hot work steel, additional samples were plasma nitrided 
based on two different parameter sets and compared with 
untreated steel samples. 
The hardness depth profiles of the nitrided hot work steels 
are summarized in Fig. 4, presenting an increased hardness 
near the surface. Depending on the total used Nitrogen flow, 
the maximum hardness and depth varied. Using a gas flow 
of 10% N2 (dashed black line) a maximum hardness of 
1185 HVpl was obtained dropping on the typical hardness 
level of the hot work steel within a depth of 60 µm. With a 
higher gas flow of 80% (continuous black line), the maxi-
mum hardness increased up to 1430 HVpl with a nitriding 
depth of 160 µm.  
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Fig. 4 Hardness depth profiles of the hot work steel 1.2343 in the 
untreated (orange) and plasma nitrided (black) conditions under 
variation of the total nitrogen gas flow. 

The fundamentals of the material transformation and 
the connected change of the material properties during the 
nitriding process have been investigated in the last decades 
[25, 33-35]. The nitriding depth and surface hardness de-
pend on the nitriding time, nitriding temperature and nitro-
gen concentration which determine the nitrogen diffusion 
in to the bulk material. The increased hardness of the hot 
forming steel (black lines) arises primary from the for-
mation of hard nitrides of the alloyed elements like CrN or 
TiN within the diffusion zone. In case of higher N2-flows, 
an additional compound layers can be generated which 
consists of different kinds of iron nitrides [36]. A com-
pound layer was observable on the steel samples after ni-
triding with a total gas flow of 80% in N2. Pre-tests showed 
nearly no effects on the surface hardness and nitriding 
depths when increasing the nitrogen flow above 80%. Fur-
thermore, it was observed that a certain amount of hydro-
gen is needed to stabilize the plasma. 

3.2 Surface structuring of hot work steel 
In order to examine the effect of the coating process on 

the laser-structured tool steel surface, two different struc-
ture periods (3.0 and 6.0 µm) were applied to the flat sub-
strates to investigate the influence on the coating growing 
structure. The structure depth was chosen depending on the 
layer system and the associated layer thickness. To guaran-
tee a continues contact of the a-C:H coating in forming 
applications, the structure depth of the patterns was chosen 
to be smaller than the coating thickness. 

Using the two-beam DLIP setup, hot work steel sub-
strates were treated to examine its processability with ps 
laser pulses. Representative WLI images as well as surface 
profiles of the DLIP structures are shown in Fig. 5. It can 
be observed that the structural shape of the obtained pat-
terns is well defined. The generated structures have a sym-
metrical geometry and are similar to the sinusoidal wave-
form which is typical for the line-like DLIP-structures. The 
average obtained structure depth was 1.40 µm and 1.64 µm 
for the 3.0 µm and 6.0 µm spatial periods, respectively. 
These depths were achieved using a laser fluence of 
0.86 J/cm² and a pulse overlap of 97.5 %. For overlaps be-
low 95%, the structure depth was smaller than ~ 1.0 µm 
(not shown). 

Fig. 5 Topography images and profile sections of DLIP structured 
uncoated tool steel with 3 µm and 6 µm spatial periods. 

After that, the influence of the nitriding process on the 
laser processing behavior was investigated. The hot work 
tool steel was therefore treated with two different nitriding 
parameters and compared to the standard material. It could 
not be determined any influence on the structure depth of 
the different treatment variants. For example, the structure 
depth of the non-nitrided steel when using 0.87 J/cm² and 
90% overlap was 0.56 µm, while for the nitride samples 
with 10% and 80% of N2 was 0.58 and 0.56 µm, respec-
tively. 

After the quantitative analysis of the surface topogra-
phy, possible changes of the chemical composition (N, O, 
Fe) after the DLIP laser treatment was performed using 
EDX-spectroscopy. For this purpose, three material vari-
ants were examined after the laser process and compared 
with the untreated references. As it can be observed in Fig. 
6, the standard material without treatment process contains 
a very small amount of nitrogen (N). Clearly, the amount of 
nitrogen increases as a result of the different nitriding pro-
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cesses. The highest nitrogen content is obtained for the 
sample nitrided with 80% of N2 gas flow.  

After the laser process, the amount of nitrogen is re-
duced. In particular, the amount of Oxygen increases due to 
the heating of the material surface by the laser treatment 
which since oxygen (O) can diffuse into the material. The 
amount of oxygen also changed with the laser setting pa-
rameters. For the higher pulse overlaps, more oxygen is 
absorbed at the materials surfaces since more laser pulses 
are applied. This effect is also responsible for the reduction 
in the nitrogen content.  

Fig. 6 Chemical distribution of elements before and after the laser 
process for 3 different evaluated conditions. 

3.3 Combination of structure and coating system 
After the laser structuring process, the steel surfaces 

were coated with an a-C:H coating system The structured 
and subsequently coated substrates are shown in Fig. 7. 

Based on the surface topography analysis, it can be 
seen that that, in case of the samples treated with a 3 µm 
structure period, no uniform structure was detectable. This 
means, that during the deposition process the line-like ge-
ometry was covered by the a-C:H coating system. This 
effect can be explained with an inhomogeneous growing 
process leading to an increased deposition rate in surface 
valleys and thus erasing the line geometry [37]. In case of 
the 6 µm period, a lower structure depth was measured 
compared to the uncoated reference, however, the line shape 
can be very well recognized. Overall, the structure depth 
was reduced about 20 % from 1.64 ± 0.12 µm to 1.36 ± 0.18 
µm after the coating deposition process. 

