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Abstract 

In this study, we demonstrate that metallic substrates with a nanocrystalline grain size can be 

structured down to the micro- and nanometre range during a room temperature nanoimprinting 

process. WC-Co hard metal dies are patterned by Direct Laser Interference Patterning (DLIP), 

generating an array of separated asperities with a height of 4.7 µm and a spacing of 11.3 µm. 

Additionally, Laser Induced Periodic Surface Structures (LIPSS) with a spacing of 500 nm are 

formed as a hierarchical substructure. The patterned dies can be used to deform metallic 

substrates due to their high hardness. For structure replication, the WC-Co tool is pressed onto 

a nanocrystalline CuZn30 model alloy at room temperature. The pattern transfer process from 

the hard metallic tool to the nanocrystalline alloy is discussed in detail: At low contact 

pressures, the asperities on the tools act as single contact points, leading to the formation of 

separated dimples with a depth of up to 0.8 µm in the nanocrystalline alloy. At high contact 

pressures, the tool pattern, including the LIPSS is almost completely transferred to the substrate. 

The formed asperities protrude out of the surface, with a height to width aspect ratio of 0.4. It 

is thereby demonstrated, that plastic flow processes during the imprinting of nanocrystalline 

alloys allow for the replication of the DLIP tool pattern, even down to nano-scaled LIPSS. The 

imprinted array of surface asperities exhibits hydrophobic properties, due to a combined 

topographical and chemical influence on the wetting behaviour.  
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1. Introduction 

Metallic surfaces can be easily structured with metal forming processes like coining or 

imprinting at room temperature; however, the available structure size is limited to the sub 

millimetre regime, strongly depending on the grain size of the material [1, 2]. For many 

applications, it is necessary to further reduce the length scale of structure features down to 

micro- or nanometre ranges. In this context, surface patterns on metals (i.e., periodic or random 

repetition of single surface structures) have shown to be capable of influencing the tribological 

[3–7] and wetting properties [6, 8–12]. Depending on the patterns’ design, wetting, for instance, 

can be modified from superhydrophilic to superhydrophobic, or even omniphobic behaviour 

[11–16]. Besides that, heat transfer during boiling [17, 18] or even an improvement of the 

osteoblast density on dental implants out of titanium [19] can be significantly influenced by 

modifying the surface.  

To form surface patterns onto metals on various length scales, different techniques can be 

applied, including electromechanical micromachining [20] and vibration-assisted cutting [21] 

for larger scales, as well as lithography [22] and focused-ion-beam-milling [23] for structures 

in the dimensions of nanometre and up to micrometre. These techniques are, however, non-

continuous processes and cannot be easily upscaled for the patterning of metallic surfaces for 

industrial application. In the meantime, nanoimprinting has not only shown first successes in 

nanometre-scale patterning, but is also a promising method for the future of large-area surface 

patterning. Originally, nanoimprinting lithography was developed for patterning soft polymers 

above their glass transition temperatures [24, 25] using a micromachined Si-die. Further 

research allowed nanoimprinting on conventional metals like aluminium, copper, and stainless 

steel using a silicone tool with structure sizes between 2 µm and 200 µm [26]. For application 

on metallic materials, the grain size with respect to the structure size will greatly determine the 

plastic transfer of the tool geometry onto the substrate. Wang et al. [27] showed that for grain  

sizes in the range of the structure width, only a limited transfer of the tool pattern onto the 

substrate could be achieved. Furthermore, grain sizes between 23 and 490 µm have been 

investigated and a minimum ratio of cavity width to grain size of 2.4 with lowest mould filling 

ability was observed [28]. The metallic nanoimprinting process was further developed by Durst 

et al., Ast et al. and Braun et al. [29, 30] downscaling the tool structure sizes down to 300 nm 



and strongly reducing the grain size to the nanocrystalline regime. Coarse grained materials 

with a low yield stress showed only a limited pattern transfer and, furthermore, the imprinting 

would not lead to protruding surface asperities, but rather the formation of dimples in the 

surface [31]. For ultrafine grained and nanocrystalline metals produced by severe plastic 

deformation, they demonstrated, that structure sizes of 300 nm with an aspect ratio of 1.1 could 

be achieved in a single contact nanoimprinting experiment. Nanoimprinting studies so far have 

been performed using FIB produced flat-ended punches with diameters in the range of 1 - 40 

µm. These single contact experiments cannot be easily up-scaled for large area patterning. 

