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Summary 

Lubricants are commonly used in metal forming processes to reduce the friction between the workpiece and 

the forming tool to protect semi-finished products and goods against corrosion and to reduce the load on the 

tool. One aim of environmentally friendly production technologies is to achieve dry forming without the use 

of lubricants. The goal of this project is to enable the dry forming of aluminum alloys during deep drawing by 

locally increasing the tool load capacity using customized tool coatings. The suitability of two types of carbon-

based coatings, amorphous carbon and CVD diamond coatings will be investigated for dry contact with 

aluminum. In addition to coating, tribological effective microstructuring should improve the material flow and 

wear resistance of the used tools. The advantage of the amorphous carbon coatings is the deposition process, 

which enables a large area deposition as well as a good adhesion strength on steel substrates. Dry strip drawing 

and deep drawing tests with amorphous carbon coated tools showed higher friction coefficients compared to 

lubricated tests without any coating and a high adhesive wear. A reduction of the contact ratio from 100% to 

87.5% resulted in a decrease of the sliding friction value by 20%. Dry tribological ball-on-plate tests of 

different coatings against aluminum showed that a polished microcrystalline CVD diamond coating is most 

promising to enable dry aluminum forming with a long lifetime of the coated tool. By in situ silicon carbide 

sublimation in a diamond deposition process, a possibility has been demonstrated for atmospheric CVD 

processes to reduce the electrical resistance of CVD diamond layers without the use of toxic gases. The 

electrical resistance of the coating could be reduced with a silicon doping concentration in the order of 

1020 cm-3 in range between 104 Ω and 106 Ω. Electrical discharge machining of CVD diamond coatings has 

been made possible by silicon doping, which means that the specific resistance has been reduced to below 

100 Ω∙cm. 

Keywords: CVD diamond, friction, doping, ultrasonic vibration assisted milling, electrical discharge 

machining, microstructuring, sheet metal forming, dry metal forming, coefficient of friction 

1 Background and motivation 

The aim is to enable the dry forming of aluminum alloys during deep drawing by locally increasing the tool 

load capacity through the use of customized coatings. By local application and microstructuring of wear 

resistant carbon-based coatings on steel tools the dry deep drawing of aluminum sheets shall be made possible 

to the extent that the process limits are at the level of lubricant-based forming. In addition to coating, structuring 

in particular should improve the material flow and wear resistance of the used tools. In order to ensure scientific 
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comparability, commercially available amorphous carbon layers (a-C) should be considered to the same extent. 

Within the framework of the project, it has been proven that a pre-structuring of the substrate, the application 

of an appropriate coating and a microstructuring of the coated tools lead to a longer tool life, less material 

abrasion and an improvement of the component quality in terms of dimensional accuracy and structural 

fidelity. 

A major challenge in the production of the forming tools is the coating of steel (X153CrMoV12-1, carbon 

content 1.53 wt%) with diamond. The deposition of diamond layers as well as the previous deposition of 

intermediate layers is to be carried out by a laser-based plasma chemical vapor deposition (LaPlas-CVD) 

process. There are many publications on the diamond coating of steel, which differ in the steel grade selected 

and the intermediate layer used. Fig. 1 summarizes the results of the different investigations. It should be noted 

that a steel grade with a carbon concentration higher than 1.27 wt% has never been coated and that the highest 

successful coating temperature was 920 °C. 

 
Fig. 1: Literature research on diamond coating of steel, wherein the coating temperature is plotted against the carbon content of the steel. 

The LaPlas-CVD process enables the in-situ introduction of impurities. It is to be investigated whether the 

electrical resistance can be reduced by doping the diamond coatings in order to enable subsequent structuring 

and smoothing of the diamond coatings by means of electrical discharge machining. 

The residual stresses within a deposited CVD diamond (CVDD) coating with a PVD diffusion barrier on steel, 

acts as a preload and can lead to spalling of the layer by applying an additional load during the forming process. 

The aim is to achieve a favorable residual stress condition in the substrate layer system and thus to ensure good 

adhesion even under loads typical for forming processes. The relationship in particular between the layer 

adhesion of CVDD and the substrate microstructure has already been investigated for numerous substrate 

materials. The effect of the substrate roughness on the CVDD coating of Si3N4 specimens was reported by 

Amaral et al. [1]. The combination of different pre-treatments and seeding processes led to the conclusion that 

surfaces roughened by plasma etching increase the layer adhesion of the CVDD coating due to "anchoring 

effects", whereby no closer information on the substrate roughness was given. Singh et al. observed that the 

generation of a three-dimensional (3D) thermally and compositionally graded interface between diamond and 

the substrate material leads to improved adhesion of the CVDD [2]. Under Wako et al. investigations were 

carried out regarding the layer adhesion of CVDD coating on differently pre-treated molybdenum specimens 

(99.9% Mo) [3]. The molybdenum substrates were pre-treated by polishing and grinding to achieve both 

different roughness combined with anisotropic and isotropic surface microstructures, respectively. The 

substrates with the higher surface roughness showed a better layer adhesion. In addition, it was concluded that 

anisotropic structures let a crack pass only in one direction, while isotropic structures tend to exhibit circular 

layer delamination in a stress test. Investigations on the influence of the surface roughness on the layer 

adhesion were also done under Xu et al [4]. In this case, CVDD coatings were deposited on cemented carbide 

substrates with smooth as well as blasted surfaces using a Cr-CrN interlayer system. While the diamond coating 

of the specimens without any interlayer system flaked off directly during cooling, adherent CVDD with a layer 

thickness of approx. 9 μm was deposited on both substrate microstructures with diffusion barriers. In a 



 

 

Rockwell-C indentation test the diamond coating without surface pre-treatment showed significantly poorer 

attachment, which was shown through delamination at the interface to the interlayer. Thus, it could be 

concluded, that increased surface roughness values prior to CVDD coating enhances layer adhesion. Gomez 

et al. found in cutting experiments that a preferential direction of the substrate roughness, resulting from the 

delivery state or the finishing of the cemented carbide inserts, has a negative impact on the subsequent adhesion 

of the CVDD coating layer (> 20 μm) under mechanical stress [5]. By means of a more intensive mechanical 

interlocking and a mechanically graded transition from the substrate material into the CVDD coating, the 

compressive stresses in the transitional area can be significantly reduced compared to a smoother substrate 

surface. This was found by Lee et al. in their investigations in the CVDD coating of laser induced micro-rough 

surfaces on cemented carbide substrates [6]. Grögler et al. concluded generally in numerous research studies, 

that grit-blasting as well as grinding of substrate surfaces are favored methods for CVDD coating adhesion in 

case of deposition on titanium substrates [7, 8, 9, 10]. The roughness of the pre-treated surfaces was between 

0.5 µm to 1 µm (ground) and 3 µm (grit-blasted). They attributed this primarily to the effects of mechanical 

interlocking as well as elastic deformation, which leads to a reduction of thermally induced residual stresses. 

Similar results in the CVDD coating of pure titanium were also be achieved by Lim et al. [11]. They concluded 

that a strong stress relaxation within the applied diamond layer could be affected by corundum blasting and 

etching roughened substrate surfaces. This may be due to the fact that layer thickness and substrate roughness 

are of the same order of magnitude about 3 µm to 5 μm. Here, the diamond layer is strong enough to prevent 

the contraction of the roughness peaks during cooling after the deposition process. As a result, only weak 

thermal compressive stresses arise within the layer. 

The generation of a defined fine microstructure on the substrate surface should contribute to layer adhesion 

and residual stress compensation. Furthermore, the relationships between the characteristics of 

microstructuring (e.g. contact ratio) on forming tools and the material flow of the workpiece are to be 

determined and understood. 

2 Methods and materials 

A CO2 laser-based plasma CVD process, shown in Fig. 2 was used at atmospheric pressure without a vacuum 

chamber for the deposition of polycrystalline CVD-diamond coatings. A 6 kW high-power CO2 laser with a 

wavelength of 10.6 μm was used for energy supply of the plasma jet. The ignition chamber was flooded by 

argon gas through a gas nozzle. The ignition of the plasma flame was achieved by thermionic emission through 

inserting a tungsten lanthanum ignition rod into the laser focus. This generates an optical breakdown. After 

the ignition of the argon plasma flame, the process gases (0.02 standard litres per minute (slm) methane and 

1.98 slm hydrogen), which are required for CVD synthesis of polycrystalline diamond, are supplied. 

 
Fig. 2: Schematic layout of the laser induced plasma CVD process at atmospheric pressure. 

To ensure a constant deposition temperature over the whole deposition time, a feedback control was 

implemented, which regulates the laser power according to the measured substrate temperature of the IMPAC 

pyrometer IGAR 12-LO. Detailed information of the implementation of the feedback control are published in 

[12]. For temperature monitoring, three pyrometers were used, IMPAC pyrometer IGAR 12-LO, IP 140 and 

IGA 10. To determine the emission coefficient for each pyrometer for different substrates, the substrate was 

heated up to 800 °C by a ceramic hot plate and the surface temperature was measured by a thermocouple. The 

emission coefficients were set accordingly so that each of them measures the same temperature as measured 

by the thermocouples. 



 

 

As substrates for the different investigations molybdenum sheets with a purity of 99.97% and a thickness of 

1 mm, K10 tungsten carbide plates with a Cobalt content of 6% and a thickness of 3 mm and steel of material 

number X153CrMoV12-1 with a thickness of 3 mm are used. The tungsten carbide substrates where etched by 

Murakami reagent (K3Fe(CN)6 : KOH : H2O = 1:1:10) for 30 min and subsequently with Caro’s reagent (3 mL 

96 wt % H2SO4, 88 mL 40% w/v H2O2) for one minute [13]. Diamond nucleation was carried out with a 

dispersion consisting of 200 ml of isopropanol and 210 mg of diamond powder with an average crystal size of 

0.25 μm to 0.50 μm from the company Microdiamant AG. The substrates were put into the dispersion for ten 

minutes in an ultrasonic bath and subsequently into isopropanol for three minutes. To characterize the process 

window for the deposition of CVD diamond coatings with the LaPlas CVD process, 72 different deposition 

parameter sets were applied for process temperatures from 650 °C to 1100 °C and methane concentrations 

from 0.15% to 5.0%. The temperature was increased in 50 K steps. 

As precursors for the in-situ evaporation two different types of rods are used. Solid silicon carbide (SiC) bars 

(high-tech ceram®-SSiC) with a squared cross-section, a side length of 2.1 mm and purity higher than 99%. 

Furthermore, aluminum oxide (Al2O3) rods (CC ceramic components e.K.) with a diameter of 3 mm and a 

purity of 99.7% are used as precursors. The precursors are inserted by feed units using DC-servomotors with 

a positional accuracy of 0.1 mm. The amount of sublimated material was kept constant during CVD diamond 

deposition by keeping the intensity of the corresponding peaks in the measured emission spectra constant 

through feeding the precursor into the plasma flame. To examine the influence of different surface 

microstructures the structured steel specimens are coated by the company Oerlikon Balzers with a 2.4 µm thick 

chromium nitride (BALIQ® CRONOS) layer by high-power impulse magnetron sputtering (HIPIMS) in one 

batch. The thickness and the type of coating were chosen regarding to the publication of Buijnsters et al. [14]. 

A high CrN interlayer thickness of 20 µm as used by Glotzman et al. [15] was avoided to be able to evaluate 

the impact of the microstructure on the adhesion of the diamond coating. 

Scanning electron microscopy (SEM) (Carl Zeiss Microscopy EVO MA-10) and 3D laser microscopy 

(Keyence VK-9710 and Keyence VK-9700) were used to take images of the surface and to determine the 

roughness parameters according to ISO 25178 part 2 and 3 on a measuring area of 0.5 mm × 0.5 mm. This 

ensures that a minimum of five form elements in both the X-direction and the Y-direction are included in the 

calculation of the surface parameters. For the roughness analysis an S-Filter of 2 µm and an L-Filter of 0.5 mm 

was used. Element analysis was done by an energy-dispersive X-ray spectroscope (EDX) (Bruker Nano GmbH 

XFlash Detector 610M). Micro Raman spectroscopy (Renishaw system 1000) was employed to evaluate the 

existence of diamond films and amorphous carbon coatings using an excitation wavelength of 514 nm. The 

spot size of the laser beam was 10 µm in diameter and the spectrometer has a spacial resolution of 1.6 cm-1. 

The existence of diamond was evidenced by the measurement of the first order Raman line of diamond at 

1332 cm-1 [16]. To study the micro- and nano-topography within the wear tracks after tribometer tests atomic 

force microscopy (AFM) was carried out. The used AFM device Nanoscope III of the company Digital 

Instruments works in tactile mode and has a resolution of 1 nm in vertical and 10 nm in lateral direction. 

Cryofractures were produced by eroding a predetermined breaking point into the substrate up to 0.5 mm 

underneath the coating area. Afterwards the specimen was cooled down by liquid nitrogen and broken into two 

parts. Dilatometer measurements at steel specimen were performed with a quenching dilatometer DIL 805A 

according to ASTM A1033-10. The steel specimens for the dilatometer tests were used in form of pipes and 

had a length of 10 mm, an outer diameter of 4 mm and an inner diameter of 3 mm. 

To determine the influence of an in situ impurity introduction in diamond on the electrical resistivity, 2-point 

resistance measurements were executed using a Fluke 117 multimeter with a measuring tip distance of 2 mm. 

At the Fraunhofer ISC in Würzburg (Germany) four-point probe van der Pauw resistivity measurements have 

been executed. Four contacts have been arranged on a single diamond crystal. A power I has been applied at 

two neighboring contacts and the voltage was measured at the other two contacts. The contacts have been 

cyclically exchanged. The sheet resistance ρ was then calculated using the van der Pauw method [17]. 