As a critical property for the application in forming 
processes, the adhesive strength of the a-C:H coating sys-
tem to the structured steel surface were tested by Rockwell 
indentation tests, as shown in Fig. 8. According to the tests, 
the adhesive strength of the coating decreases with a higher 
structure depth and shorter spatial periods. In general, the 
coating delaminates from the structured steel surfaces indi-
cating an insufficient adhesive strength for the utilization in 
forming processes. 

Using the plasma nitrided hot work steel, the adhesive 
strength of the a-C:H coating system to the structured sur-
face was significantly improved (see Fig. 9). In case of a 
structure depth of 1.7 µm, no delamination of a-C:H coating 
system was observed for the 3 µm and 6 µm line-like struc-
tures. Furthermore, there were also no differences between 
the two nitriding parameter sets. So neither the nitriding 
depths nor the presence of a compound layer have a signifi-

cant influence on the adhesive strength of the a-C:H coating 
system under these test conditions (room temperature, air). 
Thus, for the application of DLIP structured and a-C:H 
coated tools in forming processes, a prior plasma nitriding 
of the tool steel is necessary. The benefits of using the 
plasma nitriding process for Al cold forming was tested at 
room temperature, permitting to evaluate the adhesive 
strength of the a-C:H coating to the steel. Preliminary tests 
at higher temperatures have also shown a significant influ-
ence on the performance of nitrided tool steels [37]. How-
ever, further tests at higher temperatures are needed to qual-
ify the structured and a-C:H coated tool surface for warm 
forming processes. 

Fig. 7 Topography images and profile sections of DLIP structured 
and subsequently coated tool steel (1.2343) with a spatial period 
of 3 µm (top) and 6 µm (bottom). 
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Fig. 8 Adhesive strength of the a-C:H coating system to linear 
structured hot work steel (1.2343) evaluated by Rockwell indenta-
tion tests. 

Fig. 9 Adhesive strength of the a-C:H coating system to plasma 
nitrided and DLIP structured (1.7 µm depth) hot work steel 
(1.2343) evaluated by Rockwell indentation tests. 

3.4 Tribological test results 
In the tribological study test, specimens with different 
structuring parameters were examined, using the method 
which was previously described in 2.3. Fig. 10 shows the 
friction coefficient results of the load step test of the select-
ed samples. The line-like structure with 80 % pulse to pulse 
overlap lies above the reference in all load levels up to 
50 MPa. Furthermore, the test was stopped at load level 
76 MPa, by stick and slip conditions. The line-like struc-
ture with 95 % overlap have a coefficient of friction ad-
vantage over the reference at low load levels up to approx. 
16 MPa. The load level 30 MPa represents the transition 
area, in which the reference has better friction values than 
the DLIP structures. The evaluation of the deviation of the 
stroke movement per load level confirms the results (not 
shown).  

Fig. 10 Tribological test results for the load stage method of DLIP 
structured specimens and the reference. 

4. Conclusions
In this work, the DLIP structuring technology was

combined with a PVD-PACVD deposition of an a-C:H 
coating system to modify hot work steel surfaces for the 
application in aluminum forming processes. The structur-
ing parameter were varied and the resulting adhesive 
strength of the a-C:H coating system was tested to evaluate 
the feasible structure-coating combinations and a sufficient 
load resistance for forming applications. Additionaly, plas-
ma nitriding treatments of the hot work steel were con-
ducted prior to the structuring and coating process to vali-
date the potential for improving the adhesive strength of the 
a-C:H coating to the structured steel surface. The following
conclusions can be made based on the investigation:
(i) DLIP permitted to fabricate line-like patterns with 3 µm
and 6 µm spatial periods, with structure depths up to
1.64 µm.
(ii) The feasible resolution after the a-C:H coating process
is limited by the spatial period, since the coating is not de-
posited efficiently at the valleys of the DLIP structure.
(iii) The adhesive strength of the applied a-C:H coating
system to the structured steel surface was according to
Rockwell tests insufficient for the forming processes. Spe-
cially, for higher structure depth and smaller periods the
coatings tends to delaminate.
(iv) The plasma nitriding of the hot work steel leads to a
significant improvement of the adhesive strength qualifying
all tested structure-coating combinations for the application
in forming processes.
(v) Regarding the tribological performance of the laser
treated samples, the structure-coating combination pro-
duced with a pulse overlap of 95 % led to a reduction of the
friction coefficient compared to the unstructured reference
at lower pressures (up to approximately 16 MPa). This im-
provement is reflected in a lower cumulative coefficient of
friction and a lower wear value. When applying higher
loads as well as for samples treated with smaller pulse
overlaps (80 %), the surface properties of the structured
samples resulted in a higher friction and wear values. How-
ever, considering the significant improvements in the adhe-
sion of deposited coatings due to the DLIP treatment, even
surfaces showing similar friction and wear values com-
pared to an untreated surface are huge advantage. Further
research is necessary in the future for evaluating the life
performance of these surfaces.
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In future works, the structure geometries and tool coat-
ings will be varied to adjust the tribological and hydrody-
namic properties. One goal will be the reduction of lubri-
cants needed in forming processes of aluminum. Moreover, 
the structure will be used to realize tailored tool surfaces 
with locally optimized tribological properties. By certain 
coating-structure-systems, the friction value can be adjusted 
without increasing the adhesion tendency. Applying various 
coating-structure-systems according to the local load regime 
on the tool surface gives the opportunity to control the ma-
terial flow during the forming process which results in high-
er forming rates and an improved part quality.  
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