Large area patterning based on plastic deformation requires tools, which are strong enough and 

have a high fracture toughness. Additionally, for many applications small structures are 

relevant, which is why the tools have to be patterned down to the micrometre regime. Here laser 

surface patterning offers the unique possibility to pattern larger surface areas on a wide variety 

of materials and is one of the fastest growing surface patterning methods. This method provides 

fast, contactless and therefore wear-free processing, as well as a wide range of possible pattern 

designs [32]. Creating small structures with sizes ranging down to the nanometre scale 

(< 100 nm) in a very productive way (up to patterning speeds of ~1 m2/min), especially Direct 

Laser Interference Patterning (DLIP), has shown to be a promising tool in the past [33, 34]. 

DLIP is based on the interference of two or more highly energetic laser beams on the substrate 

surface, resulting in the formation of periodic patterns with a defined long-range order [34, 35]. 

The patterns’ shape is defined by the number of beams, their polarization state, and the phase 

shift between them [36]. Overlapping two beams, results in the most basic pattern with a one-

dimensional line-like shape, whereas three and four beams induce triangular and square arrays 

of periodic features, respectively [36]. Particularly for ultrashort pulse laser irradiation, in 

addition to the pattern created by the dedicated interference of the laser beams Laser Induced 

Periodic Surface Structures (LIPSS) may occur. LIPSS are also (quasi-)periodic structures, 

which correlate clearly with the laser wavelength and the polarization [37]. It is assumed that 

they originate from the superposition of the incident laser beam with laser light scattered or 

reflected at the surface [36, 38] It has been demonstrated that by combining DLIP and LIPSS 

hierarchical patterns can be generated in a one-step process, which might be interesting, for 

instance, in wetting applications [37]. Here, it is known that the wettability of the surfaces can 

be modified to induce super-hydrophobic properties [10]. Laser patterning has been thoroughly 

investigated with respect to its effects on the tribological properties, e.g., increasing the 

lubricant lifetime, thus, reducing wear of the work piece [3, 14]. 

 



In this study, DLIP is used to micropattern the surface of an imprinting die, which is then used 

to pattern the surface of a nanocrystalline alloy via an imprinting process. Of particular interest 

here is the transferability of the tool topography to the substrate and the associated plastic flow 

processes. It is demonstrated, that DLIP patterns formed on a hard metal WC-Co die, consisting 

of an array of separated asperities, can be fully transferred to a nanocrystalline CuZn30 alloy 

including nanoscale surface features. The flow mechanisms during the nanoimprinting process 

are analysed and it will be shown that depending on the applied contact pressure, different 

surface patterns (from separated dimples to separated asperities, which protrude out of the 

surface) can be obtained using the same tool. Therefore, we could show that it is possible to 

pattern the surface of metallic alloys at room temperature by a simple and fast plastic imprinting 

process. To demonstrate the changes in the surface properties induced by the surface pattern, 

contact angle measurements with water are performed. Additionally, the influence of ageing 

time in dry room air on the wetting behaviour was analysed. 

2. Experimental Methods 

2.1 Direct Laser Interference Patterning 

The surface topography of the nanoimprinting dies was modified using Direct Laser 

Interference Patterning. For this, a Ti:Sapphire laser source emitting ultrashort laser pulses with 

a pulse duration of 100 fs at Full Width Half Maximum (FWHM), a centred wavelength λ of 

800 nm, and a power of 736 mW (corresponding to a pulse energy of 0.736 mJ) was used. The 

use of ultrashort laser pulses (pulse duration < 10 ps) allows for creating smaller structures on 

a wide range of materials with a minimized input of heat into the patterned materials [38]. To 

create interference of two laser beams the primary laser beam has to travel through an optical 

setup, shown in Figure 1a. The beam diameter is adjusted by passing an aperture (4.5 mm), 

which also alters the intensity profile from Gaussian to a near Top Hat. The polarization angle 

of the laser beam is adjusted perpendicular to the generated pattern orientation by a quarter 

wave plate. A Diffractive Optical Element (DOE) divides the laser beam into two coherent sub-

beams, which are then brought to overlap on the sample surface by a 25 mm lens system with 

a focal length of 100 mm. The deflection of the beam paths in the optical system has to be kept 

as low as possible to still allow for interference across the full spot diameter due to the short 

coherence length of approx. 30 µm in case of 100 fs laser pulses. When the two beams overlap, 

they interfere and a line-like sinusoidal intensity distribution results, which is illustrated in 