To determine the coefficient of friction and wear, different carbon-based layers were investigated in the 

oscillating ball on plate tribometer test without the use of lubricants. For the investigations the CETR Universal 

Tribometer UMT3 with a surrounding climate chamber, which kept the environmental conditions constant at 

a temperature of 24°C ± 1°C and 40% ± 1% relative humidity, was used. The tests were carried out according 

to DIN EN 1071-12 [18]. Aluminum balls of the alloy AlMg4.5Mn0.7 (EN AW-5083) with a diameter of 

10 mm were used as counter bodies. To examine the long-term behaviour of different carbon coatings and 

surface conditions, a total sliding distance of 1 km was chosen, corresponding to 99,900 cycles along a linear 



 

 

sliding length of 10 mm. The velocity was set to 50 mm/s and the contact force was set to 10 N  0.2 N leading 

to Hertzian contact pressures around 700 MPa, which are typical sheet metal forming conditions [19]. Fig. 3 

shows the different surfaces tested in the oscillating ball on plate test. In order to identify mirror-smooth 

surfaces, the BIAS logo mirror image was printed on paper and positioned behind the sample. The following 

layers were tested: polycrystalline CVDD layers, mechanically polished CVD diamond layers (pCVDD), 

polished steel substrates of material number X153CrMoV12-1 and a-C:H:W /a-C:H (a-C:H) coating system 

with a thickness of 2.2 µm on polished steel (in cooperation with the SPP 1676 project TRUK - Potentials of 

dry swaging). The steel substrates were austenitized at 1080 °C for about one hour, quenched in oil and then 

tempered three times at 500 °C for about 30 minutes at each tempering step. This heat treatment results in a 

required overall tool hardness of about 60 ± 2 HRC determined by Rockwell indentations corresponding to a 

micro-hardness of about 900 HV1. 

 
Fig. 3: Photo (top) and scanning electron image (bottom) of the surfaces examined in the ball on plate test. 

The Vickers hardness of the used materials was determined by a Fischerscope H100C universal micro-

hardness device of the company Helmut Fischer GmbH according to DIN EN ISO 14577-1 [20]. The set 

normal load of 10 mN respectively 1 N is depending on the surface roughness and coating thickness. The 

hardness of the CVDD sample could not be measured due to the high roughness of the surface and low 

indentation depth. Due to the same plasma CVD process parameters for the deposition of the diamond coatings 

it is assumed that the hardness results are the same as for the pCVDD and the CVDD coating. The results of 

the hardness measurements are shown in Tab. 1. 

Tab. 1: The Vickers hardness HV of the surface of the different samples as well as the aluminum counter material. 

 steel a-C:H CVDD and pCVDD EN AW-5083 

hardness 903 HV0.01 1894 HV0.01 11525 HV1 151 HV1 

standard deviation 46 HV0.01 124 HV0.01 225 HV1 10 HV1 

The Hertzian pressure for the different plates against the aluminium alloy ranges from 623 MPa for a-C:H 

coating to 759 MPa for the diamond coating. 

The test tools shown in Fig. 4 were used for the comparative tribological investigations (strip drawing tests) 

and forming tests (cupping tests). Within the priority program it was specified that active parts have to be 

manufactured from the cold work steel X155CrMoV12, hardened to (58 + 2) HRC commonly used in sheet 

metal forming. With regard to the coating to be applied on the active part surfaces, a surface roughness of 

Ra = 0.02 µm was defined. At the beginning, tribological investigations were carried out with samples of the 

aluminum alloy EN AW-5182-H111 in 1.0 mm sheet thickness. The microstructuring of the tool surface to 

influence the contact area and thus the variation of the effective surface pressure was realized at the 

Professorship Micromanufacturing Technology by milling. Subsequently, the DLC coating (amorphous 

carbon layer) of the correspondingly processed tool parts was carried out externally by a contract coater.In 

addition to the commercially available DLC layer, a multi-layer system developed in the project "Potentials of 

Dry Rotary Swaging" by IWT Bremen was randomly examined as part of a cross-project collaboration. Due 

to shortcomings in the coating process, the local coating of the tools with CVD diamond could not be realized 

within the project. 



 

 

 

(a) flat strip drawing tool (b) strip drawing tool with rounding (c) squared cup 50 mm x 50 mm 

 

 

 

Fig. 4: Overview of the test tools – strip drawing test (a, b) and deep drawing test (c) 

Using the strip drawing test with flat drawing tools enables simulating the tribological system between blank 

holder and sheet metal. The sheet metal, fixed on a sliding device, was pulled under the drawing tool loaded 

with a normal force FN (Fig. 5). No tangential force application was used. The friction force FR was determined 

by a measurement device. Assuming COULOMB friction, the coefficient of sliding friction µ was calculated. 

The applied velocity (vstr = 50 mm/s) is in typical ranges of common deep drawing processes. The coefficients 

of friction µ were determined for seven different normal pressures from 1 MPa to 17 MPa. The test conditions 

and the test matrix are shown in Tab. 2 and Tab. 3. The reference tests were made using lubrication.  

(a) 

 

(b) 

 

Fig. 5: Experimental set up (a) and principle (b) of the strip drawing test with flat tools 

Tab. 2: Experimental matrix strip drawing test (flat tool) Tab. 3: Experimental conditions strip drawing test (flat tool) 

tool  

coating 
uncoated coated 

tool  

structuring 
without without 

structure 
with 75 % 

contact area 

structure 
with 87.5 % 

contact area 

lubrication 
condition 

lubricated dry lubricated dry dry 
 

strip 

EN AW-5182-H111, electro discharge textured 

(EDT) surface, drawing direction was parallel to 

the rolling direction, delivery condition dry and 

clean; t = 1.0 mm, width 50 mm, length 1000 mm 

tool 

1.2379, completely hardened (58 + 2) HRC, ground 

and polished,  
functional surfaces: Ra < 0.02 μm 

drawing 

additives 

Lubrication applied using a roller, ca. 2 g/m² 

WISURA ZO 3368 

reference 
coating 

a-C:H:Si; thickness of coating: 2 μm  ± 0.5 μm 

IWT-

coating 

a-C:H/a-C:H:W multilayer system; thickness of 

coating ca. 2.2 μm 
 

By using the deflected strip drawing test with round tools (Fig. 6), the friction conditions at a simply curved 

drawing edge can be simulated during deep drawing. The test matrix and the test boundary conditions 

correspond to those of the flat strip drawing test (see Tab. 2 and Tab. 3). However, the drawing path in the 

strip drawing test with deflection is only approx. 300 mm. Three load horizons were investigated to determine 

the influence of the surface pressure on the wear behavior. In contrast to the flat strip drawing tests, the 

rectangular pattern was rotated at an angle of 45° to the drawing direction. Spot tests with the IWT coating 

were not carried out. 
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Fig. 6: Experimental set up and principle of the deflected strip drawing test with round tools 

For the transfer of the findings from strip drawing tests, a modular forming tool for the production of squared 

cups was used (Fig. 7). The tool is designed in such a way that the active parts made of X155CrMoV12, 

hardened to (58 + 2) HRC can be easily exchanged according to the above-mentioned tests. With the help of 

this test on a laboratory scale, the load-dependent behavior of the CVD diamond layer during the deep drawing 

process under dry conditions was to be investigated. Since BIAS could not provide any CVD diamond coated 

active parts, only spot tests with coated (a-C:H:Si) and uncoated tools were carried out under lubricated and 

dry conditions. Due to the results of the basic strip drawing tests, the active parts were not structured. 

(a) 

 

(b) 

 

Fig. 7: (a) CAD-model of the cupping test tool and (b) exchangeable insert of the drawing die 

Both the structuring for the tribological functional surfaces of the tools for strip drawing tests as well as the 

microstructuring of the steel specimen for a subsequent CVDD coating were done in the high precision 

machining center KERN Pyramid Nano. In order use the ultrasonic vibration assistance experimentally, the 

implementation of a corresponding device became necessary. The vibration excitation was carried out on the 

workpiece side due to the available system technology. A generator type UIP2000hdT with the associated 

transducer equipment from Hielscher was implemented on the machine table. Via a connecting element it was 

coupled with a cross converter, which on the one hand deflects the direction of the vibration by 90° and on the 

other hand takes up the workpiece by a screw connection (fine thread: M14 x 1). The test specimens made of 

X135CrMoV12-1 were examined both in the soft annealed condition (255 HB) and hardened (60 HRC). Their 

geometric design was made for resonant vibration, which meant that they were only allowed to have a 

comparatively low weight and height. A hexagonal profile with a width across flat (WAF) of 32 mm enables 

a tightening torque of 150 N m (for the soft annealed condition) and 50 N m (for the hardened condition). 

These torques were applied for the investigations, to secure a sufficient coupling. For the measurement of the 

amplitudes, a single-point laser-vibrometer (Polytec OFV-505) was used, while the incoming signal was 

analyzed by an oscillator with the associated software (PicoScope® 2000 Series). In ultrasonic vibration 

assisted face milling the relative motion of the tool and the workpiece is a combination of the tool feed motion, 

the tool rotation and the ultrasonic vibration. In the experimental setup the direction of the ultrasonic vibration 

coincides with the rotational axis of the tool and it is perpendicular to the workpiece surface and the feed 

direction, respectively (Fig. 8). The wavelength λ indicates the structural distance on the path of the tool 

circumference and is calculated from the ratio of the ultrasonic frequency fUS and the cutting speed vc. 
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(a) 
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Fig. 8: Kinematics of ultrasonic vibration assisted face milling (a) and experimental set-up for UVAM (b) 

The amplitude of the relative motion between the tool and the specimen had to be determined for the generation 

of the surfaces with a predefined microstructure. Therefore, the relation between generator output power and 

the amplitude AP, which is half of AUS (peak-peak) achieved at the specimen surface was examined before the 

experiments. The set point value for the amplitude at the generator was increased in increments of 10 % and 

the amplitudes were determined on the specimen surface by a measurement with a laser vibrometer in order to 

check the performance of the system in an idle state, Tab. 4. Slight deviations of the measured values are 

attributed to the transmission characteristics of the oscillation system. The vibration amplitude was 

transformed in the direction perpendicular to the tool axis (fUS, Fig. 8). During the process, an additional 

piezoelectric disc is used as a sensor element. The measured signal is processed within the control circuit to 

ensure operation in resonance mode. The resonant frequency fUS was about 19.2 kHz. 

Tab. 4: Measurement of the amplitudes of the oscillation system using a laser vibrometer (maximum set point value ≙ 10 μm at 100 %) 

Set point value Amplitude AP 

20 % 1.8 µm 

30 % 3.3 µm 

40 % 4.5 µm 

50 % 5.7 µm 

60 % 6.6 µm 

For the electrical discharge machining (EDM) experiments, the 3-axes micro EDM machine SX100 HPM of 

the Swiss manufacturer Sarix was used, Fig. 9 (a). The system provides a relaxation generator, which enables 

pulse discharge periods in a range of 70 ns to 1000 ns. The properties of the electric discharge pulses were 

controlled by the parameters open-circuit voltage U0, the discharge power level CF, pulse frequency FR and 

pulse width WH. The Fig. 9 (b) provides a detailed view of the working area and the basic setup used for all 

experiments. As tool electrode WC-Co rods with a diameter of 90 µm and a rotation speed of 600 rpm were 

used. The coated diamond workpiece was clamped and electrically contacted with an appropriate dimensioned 

bench vise. A lateral flushing of oil HEDMA111 from Oelheld was used as dielectric fluid. Fig. 9 shows the 

used micro electrical discharge machine as well as a detailed view of the working area. 



 

 

(a) 

 

(b) 

 

Fig. 9: Micro EDM machine Sarix SX100 HPM (a) and detail view on the working area for EDM of CVDD layers (b) 

For the machining of micro-bores with a target depth of 50 µm, the open-circuit voltage was varied from 90 V 

to 150 V. Discharge power levels from CF100 to CF105 (equivalent to 5.9 µJ to 38.5 µJ at 150 V) were applied 

and tool polarity was varied too. The reproducibility was analyzed by each five experiment repetitions. 

Boron doped diamond material samples were investigated for electrical discharge machinability. For this 

purpose, a massive boron doped diamond material CVDITE CDE from ElementSix and an electrode coated 

with a 12 µm thick boron doped diamond layer from the company DiaCCon were experimentally analyzed. 

The experiments were conducted by varying open circuit voltage, discharge energy level and tool polarity in 

analogy to the silicon doped CVD diamond experiments. 

In order to analyze the effect of the surface microstructure on material flow during forming process, the micro 

EDM process has to be designed to allow for smoothening of the CVD diamond layer by generating defined 

and reproducible surface roughness. Arrays were machined into doped diamond layers by path erosion. For 

this purpose, the setup known from Fig. 9 was used and adjoined paths with a lateral distance of 50 µm 

(correlating to 45% of path coverage) and a target depth of 8 µm were machined in both, silicon and boron 

doped CVD diamond layers. An open-circuit voltage of 130 V and a negative tool polarity was applied, and 

the discharge energy was varied in a range of 2.6 µJ to 13.7 µJ for silicon doped CVD diamond layers and up 

to 18.1 µJ for boron doped CVD diamond layers.  