Figure 1b. The periodicity p of the intensity maxima can be adjusted by positioning of the DOE 

in the beam bath, which results in a change of the laser beam’s incident angle. 

 

 
Figure 1: a) schematic illustration of the optical setup for USP-DLIP. 1 laser source, 2 aperture, 3 wave plate, 4 DOE, 5 lens 
system, 6 automated two axes (x,y) sample mount. b) two beam interference leading to one-dimensional sinusoidal intensity 
patterns. Periodicity accounts for the distance between two intensity maxima. g is the object distance (1.32 m), b is the image 
distance (0.11 m), f is the focal length (0.1 m), z is the difference between image distance and focal length (0.01 m), d is the 
distance of the focal point to the central axis, and q is the incident angle (2.08 °). Adapted with permission from [38]. Copyright 
(2020) Springer Nature. 

 
As a result of the high peak intensities, material is ablated at the maxima positions of the 

intensity distribution, whereas the low intensity at minima positions leaves the material surface 

largely unchanged. To create continuous patterns the sample is moved using an automated two 

axes stage, so that the laser scans over the surface of the nanoimprinting tool at a speed of 

3 mm/s in continuous pulsing mode with a pulsing frequency of 1 kHz, which results in a hatch 

distance of 3 µm. For this study the aim was to generate a cross-like surface pattern with closed 

pockets. To achieve this the surface is processed in two steps, superpositioning two line-like 

patterns. The first patterning event creates a line-like pattern in y-direction. Subsequently, the 

nanoimprinting tool is rotated by 90°, and the second patterning event superimposes a line-like 

pattern in x-direction.  

 
2.2 Materials selection 

Tool material 

Since the nanoimprinting process is performed on strong metallic alloys at room temperature, 

it is necessary to ensure that the DLIP pattern on the tool is not damaged during the 

nanoimprinting process. The tool material should thus be very hard and fracture resistant and 

furthermore exhibit a very fine-grained microstructure, so that the grain size is smaller than the 

structures to be created.  Ultrafine grained WC-Co hard metals fulfil this requirement, therefore 

a fine-grained WC-Co hard metal tool (TIGRA GmbH) with a Co content of 10 wt.% and a 



grain size of the WC particles of < 1 µm has been used. The chosen alloy has a hardness of 

24.2 GPa and a fracture toughness of 10.4 MPa×m1/2 [39]. 

 
Substrate 

Nanocrystalline CuZn30 processed via High Pressure Torsion (HPT) was chosen as material to 

be patterned via nanoimprinting. Discs from a CuZn30 brass alloy with a diameter of 20 mm 

and a height of 2 mm were used for the HPT process at a load of 1400 kN, corresponding to a 

stress of 4.5 GPa and a total number of 12 rotations. After HPT, the samples had a remaining 

height of about 1.5 mm resulting in a strain of about 145 at the half radius. Figure 2a shows a 

TEM micrograph of the material microstructure, with a grain size of about 100 nm. Due to the 

used process conditions, a steady state saturation grain size is achieved throughout the HPT 

disc [40]. Moreover, nanocrystalline metals are known for their good mechanical properties. 

The nanocrystalline CuZn30 alloy used in this study exhibits a flow stress of about 900 MPa 

(Figure 2 b), thus exceeding the flow stress of most of the commonly used stainless steels. It 

can therefore be assumed that the nanoimprinting process using a WC-Co tool material can also 

be transferred to austenitic steels or Ti alloys. Further, Braun and Durst have shown, that 

CuZn30 shows excellent extrusions properties in a flat punch single contact experiment. In 

these experiments very high aspect ratios of the produced structures where achieved, with an 

extrusion height greater than 300 nm at a width of roughly 200 nm [31].  

 

 
Figure 2: a) Microstructure of the used nanocrystalline CuZn30; b) Stress strain curve in a compression test of the 
nanocrystalline CuZn30. 

 
2.3 Nanoimprinting  

The nanoimprinting tool was fabricated via wire cutting from the WC-Co hard metal, with a 

shape resembling a flat punch indenter with a diameter of 1.5 mm. The contact face of the tool 



was ground and polished (0.25 µm diamond suspension, Rz < 0.01 µm). Afterwards, the tool 

was fabricated through patterning by DLIP as described in section 2.1. The nanocrystalline 

CuZn30 substrate was metallographically prepared and polished with an Al2O3-suspension 

(grain size 50 nm) as final step. Before nanoimprinting the substrate was cleaned with ethanol 

in an ultrasonic bath. Using an Instron 5967 universal testing machine, the patterned WC-Co 

tool was pressed into the substrate with contact pressures varying between 450 and 3500 MPa 

(corresponding to a load between 880 and 6200 N) at room temperature. The loading and 

unloading of the contact were performed in a timeframe between 20 and 60 s. Further 

development and automatization of the process could possibly strongly reduce imprinting times 

down to the second range. A schematic representation of the combined process (DLIP and 

nanoimprinting) can be seen in Figure 3.    

 
Figure 3: Schematic representation of the combined approach using DLIP for the manufacturing of the tool, which is then used 
for patterning of the work piece surface via nanoimprinting resulting in its functionalization. 

Large-area surface patterns for contact angle measurements were achieved by slightly 

overlapping individual imprints, resulting in a patterned surface area with a size of about 

8 x 11 mm2. After 10 imprints a cleaning step was carried out using 10%-HCl solution for a 

period of time of 8 minutes. 

 
2.4 Surface Characterization and Contact Angle Measurement 

Scanning Electron Microscopy (SEM, TESCAN MIRA 3, 15 kV and Beam Intensity 10) was 

used to image the patterns on the tool as well as the patterns transferred to the work piece. To 

characterize the patterns formed by nanoimprinting, their structure height was measured as the 

largest difference between the highest and lowest structure features using confocal laser 

scanning microscopy (LEXT 4100, Olympus). In addition, the arithmetic mean roughness Ra 

was measured across the whole surface for at least 60 times by averaging line roughness values.  

To exemplary demonstrate the functionality of nanoimprinted patterns, contact angle 

measurements with water were performed. The wetting behaviour was characterized with the 

Contact Angle System OCA (DataPhysics), analysing the static contact angle of a water droplet. 



Due to the current technical state with a relatively small patterned surface area of a few square 

millimetres, a drop of distilled water with a volume of 3 µL was placed on the surface and 

observed from the side. The water droplet, however, has a diameter of roughly 2-3 mm and 

covers several thousand nanoimprinted structures. The resulting contact angle is therefore 

representative for the wetting behaviour of the surface patterns. At least five drops per sample 

were evaluated and the average was calculated. In addition to the contact angle measurement 

directly after the nanoimprinting process or the polishing process, the contact angle was 

measured as a function of the ageing time in dry air at room temperature.  

 

 
3. Results and Discussion 

3.1 DLIP of WC-Co Hard Metal Tool 

To investigate the success of laser patterning the WC-Co hard metal tool in terms of pattern 

homogeneity and surface quality, first, the tool’s surface is imaged via SEM. As can be clearly 

seen from the overview Figure 4b, the DLIP pattern is homogeneously distributed over the 

entire tool surface with a periodic repetition of quasi-identical surface structures, typical for the 

DLIP process. By using an ultrashort-pulsed laser with a pulse duration in the femtosecond 

regime, significant heating of the substrate and melt formation can be avoided. Only slight melt 

residues can be observed on the formed pattern, which are probably generated in the low 

intensity zones of the pattern [41, 42]. Additionally, no surface damage such as cracks are 

visible, which is in good agreement with an earlier study on laser processing of a WC-Co 

substrate, showing less damage during laser patterning with smaller grain sizes [42] which 

demonstrates the possibility to create high quality laser patterns by DLIP on the WC-Co tool. 