 

3 Results 

Stress analysis in deep drawing 

To analyze the stresses acting on the tool surface during deep drawing, FE simulations of the squared cup were 

carried out at Fraunhofer IWU (Fig. 10a). Due to the symmetry of the geometry only ¼ of the component was 

simulated (Fig. 10b). The simulation in the worst-case scenario (coefficient of sliding friction µ = 0.3, 

blankholder force Fbh = 15 kN) showed that the greatest stresses on the die surface occur in the area of the 

radius and in the corners (10b). Locally, absolute values of the surface pressures of up to 150 MPa (Fig. 10c) 

were effective in these areas. The coating system must be able to withstand this stress perpendicular to the tool 

surface in order to reduce potential wear. 

(a) (b) (c) 

 

Fig. 10: Stress analysis deep-drawing (a) drawing of the cupping test tool; (b) FE model of the die, (c) surface pressure on the surface of the die over 
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FE simulation with locally variable coefficients of friction 

Within the scope of the project, microstructuring of the tool surfaces is primarily intended for setting 

tribological effects. The possibility to adjust the coefficient of friction locally by microstructuring the surface 

of the forming tools allows the targeted control of the material flow, which is of particular interest for deep 

drawing of complex geometries. As the stress analysis in Fig. 10b has shown, the greatest stresses occur in the 

area of the drawing edge. For this reason, it is important to keep the friction as low as possible there. 

To estimate the influence of locally different coefficients of friction on the drawing result, a corresponding FE 

model with five different variants was simulated (Fig. 11). In each variant the distribution of the coefficient of 

friction is shown for the die side. The coefficients of friction of the blankholder are distributed mirror-inverted 

to the die. Variant 1 is used as a benchmark. In this variant, the coefficient of friction is assumed to be constant 

over the entire blankholder and die surface and only varies globally (µ = 0.05; 0.1; 0.3). In contrast, in 

variants 2 and 3, the flange area and the die radius are segmented and provided with different coefficients of 

friction. In variant 4 the die radius has a lower coefficient of friction than the flange area. Whereas in variant 5 

only the corner areas of the die radius are provided with a reduced coefficients of friction. 

 

Fig. 11: FE model for the cupping test with locally variable coefficients of friction (variants 1 to 5) 

The maximum drawing depth, the drawing force or forming energy and the sheet thickness distribution were 

used for evaluation and comparison. The drawing process was always performed until the sheet material failed. 

The mechanical properties of the sheet material were determined experimentally by tensile tests and Nakajima 

tests. 

The results using variant 1 as an example show that, as expected, the drawing depth decreases as the coefficient 

of friction increases (Fig. 12a). As a result of the increased frictional forces, there is an analogous increase in 

the drawing force. The highest drawing depth was achieved with variant 3. The local increase in the coefficient 

of friction in the straight sides of the drawn part leads to an increase in the drawing force and thus to a slowing 

down of the material flow. In combination with reduced coefficients of friction in the corner areas, this results 

in a more favorable stress distribution in the workpiece. Consequently, the more homogeneous stress 

distribution enables larger drawing depths than with variant 1 (µ = 0.05). A similar effect is achieved when 

using draw beads to control the running-in behavior of the sheet material. 

This effect also applies to variant 5 in a mitigated form. Due to the reduced coefficient of friction in the corner 

areas of the die radius, the drawing depth can be slightly increased compared to variant 1 (µ = 0.1). This effect 

can also be observed with variant 4, in which the die radius is provided with a reduced coefficient of friction 

all around. If the forming energy is normalized to the drawing path (Fig. 12b), the example of variant 3 shows 

that the local increase of the coefficient of friction for the same drawing path also leads to an increase of the 

necessary forming energy compared to variant 1 (µ = 0.05). The reduction of the necessary forming energy 

due to a reduction of the coefficient of friction in the area of the die radius is negligible. 

The evaluation of the sheet thickness distribution at maximum drawing depth in Fig. 13 shows no significant 

differences between the individual variants. 



 

 

(a) 

 

(b) 

 

Fig. 12: FE simulation cupping test (a) comparison drawing depth and drawing force, (b) forming energy 

 

Fig. 13: Sheet thickness distribution from FE simulation at maximum drawing depth 

Flat strip drawing tests 

The diagram in Fig. 14a shows the coefficient of friction over the normal pressure for the reference strip 

drawing tests with uncoated, a-C:H:Si-coated (reference) and a-C:H/a-C:H:W-coated (IWT), unstructured 

drawing tools against EN AW-5182-H111 under the use of lubrication (2 g/m²). With both drawing tools 35 

strips were drawn in each case (five strips per normal pressure). In comparison to the uncoated drawing tool 

the coefficient of friction for using the coated drawing tool decreases significantly less with increasing normal 

pressure. This can be explained by the fact that the surface structure of the drawing tool was preserved by the 

hard a-C:H:Si coating and thus no distinct smoothing during the drawing process could take place. With the 

IWT coating, aluminum adhesion occurred towards the end of the test series. These explain the increase in the 

coefficient of friction with increasing surface pressure. 

On the functional surfaces of all drawing tools abrasive traces of wear could be detected after the experiments. 

The wear pattern was distributed homogeneously over the complete width of the functional surface of the 

uncoated drawing tool. In contrast, only a few scratches were visible on the drawing tool with the reference 

coating due to the higher hardness and strong wear resistance of the amorphous carbon layer (Fig. 14b). 

However, the occasional scoring indicates a locally limited premature failure of the coating. It can be assumed 

that in these regions hard abrasive particles from the aluminum oxide layer of the metal strip led to a local 

overloading of the layer. On the IWT coating strong adhesion signs on one edge of the functional surface were 

visible at the end of the tests. 

The sheet metal surfaces that were exposed to the functional surfaces of the drawing tools show a uniform 

smoothing, which is visible through the changes in the degree of gloss (oblique illumination). A difference 

0

10

20

30

40

17

18

19

20

21
1

(µ
 =

 0
.0

5
)

1

(µ
 =

 0
.1

)

1

(µ
 =

 0
.3

) 2 3 4 5

M
ax

im
u

m
 f

o
rc

e 
[k

N
]

D
ra

w
in

g
 d

ep
th

 [
m

m
]

Variant

maximum force [kN]

drawing depth [mm]

0

100

200

300

400

500

1

(µ
 =

 0
.0

5
)

1

(µ
 =

 0
.1

)

1

(µ
 =

 0
.3

) 2 3 4 5

F
o
rm

in
g
 e

n
er

g
y
 [

J]

Variant

at maximum drawing depth
normalised to 18 mm drawing path



 

 

between the sheet surfaces which were mechanically stressed with the coated and uncoated drawing tools 

cannot be seen. Abrasive or adhesive wear marks are not present on both strips. During the tests with the IWT 

coating, slight abrasive traces of wear were visible on the metal strips, which were subjected to a high surface 

pressure. 

a) 

 

b) 

 

Fig. 14: a) Coefficient of friction over the normal pressure for the reference strip drawing tests with lubrication b) Overall view of the functional surfaces 

after testing. 

The diagram in Fig. 15 shows the coefficient of friction (in average over the stroke) for the strip drawing tests 

under 1 MPa normal pressure with blank and coated drawing tools unstructured and microstructured (resulting 

in a reduction of the nominal contact area to 75% and 87.5% respectively) at dry and lubricated conditions. 

Without lubrication already after the first test at the lowest normal pressure (1 MPa), strong aluminum adhesion 

to the functional surfaces of the drawing tools occurred after a few millimeters of stroke for all variants 

(Fig. 16). As a result of the adhesive wear, there was a significant increase in the coefficient of friction 

compared with the lubricated tests. The analysis of the coefficients of friction showed that the unstructured 

coated drawing tools led to the largest coefficient of friction at dry conditions. The coefficient of friction for 

the coated drawing tools are unexpectedly even above the level of the uncoated ones. One reason could be the 

slower smoothing mechanism of the functional surfaces compared to uncoated active parts. The drawing tools 

microstructured with calottes showed a decreased coefficient of friction of approximately 22% for the 

reference coating and 8% for the IWT-coating. Due to the small differences in the coefficients of friction, it 

was not possible to clearly assign the influence of the contact area on the sliding friction coefficient.  

 

Fig. 15: Coefficient of friction at 1 MPa normal pressure – blank and coated steel unstructured and structured with 75% and 87.5% contact area at dry 

and lubricated conditions 

The strongly increased coefficient of friction, in comparison to the experiments with lubrication, can be 

referred to the aluminum deposits on the drawing tools. As the drawing distance increases, the sheared 

aluminum accumulates from calotte to calotte (Fig. 16b), resulting in greatly increased sliding friction values. 

In some areas the calottes were overlaid with parts of the aluminum strips, so that the microstructures in these 

regions had no effect. The visual inspection of the sheet surface by light microscopy carried out after the strip 

drawing tests shows a clear scoring structure in the drawing direction. For applications with high quality 

requirements, such topographical changes of the sheet surface are not permitted. 

 

 

 



 

 

a)  

 

b) 

 
Fig. 16: Overall view of the functional surfaces after testing under dry conditions: a) unstructured functional surface b) structured functional surface. 

 

Fig. 17: Detail view of accumulated aluminum adhesions 

Strip drawing tests with deflection 

The subsequent strip drawing tests with 90° deflection confirmed the results from the flat strip drawing tests. 

In contrast to the flat strip drawing test, this test simulates the friction conditions at a single curved drawing 

edge during deep drawing.  

The analysis of the coefficients of friction in Fig. 18 shows that the lowest coefficient of friction values were 

achieved under lubricated conditions, regardless of whether a coating is used or not. This is also reflected in 

the assessment of the functional surfaces (Fig. 19). In the tests with lubricant, slight aluminum adhesions are 

only visible in the edge areas. Without lubricant, large-area aluminum adhesions lead to a sharp increase in the 

coefficient of friction or to tearing of the sheet metal strip due to the friction forces acting, but at a lower level 

than in the flat strip drawing tests. In analogy to the flat strip drawing tests, the sliding friction coefficient 

could be reduced by approx. 20% at a surface pressure of approx. 10 MPa (Fig. 18a) by microstructuring 

(87.5% contact area), with an increasing tendency at an increase of the surface pressure (Fig. 18b and c). 

Contrary to expectations, however, the reduction of the contact ratio to 75% did not lead to a further reduction 

in the coefficient of friction. In conjunction with the results from the flat strip drawing tests, it can be assumed 

that an excessive reduction of the contact ratio has a friction-increasing effect. 
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a) Normal pressure pN = 10 MPa b) Normal pressure pN = 15 MPa c) Normal pressure pN = 18 MPa 

   
Fig. 18: Summary results of deflected strip drawing test, dry vs. lubricated at different normal pressures pN 

 

Fig. 19: Functional surfaces of the drawing tool after testing 

In summary, it can be concluded that the coefficient of sliding friction can be reduced during dry forming by 

microstructuring and coating the drawing tool. However, the level of the sliding friction coefficients 

determined is clearly too high compared to lubricated forming due to strong adhesion of the aluminum alloy 

[21]. 

Cupping tests 

The initial aim of this investigation was to transfer the tribological findings from the strip drawing tests to the 

construction small deep drawing tools. With the help of this laboratory-scale test, the load-dependent behavior 

of the CVD diamond layer during the deep drawing process under dry conditions was to be investigated. Since 

CVD diamond coated active parts could not be produced within the runtime of the project, only brief trials 

with DLC coated and uncoated tools were carried out dry and with lubrication. Due to the results of the basic 

strip drawing tests, the active parts were not microstructured.  

For the test run, a forming tool for the production of rectangular cups was used, which is available at Fraunhofer 

IWU (Fig. 20, left). The tool is designed in such a way that the active parts can easily be exchanged according 



 

 

to the above-mentioned tests. The evaluation of the drawing dies after 25 drawing tests (Fig. 20, right) confirms 

that the lubricated tests show no visible signs of wear in the highly stressed corner areas. On the other hand, 

the unlubricated tests showed signs of adhesion in these areas. Here, the extent of adhesive wear without 

coating is significantly increased compared to the reference coating. In addition, typical smoothing marks in 

the flange area at the level of the corner radius are visible. These are caused by the tangentially acting 

compressive stresses in the sheet material, with the resulting material thickening and increase of the local 

surface pressure in this zone. 

 

Fig. 20: CAD model of the cupping test tool (left) and detailed views of the die inserts after 25 drawn parts (right) 

The maximum achievable drawing depths for all investigated variants were approx. 22 mm and are thus slightly 

above the values from the FE simulation in Fig. 12. The visual analysis of the sheet surface of the drawn parts 

in Fig. 21 shows after 25 drawn parts without lubricant, corresponding to the wear patterns of the drawing dies 

(Fig. 20, right), strong abrasive wear marks in the corner areas. This strong scoring is mainly caused by the 

formation of adhesions on the die surface. During the drawing tests with lubricant, only smoothing of the sheet 

surface in the area of the entry radius can be detected. These smoothing marks occur mainly in the flange area 

due to the tool-bound suppression of wrinkle formation and the associated local increase in surface pressure. 

It can be assumed that with an increasing number of tests, the depth of the drawn part decreases in the non-

lubricated tests, due to greatly increased frictional forces as a result of abrasive and adhesive wear. The effect 

of the coating on the wear behavior is negligible. 

 

Fig. 21: Visual inspection of the part quality after 25 drawing tests 

This confirms the results from the basic experiments. Without the use of lubricants, progressive wear of an 

adhesive nature on the tool and an abrasive nature on the drawn part occurs with increasing drawing travel. 

With the high production volumes in the real tool, this wear would lead to scoring or cracking of the component 

or to total failure of the forming tool. For industrial processes, therefore, unlubricated forming, even using a 

state-of-the-art DLC coating, is not recommended. 