The width of the produced structures (i.e., the distance between one topographic maximum to 

the adjacent one) was measured to be 11.3 µm by laser scanning microscopy. The spacing of 

the ordered patterned surface resembles somewhat the surface of a lotus leaf (Figure 4a), whose 

primary structures have a spacing in the range of 20 µm, however exhibiting a structure height 

in the range of 15 µm [43] and a roughness of about 0.6 µm. The DLIP process parameters were 

adjusted to achieve the largest possible structure height, which resulted in a varying minimum 

and maximum height of the primary pattern of 2.3 ± 0.1 µm and 4.7 ± 0.1 µm, respectively. 

This variation of the height can be traced back to the patterning technique, where the crossing 

points between topographical maxima positions show an even higher structure height by 

passing over these positions twice, once in x- and once in y- direction. The superordinate pattern 

is composed of LIPSS, which are clearly visible in Figure 5a. The here observed LIPSS 



correspond to low spatial frequency LIPSS as their periodicity of roughly 500 nm (Figure 5a 

and c) is in the order of the magnitude of the laser wavelength and they are oriented 

perpendicularly to the laser polarization. As a result of the two-step processing technique the 

superordinate LIPSS pattern also exhibits a cross-like pattern, which is more pronounced in x-

direction, caused by the second laser processing step.   
 

 
Figure 4: a) SEM picture of the hierarchical surface of a lotus leaf; b) Overview SEM image of the cross-like pattern on the 
WC-Co carbide tool produced by DLIP with a line width of 11.3 µm. 

3.2 Pattern transfer via Nanoimprinting 

To generate a pattern on the nanocrystalline alloy having a flow stress in the range of 900 MPa, 

nanoimprinting experiments have been conducted with varying contact pressures up to a 

maximum contact pressure of 3500 MPa. After 80 nanoimprinting experiments, no surface 

damage (e.g., spalling) of the WC-Co tool was found. The surface roughness of the tool is only 

slightly reduced after all experiments from an initial roughness of 272 ± 70 nm before the 

experiments to 244 ± 50 nm after the nanoimprinting process (see Figure 5). Nevertheless, 

some material transfer from the substrate to the WC-Co tool occurs, requiring a cleaning step 

after ~ 10 imprinting experiments. Future studies will analyse possible wear effects on the tool 

and their effect on the transferred surface pattern on the substrate. 



 
Figure 5: Surface pattern of the WC-Co before (a, c) and after nanoimprinting (b, d). In the SEM images, the LIPSS structure 
before a) and after imprinting b) is clearly visible. The roughness as well as the height profile after nanoimprinting d) are 
slightly smoothened in comparison to the initial condition c). However overall, the surface pattern as well as the LIPSS pattern 
are clearly preserved even after 80 imprinting operations. 

Figure 6 gives an overview of the pattern formation at a contact pressure of 2800 MPa. For 

achieving larger patterned surfaces, imprints were positioned onto the surface with a slight 

overlap (Figure 6a). In the overlapping areas the pattern is mostly influenced by the last imprint. 

However, a small step (max. 30 µm) between the single imprints can be seen. The influence of 

the step height between individual imprints can be neglected for the contact angle 

measurements, since the contact angle is mainly affected by the contact line rather than the 

contact area [44]. A close-up of the pattern formed with 2800 MPa on the CuZn30 substrate is 

shown in Figure 6b. The light grey areas in the laser scanning micrograph correspond to the 

topographic maxima, whereas the dark areas correspond to topographic valleys, called dimples 

in the following. The profiles of the created dimples are found in a cross-sectional analysis of 

the pattern, imaged by 3D laser scanning microscopy (Figure 6d, scan 1). For the applied 

contact pressure, a maximum structure height of roughly 3.5 µm is achieved. In contrast, when 

following a profile in x- or y-direction a reduced structure height is found (Figure 6d, scan 2). 