 

Microstructuring of tribologically loaded functional surfaces 

On the basis of a literature research in microstructuring of forming tools, the required properties of the 

structuring were determined bilaterally between Fraunhofer IWU and the Professorship Micromanufacturing 

Technology. According to [22], the main factors influencing solid state friction in unlubricated systems are the 

true contact area between the sliding surfaces, the type and strength of the bond at the interfaces, and the shear 



 

 

and fracture behavior of the material in or around the contact area. The true contact area between two friction 

partners is smaller than the apparent or projected contact area due to the multi-scale roughness of technical 

surfaces and proportional to the normal force [23]. According to the adhesion theory [24], the increase in the 

true contact surface also increases the frictional power and thus the coefficient of sliding friction [25].  

These theories justify the approach of the project to realize a friction reduction by reducing the true contact 

area with the help of a microstructuring of the tool active surfaces [26]. For this purpose, rotationally symmetric 

form elements (calottes) were selected, which were placed in different numbers on the active part surfaces and 

thus allow for a variation of the contact ratio of the tool surface. The real contact ratio is calculated from the 

difference between the active part surface and the projected surface of the calottes with a diameter of D = 0.6 

mm. Three different contact ratios were examined: 100 % (unstructured), 87.5 % and 75 %. As a pattern for 

the arrangement of the calottes, a grid parallel to the drawing direction and one with an offset of 45° were 

determined to avoid a preferred direction. To reduce the bearing area to 75 %, the calottes were arranged with 

a grid spacing of 1 mm, which corresponds to a total of 960 calottes on an area of 1,080 mm². For the realization 

of a macroscopic bearing ratio of 87.5 % the distance was 1.5 mm (480 calottes). 

Flat strip drawing tools: 

The calottes were produced by micromilling at the Professorship Micromanufacturing Technology. In a first 

step, it was investigated to what extent the edge design of the calottes influences the coefficient of sliding 

friction or the adhesion component. Thus, calottes with a run-in radius (0.1 mm) were milled using coated 

cemented carbide ball-end cutters with a diameter of DTool = 0.8 mm (Fig. 22) and tested in strip drawing with 

flat tools. 

 

Fig. 22: Various views of the calottes with run-in radius: technical sectional drawing (left), 3D microscopy of the 90° grid on the active part surface 

(middle) and SEM image (right) of a single calotte 

Strip drawing tools with deflection: 

For the strip drawing tools with deflection, the calottes were milled with a revised machining strategy: instead 

of 2.5D milling strategy like for the flat drawing tools, where unfavorable tool engagement conditions are 

caused by "cutting above the tool center" with vc = 0 m/min, the calottes were produced by means of 5-axis 

simultaneous milling. This guaranteed significantly more favorable engagement conditions for the tools, as the 

cutting was mainly carried out on the largest circumference of the spherical head milling cutter. However, the 

machining time increased considerably due to this strategy. In addition, due to the wear on the coated cemented 

carbide cutters of the flat strip drawing tools, cutting tools with CBN inserts were used, which had a 

significantly longer tool life. Another problem in the microstructuring of the deflected drawing tools was the 

accuracy of the manufacturing condition. Geometrical deviations within the deflection radius of up to 50 µm 

could be measured. This prevented the use of a continuous CAM program for the manufacturing of all calottes. 

Thus, it was only possible to manufacture one row (co-)axially to the deflection radius, since the next row had 

to be re-measured and manually adjusted with regard to the exact zero plane. Furthermore, delamination 

phenomena of the DLC coating in the calotte ground were found to be a continuous deficit, Fig. 23. It is 

assumed that this is due to both increased burr formation on the ground of the calotte and comparatively higher 

compressive stresses within the coating in this area. 

 



 

 

 

Fig. 23: SEM images of the microstructured functional surface with 75 % macroscopic contact area and chipping of the DLC coating in the ground of 

a calotte 

 

Oscillating ball on plate test 

Fig. 24 shows the coefficient of friction (COF) progressions up to 5 hours and 33 minutes of testing which 

corresponds to 105 cycles. The steady state COF curves were further subdivided into the areas start (0 h to 

0.5 h) middle (2.5 h to 3.0 h) and end (5.0 h to 5.5 h), see Fig. 25. The highest COF by sliding against aluminum 

exhibits the steel specimen (curve 1) which remains nearly in a constant range around 0.62. The COF of the 

CVDD-coating (curve 2) decreases linearly from 0.42 to 0.36 during the entire test period. The COF of the 

a-C:H-coating (curve 3) starts at 0.17 and drops after 24,000 cycles to 0.11. The overall noise of the COF 

curves for the a-C:H and pCVDD-coatings (curve 4) are much smaller than for the other tribological systems, 

which may be due to less adhesion of the aluminum counter material. The pCVDD-coating exhibits a nearly 

constant COF of about 0.12 against aluminum during the whole test duration. The diagram confirms a constant 

COF behavior of the pCVDD-coating.  

  
Fig. 24: COF for the different specimens against a round-ended 

aluminum pin as a function of time, over 5 hours and 33 

minutes (about 105 cycles) 

Fig. 25: Arithmetic average of the steady-state sliding COF for the 
tested systems at the start (0 h to 0.5 h), middle (2.5 h to 3.0 h) 

and end of the test (5.0 h to 5.5 h). 

Fig. 26 presents the measured wear rates of the round-ended aluminum pin in logarithmic scale against the 

different uncoated and coated test specimens. The highest wear rate of 6∙10-3 mm3/Nm occurred against the 

CVDD-coating and the smallest wear rate of 4∙10-9 mm3/Nm was observed against the pCVDD-coating. In 

both cases the dominant wear mechanism was abrasion. The wear rate against uncoated steel is 5∙10-5 mm3/Nm, 

which is significantly higher compared to that for the a-C:H and pCVDD coated specimens. Iron has been 

detected at the wear scar of the round-ended aluminum pin by EDX measurements indicating that abrasive and 

adhesive wear mechanisms took place, as shown in Fig. 28. Tungsten has been detected at the wear scar of the 

round-ended aluminum pin after testing against the a-C:H coated specimen, as shown in Fig. 30, indicating 

that the tungsten free a-C:H top layer was worn by abrasive wear. As soon as the tungsten containing layer is 

exposed, adhesive wear mechanisms occurred which is shown by the transfer of tungsten from the coating to 

the round-ended pin. The wear rate against the a-C:H-coating is small with 9∙10-9 mm3/Nm. Fig. 27 illustrates 

the measured wear rates determined from the topography of the wear tracks on uncoated and coated test plates. 

Coating delamination on 
the ground of the calotte



 

 

The CVDD coated test plate showed material gain due to a transfer from the aluminum pin indicating a negative 

wear rate. Therefore, the bar for the CVDD coated plate in Fig. 27 is marked by a ‘+’-sign. The other coated 

and uncoated test plates all showed material loss indicating positive wear rates. The highest (negative) wear 

rate showed the CVDD-coated plate which shows a good correlation to the highest aluminum pin wear rate in 

Fig. 26. The wear rate of the uncoated steel plate is about 6∙10-6 mm3/Nm caused by abrasive and adhesive 

wear. The lowest wear rates showed the a-C:H coated plate (9∙10-8 mm3/Nm) and the pCVDD coated plate 

(1∙10-8 mm3/Nm). The dominant wear mechanism is abrasion since no noteworthy adhesion phenomena could 

be proved by EDX analyses. 

  
Fig. 26: Wear rate in logarithmic scale of the round-ended aluminum 

pin after dry tribological testing, including the corresponding 

wear scar images. 

Fig. 27: Wear rates in logarithmic scale of the flat plates after dry 

tribological testing. 

The wear tracks and wear scars were also examined more in detail by SEM/EDX analyses. Fig. 28 shows the 

results for the uncoated steel plate (a, b) and the corresponding aluminum pin (c). The vertical double arrow 

represents the alternating sliding direction of the round-ended pin. The resulting width of the wear track is 

about 3.3 mm at the uncoated steel substrate, see Fig. 28 a). The EDX-mapping (in track center: area 600 µm 

times 800 µm) in the wear track of Fig. 28 b) proves aluminum adhesion phenomena of about 10 at.-% coming 

from the round-ended pin. These adhesions are finely distributed throughout the entire wear track. Also, a 

material transfer from the steel plate to the aluminum pin occurred as determined by the EDX Fe-signals at the 

wear scar as shown in Fig. 28 c). Narrow wear tracks with widths of about 300 µm are determined at the a-C:H-

coating system after dry tribological testing as shown in Fig. 29 a). An EDX-mapping on the area of Fig. 29 b) 

confirms that the a-C:H:W intermediate layer has been exposed by abrasion, due to reduced C amounts of 

78 at.-% and increased W amounts of 11 at.-% and Cr amounts of 9 at.-%, after 105 cycles. The exposure was 

also confirmed by a comparison of the micro Raman spectra inside and outside of the wear tracks. Increased 

chromium signals in the EDX mapping indicate that also small areas of the Cr/CrNx interlayer were exposed. 

An EDX-mapping of the wear scar at the round-ended aluminum pin shows adhesion of tungsten and carbon, 

see Fig. 29 c). However, it can be assumed that a friction reducing transfer film has been formed on the counter 

body (compare with Fig. 24). The signals of carbon, tungsten and oxygen could also be an explanation of the 

drop of COF partially below the pCVDD-coating after approximately 1.5 hours of testing. 



 

 

  
Fig. 28: a) Representative SE image of a wear track of the uncoated 

steel plate after ball-on-plate testing using a round-ended 
aluminum pin and EDX-mappings of b) the wear track and c) 

the wear scar. 

Fig. 29: a) Representative SE image of a wear track on the a-C:H-

coating after ball-on-plate testing using a round-ended 
aluminum pin, b) BSE image of the wear track including 

Raman spectroscopy and c) EDX-mappings of the wear scar. 

Fig. 30 a) shows the SE image of a wear track on the tested pCVDD-coating. The average width is about 

300 µm and therefore the same as on the a-C:H-coating (compare with Fig. 29). The BSE image in Fig.  30 b) 

and the EDX analysis confirms that no aluminum or other elements from the counter material alloy adhered 

on the pCVDD-coating. The first-order diamond Raman line is detected at 1,339 cm-1 before and after 

tribological testing, which proves the existence of diamond and no change in the residual stress of the coating, 

due to the fact that a rise in the residual stress leads to a shift of the peak towards higher values. Comparing 

the Raman spectra before and after the test an increase of the G peak at 1560 cm-1 [27] takes place, which 

indicates a rise of the graphitic amount. At the wear scar of the round-ended aluminum pin signals of carbon 

were detected by means of EDX analyses, see Fig. 30 c). These carbon signals can be explained by the 

formation of a transfer film which transferred to the counter material as already mentioned for the a-C:H-

coating. The origin surface roughness Sa of the pCVDD-coating was 14 nm. The dry tribological test led to an 

increase of the roughness at the wear track to Sa 21 nm. The resulting wear rate is about one order of magnitude 

lower than of the a-C:H-coating resulting in a much lower mean track depth of 0.1 µm compared to 1.1 µm. 

The wear tracks micro- and nano-topography was studied more in detail by means of AFM. Fig. 31 a) 

illustrates an overview image of the pCVDD-coating after dry testing recorded by laser scanning microscopy. 

An AFM measurement with the field size of 15 µm x 15 µm was recorded in the center of the wear track. Wear 

grooves in microscopic scale parallel to the sliding direction of the round-ended aluminum pin have formed as 

can be seen in the measured profile of the AFM image in Fig. 31 c) as well as in Fig. 31 a). Compared to the 

results of Podgursky et al. [28] no ripple formation in the wear scar is detected. 

  

Fig. 30: a) Representative SE image of a wear track of the pCVDD-

coating after ball-on-plate testing using a round-ended 
aluminum pin, b) BSE image of the wear track with 

corresponding Raman spectroscopy measurement at and 

besides the wear track and c) EDX mapping of wear scar of the 

round-ended aluminum pin. 

Fig. 31: a) Wear track of the pCVDD-coating determined by laser 

scanning microscopy as overview and b) AFM image in the 
middle of the wear track with c) corresponding roughness 

profile located at the white line. 



 

 

Post-processing of CVD diamond coatings 

According to Tsigkourakos et al. [29] the resistance of an undoped CVD diamond layer is greater than 10 GΩ. 

The resistance of the diamond layers deposited by the LaPlas CVD process is greater than the maximum 

measurable resistance of the Fluke 117 multimeter of 60 MΩ (cf. Fig. 35). In order to enable a smoothing of 

the diamond layer by electrical discharge machining, the extent to which the resistance of the diamond layer 

can be reduced by the introduction of foreign atoms was investigated. In the LaPlas CVD process, aluminum 

oxide and silicon carbide rods were used as solid precursors, which were vaporized in situ for the introduction 

of foreign atoms. The use of boron, which is the most frequently used element in chamber-based processes to 

introduce electrical conductivity into diamond, was not used in this atmospheric process due to its harmfulness 

to health. In order to ensure a constant introduction of foreign matter into the diamond layer, the intensity of 

the respective peaks in the emission spectrum was kept constant by adjusting the feed rate of the precursor. 

The diamond layers, which were deposited with aluminum oxide rods evaporated in situ, resulted in a 

delamination of the diamond layer in the fringe area of the coated surface. On the remaining diamond-coated 

surface no change of the resistance could be measured, and the spectrum of the photoluminescence 

measurement is identical to that of an undoped diamond layer. 

An increasing in situ evaporation of silicon carbide rods leads to a decreasing area, which is deposited by a 

CVD diamond coating, as shown in Fig. 32. A reduction in electrical resistance can be measured using a 

multimeter. This is distributed inhomogeneously on the surface of the diamond layer as shown in Fig. 33 (top). 

The resistance increases from the outside to the inside and lies in the middle of the coating above 60 MΩ. The 

increased presence of silicon in the edge area of the coating can be explained by the lateral feed of the 

precursors into the plasma flame. At the Fraunhofer ISC (Würzburg), a layer resistance of 2.53 MΩ ± 1.29 MΩ 

could be measured on the surface of a single diamond crystal using the van der Pauw 4-point measuring 

method, Fig. 33.  

 
Fig. 32: Coating area of the diamond layer as a function of the 

evaporation rate of the SiC precursor. 

Fig. 33: Distribution of the electrical resistance over the coating 

surface (top) and measurement of the coating resistance 

on a single diamond crystal (bottom). 

To achieve a more homogenous distribution of the reduced electrical resistance and thereby ensure an overall 

machineability of the silicon doped CVD diamond coating by electrical discharge machining, a nozzle was 

attached to the exit point of the plasma flame. ANSYS flow simulations were performed to assess the influence 

of different nozzle geometries. Six different nozzle geometries were simulated, with the result that the 

geometry shown in Fig. 34 a) results in the plasma flame with the most symmetrical shape. The result in 

Fig. 35 c) shows that the use of the nozzle enables the deposition of diamond layers which have an electrical 

resistance of the same order of magnitude on the entire layer surface. 



 

 

 

Fig. 34: Result of the flow simulations regarding the influence of 

different nozzles on the plasma flame, a) nozzle geometry 

leading to the most homogeneous flame and b) initial 

condition without nozzle. 

Fig. 35: Distribution of the electrical resistance of an a) undoped and 

a doped sample b) without and c) respectively using a 

nozzle. 

Fig. 36 shows a comparison of the photoluminescence spectrum with and without incorporated silicon. The 

broad band luminescence of diamond in the range between 500 nm and 650 nm is much more intense with the 

diamond layer with incorporated silicon than with the 

pure CVD diamond layer. At 738 nm, an intense peak is 

measured at the diamond layer with incorporated silicon. 

This peak is characteristic for silicon defects (SiV 

centers) in diamond [30] and thus proves the 

incorporation of individual silicon atoms into the crystal 

lattice of the diamond. In combination with the 

resistance measurements, this leads to the conclusion 

that a supply of silicon into the laser-induced plasma 

leads to a reduction of the electrical resistance of the 

diamond layer, not only through silicon clusters located 

between the diamond crystals, but also through a doping 

of the crystal lattice. The use of a nozzle leads to a 

homogeneous introduction of silicon accompanied by a 

homogenous electrical resistance on the surface of the 

silicon doped CVD diamond film. 

 

Electrical discharge machining of CVDD  

The characterization of the silicon doped CVDD layers was necessary before the experimental investigations. 

At this time, there have been no publications and known research projects dealing with micro electrical 

discharge machining of silicon doped diamond layers. The thickness of the deposited layers by the LaPlas-

CVD process were about 10 µm to 12 µm and the electrical resistance was in the range of several kiloohms to 

1 MΩ. Thus, a sufficiently high electrical conductivity was guaranteed. 

Microstructuring by EDM 

At the beginning the principle electrical discharge machining of doped CVDD layers was proven and then the 

machinability of the diamond layer substrate was characterized. Due to the challenge of producing doped 

CVD-diamond layers on steel substrates, for the characterization of the EDM process molybdenum substrates 

coated with silicon doped diamond as well as commercial boron doped diamond materials were used. For this 

purpose, experiments were conducted under variation of open-circuit voltage, discharge power level and tool 

polarity. Fig. 37 shows an overview of the micro bore arrays machined with varying open-circuit voltages and 

both positive and negative polarity, captured with the laser scanning microscope Keyence VK-9700. 

Fig. 36: Photoluminescence measurement on a pure and a silicon doped 

diamond layer. 
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Fig. 37: Microscope images of micro holes for positive and negative tool polarity, machined with varied open circuit voltage and constant discharge 

energy level (CF102) with negative tool polarity (a) and positive tool polarity (b) 

The microscope images clarify the qualitative differences of the EDM results as a function of the tool polarity. 

The lighter areas in the bottom of the micro holes identify the molybdenum substrate material. Fig. 37 (b) 

shows the machining results for varied open-circuit voltages and positive tool polarity. No reproducible 

removal results were achieved. With an electrode feed step of 50 µm only irreproducible removal depths of 

0 µm to 2.7 µm were achieved. Solely at 150 V a significant removal of the diamond layer was achieved for 

two experiments. However, the removal was so high, that the 10 µm to 12 µm thick layer was removed 

completely. The micro bores shown in Fig. 37 (a) were machined with negative tool polarity. For all 

experiments clearly defined ablations were achieved. Constant diameters for each open-circuit voltage 

indicated good reproducibility. Fig. 38 shows SEM micrographs of the micro holes with 900x and 2000x 

magnification.  

(a) 

 

(b) 

 
Fig. 38: SEM micropgraphs of micro holes, machined at 150V, CF102 and positive polarity with 900x (a) and 2000x magnification (b) 

The shown micro hole has a diameter of 93 µm and a depth of 10 µm. Furthermore, it is clearly visible that the 

diamond layer was completely removed. This was confirmed by an EDX analysis in which 61.8 % 

molybdenum and 38.2 % carbon were detected. The fraction of carbon is related to the used hydro 

carbonaceous dielectric.  

With increasing open-circuit voltage, a tendential increase of the achieved removal depths was observed. As 

the open-circuit voltage increases, the diameter also increases. This is related to an increasing spark gap at 

increasing open-circuit voltages. Similar to the experiments with variable open circuit voltage, the discharge 

energy level was varied from CF100 to CF105 at a constant open circuit voltage of 150 V and positive tool 

polarity. A clear correlation between width and depth of the eroded micro bores could not be validated. 



 

 

 

Fig. 39: Microscope and false colour images of micro holes of boron doped CVD diamond layer, machined with negative polarity, 100 V open-circuit 

voltage and 4.5 µJ or 11.7 µJ discharge energy 

The application of a positive tool polarity results in a complete removal of the diamond layer. By adapting the 

process parameters with negative polarity, micro bores could be reproducibly machined without layer damage. 

Due to electrode wear the bores resemble the shape of a calotte. The average depths of the micro bores were 

in the range of 4 µm to 8 µm. Fig. 39 shows microscope images and false colour images of two micro bores in 

a 12 µm thick boron doped CVDD layer from DiaCCon. These two bores were machined with negative tool 

polarity, 100 V open-circuit voltage and a discharge energy of 4.5 µJ or 11.7 µJ, respectively.  

In addition to the qualitative removal result, the material removal rate and the wear rate were also analysed. 

Significant differences were found depending on the tool polarity. With the micro-EDM typical negative tool 

polarity, a maximum removal rate of 7.4 × 10-4 mm³/min was achieved at 120 V and CF100. This corresponds 

to about 5 % of a typical removal rate of steel under the same conditions. The reason for this is the significantly 

lower electrical conductivity of the material. With positive tool polarity, removal rates, which were nearly 

increased by a factor of 10 could be achieved. The removal rate at 120 V and CF102 was 0.139 mm³/min. 

Experiments at 60 V showed good reproducibility. For higher open-circuit voltages (120 V, 160 V) in 

combination with discharge energy levels from CF104 and higher, the thermal stress on the electrode was too 

high, resulting in damage and excessive electrode wear. With a negative polarity, the increase in open-circuit 

voltage and discharge level tends to result in a higher tool wear rate. The determined tool wear rates were 10 

times greater than the removal rate (minimum 6.2 × 10-4 mm³/min at 60 V and CF100). By contrast, the 

maximum wear rate with positive tool polarity is only 1.4 × 10-4 mm³/min at 60 V and CF102. This special 

removal and wear behaviour with a low material removal and wear rate for negative polarity and a high material 

removal rate with simultaneously low wear rate for boron doped materials was also described by Iwai et al. 

[31] for so called “meso-EDM” processing. 

EDM - Smoothing 

Fig. 40 shows a comparison of the unprocessed surface and the surfaces machined with a discharge energy of 

2.6 µJ for both doping materials. Further, a summary of the roughness characteristics depending on the 

discharge energy is shown. 
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Fig. 40: Comparison of machined and unmachined surfaces based on false colour images and roughness measurements of silicon (a) and boron (b) 

doped CVD diamond  

The roughness parameters decrease with decreasing discharge energy for both doped materials and that the 

lowest roughness was achieved with the lowest discharge energy of 2.6 µJ. This smoothing can be seen in the 

false color images. Based on the Fig. 40 (a), it becomes clear that the machined surface has a pitted structure. 

This is related to silicon clusters, which were evaporated in the EDM process and thus influencing the 

roughness characteristics negatively. Fig. 41 shows a SEM micrograph of the silicon doped diamond layer in 

unmachined and machined state. The unprocessed surface illustrated in Fig. 41 (a) shows a sharp-edged 

character of the individual diamonds (Sa = 1.43 µm). The machined surface in Fig. 41 (b) shows a significant 

gradation and smoothing of the surface (Sa = 0.83 µm). The graphitization of diamond above a temperature of 

750 °C is described in the literature [32, 33, 34, 35] as a main erosion mechanism of diamond. The diamond 

layer smoothed by EDM was examined by Raman-spectroscopy. A peak at 1332 cm-1 was found after the 

process, which proves the presence of diamond.  

(a) 

 

(b) 

 
Fig.41: SEM micrographs of unprocessed (a) and silicon doped CVD diamond layer smoothed by EDM (b; 130 V, CF100 = 2.6 µJ, negative polarity) 

Furthermore, boron doped CVDD erosion experiments were performed at constant open-circuit voltage (60 V) 

and discharge energy (4.3 µJ = CF102), varied tool polarity and path coverage varied from 0 % to 50 %. The 

Fig. 42 shows false color illustrations of the generated surfaces for both cases. 
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Fig.42: 3-D false color illustration of boron doped CVD diamond material after the EDM path process as a function of path coverage and tool polarity  

Translational roughness was generated for both polarities. At 0 % path coverage a roughness Rz of approx. 

21.5 µm were determined, irrespective of the tool polarity. This translational roughness decreases with 

increasing path coverage factor. At 50 % path coverage and negative polarity a translational roughness of 

approx. 11 µm was determined. For the same path coverage, a stronger smoothing effect was observed for 

positive polarity, so that a translational roughness of approx. 3.5 µm were achieved. For optimum machining 

of doped diamond layers, positive tool polarity in combination with low voltages and low discharge energies 

of negative tool polarity is preferable. The reasons are the better reproducibility of the removal results, the 

overall higher removal rate with adjustable small tool wear and stronger smoothing effects. Overall, it is shown 

that the approach of surface smoothing and microstructuring with electrodes with a diameter of only 90 µm is 

possible, but not expedient for the planned application on large-area forming tools. 

Substrate pre-treatment of steel for subsequent CVDD coating 

The pre-structuring of substrate surfaces to ensure a technologically relevant adhesive strength of thin and 

thick layers applied to them is state of the art in many known applications, such as the mechanical roughening 

of cylinder linings for coating with iron-based functional layers. In the addressed application of CVDD on the 

steel X153CrMoV12-1, microstructuring of the surface is intended to ensure coating adhesion for a 

technological load. The aim is to exploit both effects to increase the coating adhesion (mechanical interlocking 

and surface enlargement to increase potential growing points) and to reduce layer-inherent residual stresses. 

Methods for increasing surface roughness with stochastic distribution are afflicted with various negative side 

effects, e.g. for corundum blasting: residuals remain in the surface. Furthermore, the predictability of the 

processing result is comparatively low. For this reason, a defined microstructuring by machining processes 

was selected. In this regard it is important that a deterministic surface roughness can be predicted, modified 

and generated reproducibly. In addition, the extended goal included the production of large-area active tool 

parts, mostly with 3D free-form surfaces, which is why machining processes using CAM software are favored. 

There are multiple studies, which examine the impact of the substrate surface microstructure on the adhesion 

strength of CVDD coatings with different substrate materials.  

Substrate pre-treatment by cutting processes 

Face milling was initially selected as machining method for the steel surfaces. For this purpose, the formation 

of the kinematic roughness, which is typical for milling processes, was investigated by using coated cemented 

carbide end mills and steel specimen in a hardened state (50 HRC + 2 HRC). Analogously, experimental 

investigations with grinding tools were carried out. In addition, a surface simulation tool was developed which 

outputs the ideal kinematic roughness as a high-resolution point cloud. This simulation tool for the prediction 

of the surface microstructure should reduce the experimental scope. Following the initial findings, simulative 

and subsequently experimental work was carried out with ultrasonic vibration superimposed milling for the 

microstructuring of the steel surfaces. 

Kinematic simulation model 

The kinematic simulation model for calculating the surface microstructure produced by machining processes 

with geometrically defined cutting edges was developed in MATLAB. A virtual 2D or 3D tool as a point cloud 



 

 

of all relevant geometrical elements is intersected along a given trajectory with the likewise virtual workpiece. 

This is volumetrically represented as a dexel model. To describe the entire body volume, each beam element 

in a matrix is assigned an exact X- or Y-position in two-dimensional space in discrete form. The advantage of 

this form of spatial discretization is that due to the two-dimensional, equally spaced point distribution, the 

memory requirement for the volumetric model increases only to the second power, but at the same time the 

model can be resolved much higher in the Z-direction, since an increase in accuracy of the height values has 

no influence on the memory utilization. The kinematic simulation is a discrete procedure in which the 

movement is not represented continuously but in discrete time steps. In order to be able to represent the process 

realistically despite this simplification, a correspondingly high temporal resolution is necessary. In addition, 

the simulation tool was extended in the course of the project so that, in addition to the 2D tool paths, 3D tool 

paths, e.g. in ultrasonic vibration superimposed milling, can be displayed and observation with and without re-

cutting of the structures is possible. Furthermore, the implementation of real measured 3D tools is possible 

[36, 37, 38]. 