These two different primary structure heights found on the substrate correspond to the varying 

structure height on the tool, being a consequence of the patterning technique. In total a plastic 

indentation depth (sink-in of the whole tool) of ~300 µm is observed. Within the dimples 

(darker areas in Figure 6b) even the smallest features of the pattern such as the LIPSS are 

transferred to the sample surface after the nanoimprinting process, which can be clearly seen in 



the SEM picture in Figure 6c. This indicates, that every asperity on the tool (roughly 13,000 in 

total) is acting like a single contact point. The local material flow is thus governed by the shape 

of the individual asperities as well as the local contact pressure. Interestingly, the material flow 

is also following the LIPSS pattern, effectively transferring the surface pattern on the tool to 

the nanocrystalline CuZn30 substrates. The contact situation of the individual asperities on the 

forming tool resembles the contact situation of nanoimprinting experiments performed in 

literature, using a flat punch nanoindenter with a diameter of 10 µm and ring-cavities with 

widths of 688 nm [31]. There, it has been shown that extrusion heights as large as 1 µm at a 

width of ~700 nm can be achieved on nanocrystalline CuZn30 alloys, while coarse grained 

alloys did only show limited material flow. The size of a single asperity on our WC-Co tool is 

quite similar, which applies also to the 0.5 µm widths of the LIPSS, which serve as cavities. 

During the nanoimprinting process, the LIPSS appear almost completely filled by the substrate 

material, reaching a height of about 200 nm with sharp edges. It can be assumed that this high 

degree of resemblance of the imprinted nanostructures to the LIPSS on the tool is only possible 

due to the high plastic deformability of nanocrystalline metals. This demonstrates that the 

knowledge gained from single contact experiments can be transferred to the “macroscopic” 

nanoimprinting process presented here. Beside the grain size and the associated possible 

deformation processes, the work hardening behaviour plays a major role during surface 

patterning via plastic deformation. With a low work hardening material, like nanocrystalline 

CuZn30, the plastic zone stays small and deformation is confined to the tool pattern, thus 

promoting material flow into the tool pattern. A detailed discussion of the deformation 

processes involved in nanoimprinting and the effect of the grain size can be found in [29–31].  

In general, a good surface quality is achieved with a homogenous distribution of surface 

structures over the whole surface. Additionally, the occurrence of two different primary 

structure heights and even smallest features in the form of LIPSS, demonstrate an excellent 

transferability of the patterns from tool to work piece. 

 



  
Figure 6: a) SEM scan of the patterned work piece. Three overlapping imprints can be seen. b) Patterned work piece surface 
(with 2800 MPa) of the nanocrystalline CuZn30 imaged via laser scanning microscopy. The light grey areas are elevated and 
the dark grey areas correspond to cavities in the surface. The LIPSS structures have also been transferred to the substrate, as 
visible in the structure of the dark grey areas (cavities). c) SEM picture of the formed pattern under a tilting angle of 55°. The 
transferred LIPSS on the flanges of the hierarchical structure can be seen clearly. d) Linescans 1) across the pattern, 2) 
lengthways the pattern. The positions of the scans are marked in b). 

To quantify the form filling behaviour, the resulting maximum structure height of the patterned 

samole as a function of the acting contact pressure as measured from laser scanning microscopy 

is shown in Figure 7. The data show, that the form filling in terms of structure height linearly 

increases with increasing contact pressure in the investigated load range. The standard deviation 

was determined for one structure, at different locations by means of a line profile over at least 

10 measured values. The results are minor thus, showing a homogenous manufacturing of the 

surface pattern with the punches.  

At the maximum contact pressure of 3500 MPa, a maximum in structure height of about 4 µm 

is achieved. However, at this contact pressure the macroscopic indentation depth is about 

500 µm. This means that the entire surface underneath the tool is pushed to a level far 

underneath the initial surface level. 

 



 
Figure 7: Structure height as a function of the applied contact pressure between tool and substrate, measured at a cross-section 
via laser scanning microscopy according to Figure 6c “across” configuration. 

 

A detailed analysis of the formed pattern is presented in Figure 8. Height images via laser 

scanning microscopy and the corresponding profiles measured at a cross-section according to 

the “across”-configuration illustrated in green in Figure 6 b reveal the quality and geometry of 

the formed pattern on the work piece as a function of contact pressure. For the lowest contact 

pressure of 470 MPa (Figure 8a), only the highest asperities of the tool are indented into the 

substrate, forming a homogenous pattern of separated imprinted dimples, which all have 

roughly the same depth of 800 nm and furthermore, the periodic LIPSS structure is clearly seen 

within the dimples. As a result of plastic deformation and material flow, small bulges are 

created at the dimples’ edges. Since only the highest asperities of the tool are in contact with 

the work piece, the surface area between the individual dimples is unchanged and remains flat. 