Milling without UVAM 

During the investigations on the characteristics of the kinematic roughness as well as the influence of the 

machining parameters on selected surface parameters, some correlations could be determined - especially the 

feed plays the most dominant role. In addition, the path overlap also has a relevant significance for the preferred 

direction of the surface finish. The selection of measuring field size and position can significantly influence 

the surface parameters.  

(a) 

 
 

(b) 

 

Fig.43: Visual comparison of face milled (a) and simulated (b) surface with DTool = 3 mm, fz = 0.06 mm, ae = 1.3 mm 

Fig. 43 gives a visual comparison of a milled surface (a) with a simulated surface (b), by using the same 

machining parameters. This graphic evaluation already shows that during the simulation of face milling under 

ideal process conditions certain geometric characteristics occur periodically and repeatedly. In reality, 

however, the milling process and thus the final surface microstructure is additionally influenced by other 

factors, such as tool wear, machine vibrations and material properties. When looking at a milled surface, the 

milling grooves of the tool cutting edges become clearly visible. It is noticeable that the revolving cutting 

corner creates the dominant part of the surface microstructure by cutting the kinematic microstructure resulting 

from the preceding intervention of the cutting corner again. Analytical calculations as well as experimental 

studies on the targeted influencing of this "re-cutting effect" were then carried out. Thereby, the characteristic 

traces appeared irregularly and independently of the considered parameter constellation. Therefore, no 

correlation between the formation of the re-cutting effect and the feed, depth of cut or the wear condition of 

the tool cutting edge, respectively, could be found. According to this, this effect offers further research 

potential if it is to be used specifically to influence the microstructure.  

To get more information about the roughness compensating properties of the diamond coating, the possibility 

of transferring the kinematic roughness to molybdenum samples was investigated. This did not require an 

intermediate layer for CVDD coating. Different parameter sets with a clear formation of the kinematic 

roughness were selected and transferred to molybdenum sheets with geometrically analogous experimental 

tools. During the subsequent surface analysis, it was found that, in contrast to machining of the hardened steel, 

the kinematic roughness was strongly superimposed. This sub roughness is probably due to the plastic 

deformation properties of molybdenum. During the subsequent coating process, closed as well as adhesive 

CVDD with a layer thickness of approx. 20 µm could be deposited. However, the characteristic machining 

marks on the substrate surface remained clearly visible afterwards, Fig. 44. Therefore, no roughness 
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compensating properties can be shown for this thickness range and morphology (crystallinity: approx. 

5 µm – 20 µm in maximum) of the CVDD coating. However, no statement could be derived from these results 

regarding the challenges of coating steel materials, such as the different coefficients of thermal expansion of 

steel and diamond. 

(a) 

 
 

(b) 

 

Fig.44: SEM micrographs of CVDD coating on by face milling microstructured molybdenum with 100x (a) and 500x (b) magnification  

Grinding 

Analogous to the microstructuring of steel by milling, face grinding was considered as a further process. CBN 

grinding pins in two different grit sizes (B126 and B64) were used. In initial preliminary tests, the wear 

development of the tools was recorded, and a decision was made for using cooling lubricant. The use of cooling 

lubricant emulsion was therefore possible because no micro-crack formation occurred due to a quenching 

effect and no amorphous surface layers were formed by rapid melting and cooling of the machined steel 

substrate. 

During the surface analysis after the main tests carried out, it was found that in the overlapping areas material 

throw-ups are formed in the feed direction. Due to their characteristics they make the quantitative evaluation 

of the surface with the relevant surface parameters more difficult. The mean arithmetic height with 

significantly lower values than 1 μm does not indicate a significant increase in the effective surface area. The 

maximum reached surface increase (Sdr) was therefore only above 1 %. The behavior of the surface 

microstructure with respect to the preferred direction was also considered. It was found that a strong anisotropy 

in the feed direction is created due to the material throw-up. Further preferred directions were not detected 

across the tests.  

Repeat tests were carried out to investigate the extent to which the results of the tests performed are 

reproducible. The differences were partly considerable, mainly due to increasing tool wear on the face and 

edge of the grinding pins. It can therefore be assumed that the process used does not appear to be suitable with 

regard to the reproducibility of certain surface structures and surface parameters or that there is a large variation 

in the work results. Furthermore, there is no interrupted cut for most of the grains on the flat surface of the 

tool. Rather, the grains are permanently engaged, depending on the position of the tool on the surface. Derived 

from these findings, surface treatment for a defined increase in roughness by grinding is not recommended.  

Ultrasonic vibration assisted milling – UVAM  

From the tests carried out, some findings could be derived, both in terms of machining technology and with 

regard to the first coating results. The surface and layer analyses of the test samples coated with LaPlas-CVD 

diamond showed that the isotropy of the surface microstructure in particular has a great influence on the layer 

adhesion, since stress peaks occur along dominant preferred directions (such as overlapping areas and feed or 

grinding grooves), which lead to layer delamination. In addition, thicker layers than the (average) profile height 

of the substrate structuring should be aimed for, since CVDD coatings with a layer thickness in the single-digit 

or low two-digit micrometer range do not have roughness compensating properties. In order to take advantage 

of mechanisms of mechanical clamping and stress reduction within the layers, microstructures without a 

preferred direction should be produced, whereby the profile height should be at most half the desired layer 

thickness of approx. 20 µm. For this reason, the investigations focused on vibration-superimposed milling in 
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the ultrasonic range. It is characterized by the fact that the conventional tool path (cycloid) is superimposed 

with an additional effective movement in the direction of the tool axis, which can be described mathematically 

by a sine function. It is possible to generate an isotropic structure distribution, a determined profile height and 

a predefined structure distance by an adaptation of the process parameters.  

There are only a few research results with respect to milling, especially face milling, with ultrasonic vibration 

assistance according to Lauwers et al. [39]. The complexity of the superimposed motion as a function of the 

required workpiece surface is one of the main reasons. However, the superposition of vibrations in the direction 

of the tool axis during milling has an influence on surface structure formation and is described for example 

from Maurotto and Wickramarachchi [40]. The results of the investigations show that a change in the surface 

roughness can be achieved by a variation of the machining parameters as well as the vibration parameters. 

Furthermore, they concluded that due to the tool wear it is necessary to develop tools as well as coatings for 

the application of (ultrasonic) vibration assisted milling processes. Kuruc et al. demonstrated the dependence 

of the surface roughness on the ratio between a constant ultrasonic frequency and the spindle speed in a micro 

milling process of an aluminum alloy [41]. Different superposition effects (interferences) can occur which 

have a high influence on the surface characteristics and cannot be fully explained yet. In addition, experimental 

investigations using a multi-edged milling tool were carried out. They further intensified such effects by using 

cutting geometries which differ from each other. It is shown that vibration assisted machining processes enable 

the generation of predefined surface microstructures. However, due to its complex kinematics, the application 

of previous process simulation is required. 

Initial performance tests were carried out with standard tools and specimens made of X153CrMoV12-1 in the 

soft annealed condition (255 HB). Double-edged, coated cemented carbide end mills (DTool = 5 mm) were used. 

By means of the ratio of a (fixed) measured vibration frequency of the system and the rotational speed of the 

tools, the distance between the structures along the tool circumference can be calculated and thus defined. 

From this, both the cutting speed and the feed can be defined. In all cases considered, the feed was chosen 

analogous to the structure distance in order to obtain the highest possible isotropy. The results of the surface 

and tool wear analysis provided several insights: 

• An offset (along the tool axis) of the cutting-edge corners of multi-edged tools in the micrometer range, 

is transferred to the surface microstructure and has a clear influence on the structural characteristics 

and the isotropy.  

• In particular the tools flank face, but also the minor cutting edge, come into contact with the previously 

generated microstructure with unfavorable cutting parameters, so that it is deformed.  

• The above-mentioned effect causes increased tool wear in the form of chipping or breakouts, especially 

on the cutting edge, at points with alternating mechanical load. 

Based on the machining parameters, the oscillation parameters and the tool geometry – especially the relevant 

part of the tool tip – four different simulation models were created, Fig. 45. By lining up individual cycloids 

in the feed direction, it is possible to set a defined offset of the sinusoidal structure after each rotation. Since 

there are both fluctuations within the spindle speed and the resonant frequency in the real machining process, 

a clear ratio of these variables cannot be predicted. In the most cases it is not an integer, which results in a 

slight misalignment. In the simulation, therefore, the two “extreme cases” are compared: no offset (“valley 

follows valley”, (a) and (c)) and maximum offset half a structural distance (“valley follows peak”, (b) and (d)), 

below named without and with displacement. Furthermore, both variants were simulated with ((c) and (d)) and 

without the re-cutting effect ((a) and (b)) of the rotating cutting corner. For the surfaces without re-cut, a path 

shorter than the tool diameter was simulated. The resulting surfaces from the simulation are shown in Fig. 45 

exemplarily for the experimental parameters of UVAM 3.6 100, Tab. 5. 

Tab. 5: Experimental plan and machining parameters 

# AP fz (≈ ) vc Contact* 

UVAM 3.6 100 

1.8 µm 

100 µm 120 m/min 
no 

UVAM 3.6 50 50 µm 60 m/min 
yes 

UVAM 6.6 100 3.3 µm 100 µm 120 m/min 
yes 

*Contact between flank face and microstructure due to the parameter ratio of the clearance angle to the wavelength and the amplitude 
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Fig.45: Simulated surfaces as a variation of the reference microstructure UVAM 3.6 100 

Fig. 46 shows some results of the manufacturing of the microstructures from Tab. 5. It should be noted that 

the UVAM 3.6 100_II (a) was produced with a double-edged tool, while the remaining three combinations 

were produced with single-edged cutters. In (b) the different surface profiles of sections are shown in both the 

feed direction (kinematic roughness) and the cutting direction (sinusoidal profile). In (c) and (d), the actually 

produced surfaces are compared with the simulated surfaces of the parameter combination of UVAM 3.6 100 

on the one hand optically and on the other hand by means of their Abbott and material proportion curves. (c), 

as with all surfaces under (a), are specimen in the soft annealed condition, while (d) represent the 

microstructured surface resulting from manufacturing of a hardened specimen. It can be clearly seen that the 

microstructure of the softer specimen is more similar to that of the simulation without a re-cut, while the 

microstructure of the hardened specimen is more similar to the simulation with a re-cut. This is possibly due 

to the different material behavior of the workpiece material. The results presented in detail under [37]. 
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Fig. 46: Results of the surface microstructure analysis  

In Fig. 47, the shown condition (above, left) is representative for all new tools. It can be seen that the tool 

without a contact of the flank face and the microstructure (UVAM 3.6 100) have nearly unworn cutting edges 
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and cutting corners. Only a very small rounding could be determined, which can be attributed to a successive 

wear of the coating. However, the wear of the tools of test UVAM 3.6 50 and UVAM 6.6 100 is clearly 

conspicuous. Larger edge sections at the minor cutting edge as well as the rake face are broken off, and the 

coating in this area is spalled. This is attributable to the unfavorable engagement conditions during the 

machining process, where the hammering contact between the minor flank face and the microstructure resulted 

in high mechanical stresses at the cutting edge and the tool tip. Those vibrations ultimately led to the local 

failure of the coating and the substrate material and consequently to a rapid increase of the tool wear. The wear 

analysis of the tools used for the microstructuring of the hardened specimens confirmed the results of the 

surface analysis: in particular the minor cutting edge as well as the cutting corner showed considerable 

chippings. Thus, the chipping of the cutting edge increased and led to a higher deviation from the simulated 

microstructure in comparison with machining in the soft annealed state. The main wear type is abrasion. In 

addition, large areas of delamination of the coating on the rake face could be determined. It can be concluded 

that the coating or its adhesive strength is not suitable for the hard machining with regard to the mechanical 

load. The slightest wear occurred at the tool used for UVAM 3.6 50, where the feed per tooth and also the 

cutting speed were lower. 

 

Fig. 47: Wear analysis of the single-edged tools with characteristic signs of wear for favourable (UVAM 3.6 100) and unfavourable cutting conditions 

(UVAM 3.6 50 and UVAM 6.6 100) 

As a result of these first findings of the UVAM process, the boundary conditions were changed: The process 

parameters were adapted in such a way that a collision between the flank face and the secondary cutting edge 

with the calculated surface microstructure was excluded using the standard tools; in addition, these were used 

with a single cutting edge to exclude a height offset of the individual paths. The cutting edge had a defined 

rounding of (approx.) 5 µm. A high degree of agreement between the manufactured and simulated surfaces 

could be achieved continuously. However, the structural clearances were still in areas that did not correspond 

to those of the preliminary considerations (e. g. AUS ≈ 5 µm and λ = 100 µm ≙ aspect ratio of 1/20), due to the 

orientation of the process parameters on the tool geometry. Therefore, special tools with modified geometry 

considering the relevant cutting part and an adoption to the desired structural dimensions were procured. In 

addition to the definition of the clearance angle (15°) and the angle of the minor cutting edge (15°), also the 

corner was varied: nearly sharp, rounded (rb = 5 µm) and chamfered). However, it merged that both the 

relatively large corner radius and the chamfer had a very dominant influence on the microstructure compared 

to the dimension of the microstructure, resulting in strong preferred directions of the surface. The nearly sharp 

corner, in turn, was not very wear-resistant and tended to break out quickly. 

To prevent the relatively high tool wear, tools with analogous cutting-edge geometries made of cubic boron 

nitride (CBN) were used. For selected parameter combinations and specimens made of the steel 

X153CrMoV12-1 in both the soft annealed and hardened condition, these tools were tested. However, no 

improvement in the wear behavior and thus the reproducibility of the microstructures could be achieved, as 

the tools broke off almost on first contact. This is due to the comparatively higher brittleness of the CBN 

cutting material in comparison to cemented carbide tools and the comparatively much higher alternating 

mechanical load caused by the ultrasonic vibration. 

For the last investigations, a maximum aspect ratio of approx. 1:4 of the surface microstructure was aimed for. 

This was realized by amplitudes AUS of 4.5 µm and 6.5 µm, which correspond to structural distances of 18 µm 
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and 26 µm, respectively. In addition, the larger structural distances were combined with the smaller amplitude 

to get a third microstructure with roughness characteristics between the two extremes [38]. Because of the high 

aspect ratio, tools with a clearance angle of about 40° were necessary. Thus, to ensure the stability of the 

cutting edge, they had a negative rake angle of -10°. The angle of the minor cutting edge was 15° and to protect 

the sharp cutting corner, they had a very small chamfer (approx. 14 μm x 60° to the major cutting edge). 

In the visual comparison of the UVAM microstructured surfaces with the previously simulated, it was found 

that the milled surfaces correspond to those simulated without re-cutting. In addition, a slight displacement of 

the microstructure occurs, Fig. 48 (c). This results from a non-controllable, non-integer ratio of the rotational 

speed and the oscillation frequency. The two variants of the simulation in Fig. 48 show the case without 

(SIM_1 6.5 26) or with a maximum structural displacement (SIM_2 6.5 26).  

(a) 

 

(b) 

(c) 

Fig. 48: Visual surface comparison of SIM_1 6.5 26 (a), SIM_2 6.5 26 (b) and UVAM 6.5 26 (c) 

Furthermore, it is shown, that the profile height of the generated surface is smaller than the simulated height. 

This could be due to the damping of the amplitude by the tool engagement. The quantitative comparison of the 

surface parameters Sa and Sdr confirms the considerations of the surface design, Fig. 49. It could be noted that 

the smallest value for the arithmetic mean height corresponds with the smallest developed interfacial ratio for 

the three by UVAM generated surfaces. The highest value for the developed interfacial area ratio of the 

specimens (UVAM 6.5 26) results from the higher amplitude.  

Although the qualitative (as well as the quantitative) accordance between the simulated and experimentally 

manufactured surface microstructure is sufficient, it has to be noted that this only applies for the middle area 

of the milled path. In the overlapping area, the microstructure is distorted, and this leads to strongly anisotropic 

areas, Fig. 50. In addition to the microstructure, further elements on the surface, such as burr formation, occur. 
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Fig. 49: Results of the analysis of the simulated surfaces and the 
surfaces generated by UVAM 

Fig. 50: SEM micrographs of a surface generated with UVAM with regard 
to burr formation (right) and path overlap (below) 

 

CVD diamond deposition on steel substrates 

Due to the carbon diffusion into the steel substrate, an intermediate layer is necessary as a diffusion barrier 

[42]. The deposition of intermediate layers was investigated using the evaporation of solid rods in the LaPlas 

system using an argon/hydrogen plasma flame, so that the entire coating system can be deposited in one system. 

Fig. 51 shows that coatings could be applied using Si3N4 and SiC rods. The evaporation of the Si3N4 precursors 

is similar to a plasma spraying process and leads to a porous coating. The materials aluminum and yttrium 

used as binding agents in the rods can also be detected on the surface. The evaporation process of the SiC 

precursors leads to a green coloration of the plasma flame and a homogeneous coating. The EDX analysis 

detects mainly silicon and oxygen on the surface (Fig. 51 right). Fig. 52 shows the growth rate in the border 

area and in the middle of the silicon carbide-containing coating. The coatings were deposited with the 

evaporation of two SiC precursors and a substrate surface temperature of 800 °C. In the border area of the 

coating there is a much smoother coating with a higher growth rate than in the middle of the coated surface. 

EDX measurements showed 60 wt.% silicon, 34 wt.% oxygen and 5 wt.% carbon in the border area. In the 

middle of the coating a composition of 49 wt.% silicon, 45 wt.% carbon and 4 wt.% oxygen was detected. This 

means that oxygen from the ambient air is built into the layer at the edge of the coating and silicon oxide is 

thus deposited. Silicon carbide is predominantly present in the middle range. This explains the different growth 

rates. The coating area produced in this way is 40 mm2 and could be increased by means of a 2-axis cross table. 

The coating with an increased deposition area was analyzed by X-ray diffraction and a composition of the 

coating of 69% silicon, 16% silicon dioxide and 15% silicon carbide (alpha SiC) was determined. In the 

following, the coating is referred to as silicon coating. 

  
Fig. 51: Surface structure and EDX spectrum of a coating based on 

vaporized Si3N4 (left) and SiC precursors (right) 

Fig. 52: Growth rate of the silicon coating, in the marginal area (left) 

and in the middle (right). 

The process window of the LaPlas CVD process was investigated by a variation of the methane/hydrogen ratio 

from 0.15 % to 5.0 % on etched hard metal substrates, which is shown in Fig. 53. The results show that the 

deposition temperature depends on the methane/hydrogen ratio. It was shown that a CVD diamond deposition 
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is possible in the temperature range between 650 °C and 1100 °C. In Fig. 54 a 4 µm thick silicon coating was 

deposited on steel at 800 °C. The coating was applied to the steel at a temperature of 800 °C. A polycrystalline 

CVD diamond coating was then deposited at a temperature of 1050 °C with a layer thickness of 4 µm. It is 

shown that a diamond layer can be deposited on the silicon intermediate layer (Fig. 54 b). During the cooling 

phase after the coating, the diamond layer and partly also the silicon intermediate layer are delaminated 

(Fig. 54 a) and c). The EDX mapping on a cross section (Fig. 54 d), carried out at the position of Fig. 54 b), 

questions whether the silicon intermediate layer effectively acts as a diffusion barrier for iron, since iron can 

be seen inside the silicon layer. 

  

Fig. 53: Possible process temperatures for diamond layer deposition 

depending on the methane concentration. 

Fig. 54: CVD diamond coating on ground steel with an intermediate 

silicon layer, a) BSE image of the coating, b) SEM image of 

the diamond layer and EDX mappings of the c) plan view and 

d) the cross section at a diamond coated area. 

In Fig. 55 differently manufactured microstructures coated by a 2.4 µm thick chromium nitride layer by 

Oerlikon Balzers are shown as SEM micrographs as well as the measured Sa and Sdr values. Both parameters 

vary over a wide range from the very smooth polished surface with Sa 0.1 µm and Sdr = 2% to the rough 

corundum blasted surface with Sa 3.0 µm and Sdr = 297%. In comparison to Fig. 49 the developed interfacial 

area ratio (Sdr) values increase and the Sa values decrease due to the chromium nitride coating. EDX 

measurements of the chromium nitride coating detected 47 at.% nitrogen and 53 at.% chromium, which 

verifies a chromium nitride coating. 

  
Fig. 55: SEM micrographs of the different microstructures realized on 

steel substrates and coated by a chromium nitride layer. 

Fig. 56: Dilatometer measurements of X153CrMoV12-1 steel specimen 
a) with a heating rate of 2 K/s up to 1100 °C and b) with a 

heating rate of 7 K/s and different holding temperatures for 40 

minutes. 

The result of the dilatometer measurement shown in Fig. 56 a) with a slow heating rate of 2 K/s shows an 

austenite to ferrite transformation and thereby a nonlinear change in length. The temperatures of phase 

transformation AC1 and AC3 are measured at 840 °C and 871 °C. In Fig. 56 b) the test parameters are adapted 

to the process conditions, with a heating from room temperature to the deposition temperature in 2.5 minutes 



 

 

and a subsequent holding time of 40 minutes at the deposition temperature. The tests show that a holding 

temperature of 840 °C leads to the smallest length change of 0.86%. With the LaPlas CVD process the lowest 

achievable temperature on steel substrates, where a diamond coating can be deposited, is 700 °C. During the 

heating process of the dilatometer test the length change at 700 °C shows a length change of 0.93%. Fig. 57 

shows the result of the local CVD-diamond deposition at 840 °C with a thickness of 8 µm. In the photography 

of the coating, the bright grey area is the CrN layer, where the diamond coating delaminated. The dark grey 

area is the remaining diamond coating. The black box shows the position of the measured height profile. The 

scale of the height profile in Fig. 57 and Fig. 61 is individually chosen to show the optimum contrast, with the 

low structures in blue colour and the high structures (usually the diamond coating) in red. The four 

microstructured specimens with the lowest roughness (Fig. 57 left side) led to a delamination of the diamond 

coating in form of a diamond foil, so that nearly no diamond is left on the substrate. The glass-bead blasted 

substrate led to a flake like delamination. The UVAM 6.5 26 specimen shows that especially in the overlap 

area with a distorted microstructure a complete delamination occurs. No damages could be observed at the 

diamond coating on the corundum blasted specimen. A higher magnification of the remaining diamond 

coatings on the different substrates is shown in Fig. 58. On each image the polycrystalline character of the 

coating can be seen. 

  
Fig. 57: Photography and height profile of the diamond coating 

deposited at 840 °C. 

Fig. 58: Microscopic images at high magnification of the diamond 

coatings deposited at 840 °C, which show the crystalline 

structure. 

The two structured specimens UVAM 4.5 26 and UVAM 6.5 26 show that in the valleys of the surface structure 

the diamond coating is not a closed layer. Especially the higher peak to valley height of specimen UVAM 6.5 26 

leads to the growth of large diamond crystals on the peaks and just small diamond crystals in the valleys, as it 

is marked in Fig. 59 on the right image. The diamond coating on the corundum blasted substrate has small 

uncoated or delaminated areas as can be seen in Fig. 60. The white dots in Fig. 60 a) represent the CrN coating, 

which is not coated by diamond as can be seen in the detailed image in Fig. 60 b) and was verified by an EDX 

measurement. 

 
 

Fig. 59: Diamond coating deposited at 840 °C on an UVAM 6.5 26 

substrate a) as a height profile and b) microscope image on the 

same position. 

Fig. 60: a) Overview image and b) detailed image (box shown in a) of 

the diamond coating deposited at 840 °C on corundum blasted 

substrate. 

Fig. 61 shows the result of the local CVD-diamond deposition at 700 °C with a thickness of 2 µm. Compared 

to the diamond coatings deposited at 840 °C (Fig. 57) the area of delamination decreases. In the height profiles 



 

 

of all specimen clear delamination can be seen except on the ground and corundum blasted specimen. On the 

ground substrate a closed diamond layer is deposited with lots of small delaminated areas (black dots in the 

height profile). The overlap area of the UVAM specimens promotes the delamination of the diamond coating, 

as can especially be seen in the photography of specimen UVAM 4.5 18. The highly magnified images of the 

diamond coatings deposited at 700 °C in Fig. 62 show a crystalline structure with diamond crystals smaller 

than 1 µm. Small delaminated or u22ncoated areas can be seen in most images, which have a length smaller 

than 10 µm. 

  
Fig. 61: Photography and height profile of the diamond coating 

deposited at 700 °C. 

Fig. 62: Laser scanning microscope images at high magnification of the 

diamond coatings deposited at 700 °C, which show the 

crystalline structure. 

A representative Raman spectrum of a diamond coating deposited at 840 °C and 700 °C is shown in Fig. 63. 

The spectrum of the coating deposited at 840 °C shows the peak at 1332 cm-1, which proofs residual stress free 

microcrystalline diamond [16]. No residual stress is measured, because the measurement is done on a diamond 

coating which is partly delaminated. The peak at 1560 cm-1 is the so-called G-peak [43] which shows that the 

coating also has a graphitic content. The peak at 1190 cm-1 can be related to incorporated nitrogen in the 

diamond coating, which is introduced by the CrN interlayer. Zhang et al. [44] detected an increase of two peaks 

at 1190 cm-1 and 1550 cm-1 with increasing nitrogen content in the diamond coating. The cryofractures shown 

in Fig. 64 are produced after the diamond deposition. It can be seen, that the CrN interlayer has a coating 

thickness of 2.4 µm. Even on specimen UVAM 6.5 26 the CrN coating is very homogenous. The diamond 

coating delaminates by producing the cryofracture. Just at the boarder of the coated area on the polished 

substrate Fig. 64 b) the diamond coating remained. 

 

 
Fig. 63: Raman spectra of the diamond coating deposited at 840 °C (left) 

and at 700 °C (right). 

Fig. 64: a) Cryofracture of UVAM 6.5 26 specimen diamond coated at 
840 °C and b) cryofracture of the polished specimen after 

diamond coating at 700 °C. 

Hardness measurements in Fig. 65 show that the steel is in a soft annealed state after the deposition process, 

with a hardness of approximately 220 HV0.1.  



 

 

 
Fig. 65: Hardness measurements of the steel substrate a) parallel and b) perpendicular to the surface after the deposition process at 700 °C and 840 °C. 

4 Discussion 

The tribological behavior of different diamond and diamond like coatings against the aluminum alloy 

EN AW-5083-H111 (AlMg4.5Mn0.7) was tested. As reference, also an uncoated and polished steel 

X153CrMoV12-1 plate was tested and analyzed. The observed high wear rate at the steel plate 

(6∙10-6 mm3/Nm) and the round-ended pin (5∙10-5 mm3/Nm) are explained by excessive abrasive and adhesive 

wear, also leading to the high COF of about 0.62. Pronounced and dispersed adhesion of aluminum and iron 

were detected by SEM/EDX on both, the test plate and at the aluminum pin. These results are in good 

agreement with [45]. Due to the cold welding of aluminum, it can be assumed that the real abrasion of the steel 

sample is even higher than the calculated wear rate. The COF curve stagnated at a constant value with 

pronounced curve noises which may be explained by parallel mechanisms. The contact area increases due to 

abrasion resulting in a decreasing contact pressure. This provides more reaction area for adhesion. The constant 

COF and the high curve noises may be the result of a mutual build-up and degradation of adhesion layers with 

simultaneous abrasion on both sides due to alternating sliding motion. After the test, large amounts of steel 

and aluminum particles were found besides the wear tracks. 