Increasing the contact pressure to 2250 MPa (Figure 8b), results in a significant increase of 

both structure height and width, by a deeper indentation of the tool into the substrate (Figure 

8d, note again the LIPSS). At this contact pressure the width of the structures has increased to 

such an extent that the individual dimples start to contact each other at the edges, thereby 

forming a chessboard-like pattern of almost square, plateau-like surfaces separated by dimples. 

Resulting from a higher contact area between tool and work piece and a greater flow of material 

during the nanoimprinting process, the asperities or topographic maxima positions between the 

structures get rougher. Finally, for the highest contact pressure of 3500 MPa (Figure 8c), the 

patterned surface resembles the inverted tool pattern and none of the original surface remains 

undeformed. The remaining islands (i.e., topographic maxima) start to flow into the cavities of 

the tool, thereby forming spiky asperities. From now on, a pillar-like pattern with high asperities 

is achieved. At this applied contact pressure, the pattern on the nanoimprinting tool is almost 

filled completely by the deformed material (Figure 8d). The process of pattern formation with 

varying contact pressure can be visualised by superimposing the tool profile (black line) with 

the surface topography (coloured lines) formed at different contact pressures as shown in Figure 



8d. At the smallest contact pressure, only individual separated dimples are formed, whereas 

increasing contact pressure is initiating plastic flow between asperities. At maximum pressure 

the profile of the nanoimprinted pattern (dashed pink line) follows the tool profile (black line) 

quite closely thereby underlining the good transferability of the tool pattern to the substrate at 

this contact pressure. The results show that significantly different patterns can be achieved with 

one tool by adjusting the contact pressures and, thus, the introduced plastic flow.  

 

 
Figure 8: Resulting patterns of the nanoimprinting process with different applied contact pressures of a) 470 MPa, b) 2250 
MPa und c) 3500 MPa imaged via laser scanning microscopy. d) Line scans of the used tool (black) and of the formed patterns 
on the work piece (coloured) with different pressures. The different colours correspond to different contact pressures according 
to the color-coded legend. The contact pressure for forming the patterns was varied between 470 and 3500 MPa. 

 

3.3 Wetting Behaviour of Nanoimprinted Surfaces – potential application 

To demonstrate the effect of surface patterns produced by nanoimprinting on the wetting 

behaviour of CuZn30 surfaces, contact angle measurements were performed on the patterned 

surfaces and compared with a polished sample. The measurements were performed as a 

function of time [45–47]. . Regarding the wetting behaviour two different effects can be 



observed, namely a topographical and a chemical one. The topographical effect is induced 

through a change in structure depth by increasing the contact pressure from 470 MPa to 2250 

MPa, whereas the chemical effect results from the accumulation of molecules on the surface 

due to ageingThe results of the wetting experiments are summarised in Figure 9. Directly after 

polishing and cleaning with ethanol the polished surface shows a contact angle of 65°, which 

is a typical value found for polished CuZn30 samples [46]. In comparison, the sample produced 

with a contact pressure of 470 MPa shows nearly the same contact angle as the polished surface. 

In contrast, a higher contact pressure of 2250 MPa during the nanoimprinting process leads to 

a slight increase of the contact angle to 73°. Consequently, directly after the nanoimprinting 

process a small change of the contact angle (i.e., increase of contact angle by 8°) can be 

achieved by the use of the nanoimprinted pattern. This decrease in wettability in case of the 

patterned surface can be correlated with the Cassie-Baxter state, where air is trapped underneath 

the droplet sitting on top of the dimples [48] or a transition state between Wenzel and Cassie-

Baxter state, where the liquid partially penetrates the dimple-like pattern [49]. In contrast to 

direct laser patterned surfaces no chemical modification of the work piece surface during 

nanoimprinting is to be expected. The observed effects can be described solely to the influence 

of the created surface pattern and hence, the modification in surface topography. A comparison 

of the functionality of patterns manufactured by these two techniques could help in future work 

to distinguish between the impact of topography and surface chemistry on i.e., the wetting 

behaviour.  

The pattern itself, but also ageing and the resulting chemical processes on the surface, have an 

effect on the wetting behaviour of metallic surfaces [50]. After ageing the surfaces under dry 

room air, the contact angles for all measured samples increase. Until an ageing time of 22 days, 

this increase in contact angle is comparable for the polished surface and the patterned sample 

nanoimprinted at 470 MPa. Afterwards, the polished sample shows a plateau with stable contact 

angles around 87° until day 32, whereas the nanoimprinted sample produced at 470 MPa shows 

a steep increase in contact angle until day 32 resulting in a maximum contact angle of 97°. The 

sample patterned with a contact pressure of 2250 MPa and thus a greater pattern depth, shows 

the steepest increase in contact angle with ageing. After an ageing time of 32 days a contact 

angle of 121° is reached. This time-dependent wetting behaviour was also observed for a variety 

of laser patterned surfaces in earlier studies and was explained with the decomposition of CO2 

from the atmosphere and an accumulation of nonpolar carbon on the surface [47]. Hence, the 

influence of ageing on the wetting behaviour can be traced back to the adsorption of molecules 

on the surface, thereby influencing the surface’s chemistry. Therefore, the high contact angles 



observed after ageing can be traced back to a synergetic effect of surface patterning and 

hydrophobization by chemically modifying the surface [47]. In direct comparison with the 

polished specimen, the patterned specimen reaches maximum contact angles that are around 

35° higher. This difference is likely to be dominated by the introduction of a surface pattern 

through nanoimprinting. 

 
Figure 9: Contact angles of a polished surface and patterned surfaces nanoimprinted with contact pressures of 470 MPa and 
2250 MPa as a function of time. In addition, representative images of droplets after different ageing times are shown. 

4. Conclusions 

In this study, a WC-Co hard metal nanoimprinting tool was laser patterned by Direct Laser 

Interference Patterning using a femtosecond laser. The patterned tool was used to transfer the 

patterns to a nanocrystalline CuZn30 substrate by nanoimprinting, applying contact pressures 

between 0.5 and 3.5 GPa. We investigated the resulting pattern evolution as well as the resulting 

wetting behaviour of the patterned surfaces. The following conclusions can be drawn: 

- The DLIP patterning technique where the laser beam is scanned over the tool surface 

once in x- and once in y-direction results in a homogeneous cross-like pattern. The 

primary structures are covered with smaller LIPSS structures, forming a hierarchical 

surface topography, which has a similar structure spacing as found on lotus leaves. 

- In a nanoimprinting process the DLIP pattern is transferred from the tool to an HPT-

deformed nanocrystalline CuZn30 work piece. It is particularly interesting that the 

morphology of the patterns on the work piece can be varied by adjusting the contact 

pressure, while using the same tool. In this context, the morphology can be tuned to 

form a surface pattern with separated dimples at low contact pressure or a pillar-like 

pattern separated by spiky asperities at large contact pressures. After the nanoimprinting 

process no damage, but only slight smoothening of the tool pattern was observed. We 



conclude that a laser patterned tool can be used to introduce plastic deformation into a 

nanocrystalline metallic surface to reproduce a negative on the tool pattern. 

- The samples nanoimprinted with a contact pressure of 2250 MPa showed an influence 

on the wetting behaviour, increasing the contact angle by 10°, which can be traced back 

to the topographical effect induced by the patterns. Ageing the samples in dry room air, 

resulted in a strong increase of the contact angle, in particular for the patterned samples. 

After an ageing time of 32 days, the sample manufactured at 2250 MPa shows an 

average contact angle of 121°, while the polished surface shows a contact angle of 87°. 

The measured contact angle after imprinting is a direct result of the introduced surface 

pattern, whereas after aging, both pattern and chemical composition influence the 

wetting behaviour.  

- The combination of DLIP and nanoimprinting is a promising approach to create a 

variety of surface patterns via a simple imprinting process without influencing the 

surface chemistry. The nanoimprinting process can be easily upscaled, making the 

concept attractive for functionalizing larger metallic substrate areas. Additionally, 

DLIP-processed tools could be used in machine-hammer-peening to pattern complex 

geometries.  
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