The tribological behavior of the tested a-C:H:W/a-C:H-coating system can be separated into several 

mechanisms and stages. The presence of hydrogen in the a-C:H top layer reduces the density of C-C and C=C 

bonds in the a-C:H network leading to relatively low hardness of about 1,900 HV0.01 compared to the CVDD 

coatings with a hardness of about 11500 HV1. The a-C:H:W/a-C:H-coating system exhibits a running-in 

behavior within the first minutes which is related to the formation of a lubricious graphite-like transfer film 

after short time [46]. Since carbon residues were detected on the counter aluminum material by EDX, a 

formation of a tribological transfer film is assumed, resulting in the observed drop of the COF from 0.27 to a 

nearly constant level of 0.17 after about 1.5 hours. After another 24,000 cycles (1.5 h) the COF curve shows a 

further decrease to 0.12. The drop in COF can be explained by the abrasive wear and continuous volume loss 

of the a-C:H top layer due the provision of transfer film. This could explain the drop and subsequent decrease 

in COF over time, because the intermediate layer contains tungsten and is deposited with graded ramps of 

bias-voltage and an acetylene flow rate [47]. The presence of tungsten during dry testing seems to have a 

beneficial effect with respect to the low dry COF. Other works have confirmed that COF further decreases by 

the formation of WO3 as soon as a tungsten rich DLC layer is exposed when testing against aluminum (319 al) 

[46]. WO3 can provide a lubricious effect since its structure is epitaxial [48]. This could be an indication that 

small amounts of tungsten incorporated in the hydrogenated carbon matrix are beneficial regarding dry sliding 

against aluminum. Also amounts of tungsten were found at the counter material after testing indicating the 

participation of the transfer film formation. 

The curve of the as-deposited CVDD-coating is characterized by a constant decrease of COF from 0.42 to 

0.36. The curve noises are lower than the resulting noise by sliding against the steel reference. Due to the high 

hardness of more than 10,000 HV1 and the high surface roughness of Sa 1.19 µm significant abrasion takes 

place at the round-ended aluminum pin. This is confirmed by the highest wear rate of 6∙10-3 mm3/Nm. Large 

quantities of aluminum wear debris have accumulated in the roughness valleys. With respect to the CVDD-

coating even a material gain was determined which is expressed by a negative value of the wear rate. The 

remaining aluminum in the wear track on the CVDD-coating interlocks in the valleys of the polycrystalline 



 

 

surface. The different COF between CVDD and pCVDD can be explained by the strong discrepancy in 

roughness between Sa 1.19 µm and Sa 0.01 µm. Thereby the loose debris accumulates in the valleys rather 

than being displaced out of the wear track. 

The pCVDD-coating shows an excellent performance in dry sliding against an round-ended aluminum pin 

with a very constant COF of 0.12 over 105 cycles, the lowest wear rate of the round-ended aluminum pin of 

4∙10-9 mm3/Nm and of the coating of 1∙10-8 mm3/Nm. Inside the wear track, wear grooves in the sliding 

direction of the round-ended aluminum pin have formed as shown in the measured profile of the AFM image 

in Fig. 31. The depth of the wear grooves is lower than 100 nm. It could be shown, that for polished 

polycrystalline CVD diamond coatings no formation of nanoripples in transverse direction within a 

longitudinal wear scar can be detected, as occurs for nanocrystalline diamond coatings [28]. The good 

performance of the pCVDD-coating is attributed to the interaction of different influencing factors. Firstly, the 

hardness of the diamond coating of 11525 HV1 gives a lower probability of coating wear under dry sliding 

contact. Another important factor is the chemically inertness of diamond towards aluminum, as shown by 

Chattopadhyay et al. [49]. The detected increase of the G peak in the Raman spectrum in result of the tribometer 

test, determines the slight rise of the graphitic amount. In combination with the detected film on the round-

ended aluminum pin after the test, the formation of a transfer film according to Scharf et al. [50] is concluded. 

The electrical resistance of the round-ended pin rises from a few Ω to more than 60 MΩ due to the formation 

of the detected film on the round-ended aluminum pin. Tröber et al. [51] showed that thermoelectric currents 

exert a strong influence on adhesive wear. The occurrence of thermoelectric currents is prevented in the ball-

on-plate test through the insulating properties of diamond, which has an electrical resistance of higher than 

1010 Ω [29], in combination with the high electrical resistance of the formed transfer film. 

Regarding the CVD diamond coatings with in-situ evaporated silicon carbide precursors, the peak at 1332 cm-1 

in the Raman spectra could be detected all over the diamond coating, which proves the existence of a diamond 

structure [52]. Hence, the evaporated content of silicon carbide does not interfere in such a way that diamond 

crystal growth is suppressed. On measuring the luminescence spectrum of the diamond layer with incorporated 

silicon, a peak at 738 nm can be detected. Tóth et al. reported that SiV centers in diamond have an intense zero 

phonon line at 738 nm [53], which verifies that doping of the diamond coating by silicon is successfully 

realized in the executed researches. By 2-point resistance measurements a change in the electrical resistance 

by silicon incorporation could be verified. The application of a 4-point probe van der Pauw resistivity 

measurement on a single CVD-diamond crystal in the center of the coating leads to a sheet resistance ρ of 2.53 

MΩ ± 1.29 MΩ. The pure CVD diamond layer is not machinable by EDM. The successful EDM at silicon 

doped CVD diamond coatings confirms the change of conductivity characteristics. 

CVD-diamond deposition of steel provides several challenges. To enable the coatability of steel by a diamond 

layer a diffusion barrier is necessary, which prevents the diffusion of carbon into the steel specimen and the 

diffusion of iron into the diamond coating. The investigations show, that the used HIPIMS chromium nitride 

coating with a thickness of 2.4 µm successfully worked as a diffusion barrier and has a high adhesion to the 

steel substrate. In all cases the delamination took place at the interface between CrN interlayer and diamond 

coating. The used tool steel X153CrMoV12-1 has a thermal linear expansion coefficient of 13.0 ∙ 10-6 m/(m∙K) 

in the temperature range from 20 °C to 400 °C [54]. Diamond has a thermal expansion coefficient between 

1.0 ∙ 10-6 m/(m∙K) and 4.5 ∙ 10-6 m/(m∙K) [55]. This leads to a big mismatch of thermal expansion coefficients 

and induces large residual stresses. The delamination can be influenced by the surface microstructure. The 

diamond coating deposited at 840 °C with a coating thickness of 8 µm shows larger delamination than the 

coating deposited at 700 °C with a thickness of 2 µm. Fig. 56 shows that the prolongation of the steel specimen 

is less for a deposition at 840 °C with 0.86% than for 700 °C with 0.93%, which is due to the austenite to 

ferrite transformation. Uncoated areas in the 2 µm thick diamond coatings prevent the generation of high 

stresses. A higher coating thickness of the diamond coating as well as a closed coated area leads to an increase 

of the residual stresses. Hardness measurements of the steel after the deposition processes showed that the steel 

is in annealed condition. The cooling rate from deposition temperature to room temperature in two minutes 

would be fast enough for a hardening of the steel sample. That leads to the assumption that the total length 

change could be lower with a higher deposition temperature than 840 °C due to the austenite to ferrite 

transformation in the steel substrate which results in a volume expansion during cooling in case of a hardening 

process. 

Fig. 57 shows, that the coating adhesion is increased with increasing arithmetic mean height (Sa) to a certain 

extent. This agrees with the literature cited in the introduction [1, 2, 3, 4, 5]. Regarding the coating thickness 



 

 

of 8 µm higher roughness values result in a flake-like delamination, with remaining areas of the diamond 

coating. Whereas low roughness values lead to a delamination of the diamond coating as a foil. The overlap 

area of UVAM 6.5 26 reduces the surface roughness, Fig. 30. At the positions of the overlap areas a complete 

delamination takes place, whereas inside the milling path just local delamination is detected (Fig. 57). 

Furthermore, the UVAM 6.5 26 substrate shows that sharp peaks lead to the formation of large diamond crystals 

(Fig. 59). At the same time the valleys are not coated by a closed diamond layer. This can be explained by a 

local build-up temperature on the sharp peaks, which results in a local higher diamond growth rate. The 

diamond coating growth in microwave plasma CVD processes also strongly interacts with mountains, which 

leads to a reduced diamond growth rate in valleys. To achieve a homogenous coating the chamber pressure is 

increased, which is not possible in the atmospheric LaPlas CVD process. It is assumed that the higher the peak 

to valley height is, the higher is the probability that the carbon atoms bind to the larger diamond on the peak 

rather than to the small diamond crystals in the valley. In Fig. 60 it can be seen that very high Sa and Sdr 

values, as achieved by corundum blasting, results in an inhomogeneous diamond coating which varies between 

nano- and microcrystalline diamond. The size of the delaminated areas on the corundum blasted substrates 

decrease from around 20 µm at 840 °C to 5 µm at 700 °C (compare Fig. 60 and Fig. 62). Interestingly, the 

ground specimen showed quite good results at a deposition temperature of 700 °C. There are small delaminated 

areas of maximum 10 µm diameter of the closed diamond coating, but it did not lead to a complete 

delamination of the coating, even though it has the second smallest roughness values of the investigated 

microstructures. The delamination always takes place in accordance to the structure. The delaminated area of 

the diamond coating has the form of stripes on ground substrates, of a foil on polished substrates and is random 

shaped on the stochastic structures of blasted substrates. 

5 Conclusion 

With respect to the performed dry tribological tests of specially designed different carbon coatings for their 

suitability in terms of enabling dry forming of the aluminium alloy EN AW-5083 and subsequent analyses, the 

following conclusions could be derived: Uncoated and polished steel X153CrMoV12-1 shows high abrasive 

and adhesive wear by dry sliding against a round-ended aluminium pin and results in a high COF of 0.62. That 

means that a surface coating is mandatory for forming tools out of that type of steel to realise dry forming of 

the aluminium alloy EN AW-5083-H111. Rough (Sa 1.19 µm) and hard CVDD-coatings lead to high abrasive 

wear of the round-ended aluminium pin and are therefore inappropriate for dry aluminium forming. The 

a-C:H-coating as well as the pCVDD-coating exhibit a short running-in behaviour. The lower hardness of the 

a-C:H-coating leads to a higher wear rate compared to the pCVDD-coating. The pCVDD-coating shows a very 

constant dry COF of 0.12 over the complete test duration and negligible wear rates. 

UVAM can be used to generate defined and reproducible microstructures in steel substrates that can be 

simulated by a surface prediction tool and varied - in technological limits - in their geometrical properties. It 

could be shown that the surface microstructure has a high impact on the interlocking between coating and 

surface. Low surface roughness values up to 0.9 µm lead in case of 8 µm thick diamond coatings to a 

delamination of the diamond coating in form of a diamond foil. Higher roughness values result in a flake-like 

delamination, with remaining areas of the diamond coating. None of the microstructures investigated in this 

study was able to overcome the residual stress induced by thermal expansion of the steel substrate in such a 

way, that it prevents delamination of the coating entirely. The following conclusions of expedient parameters 

can be drawn to achieve a closed diamond coating on steel: 

• Before the diamond deposition of a steel specimen, the thermal expansion of the specific type of steel 

needs to be investigated. By considering that the austenite to ferrite transformation has a strong 

influence on the prolongation of the steel, the most advantageous deposition temperature and cooling 

rate needs to be estimated. 

• For the diamond deposition on the steel X153CrMoV12-1 the deposition temperature needs to be 

either lower than 650 °C where the length change of the steel specimen is 0.85% or higher than 840 °C 

with a hardening of the steel and an accompanied reduction of the thermal expansion. 

• Sharp peaks at the microstructured specimen surface should be avoided due to local build-up 

temperature, which leads to an inhomogeneous diamond coating thickness. Furthermore, a certain 

roughness higher than Sa 0.1 µm supports the adhesion. The UVAM process for the production of 

modifiable, deterministic microstructures on surfaces to be coated appears to be suitable against this 

background. 



 

 

For the overall vision of dry metal forming it could be shown that the advantage of the a-C:H-coating is the 

deposition process, which enables a large area deposition as well as a good adhesion strength on various 

different substrate materials. The CVD-diamond deposition process still has research demands regarding the 

adhesion strength on steel substrates and the large area deposition. The need of a subsequent polishing process 

provides the opportunity to adjust a different roughness at different positions of the forming tool to control the 

material flow. Focusing on the performance of the different coatings in the dry tribological ball-on-plate test, 

the pCVDD coating is the most promising of the tested carbon coatings to enable dry aluminium forming with 

a long lifetime of the coated tool. By in situ silicon carbide sublimation, a possibility has been demonstrated 

for atmospheric CVD processes to reduce the electrical resistance of CVD diamond layers without the use of 

toxic gases. The electrical resistance of the coating could be reduced with a silicon doping concentration in the 

order of 1020 cm-3 in range between 104 Ω and 106 Ω. Electrical discharge machining of CVD diamond coatings 

has been made possible by silicon doping, which means that the resistivity has been reduced to below 

100 Ω∙cm.  
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