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Abstract 
Electrical discharge machining (EDM)  represents  a  key  manufacturing  technology  in  a  broad  range  of  industries,  e. g.  aerospace, 
automotive and mould making. Current industrial and scientific relevant challenges are long machining times to achieve the surface 
roughness values needed, excessive tool electrode wear and the related huge number of tool electrodes needed. At state of the art, 
the challenges mentioned strongly limit the economic efficiency of precision EDM processes. To overcome these major challenges, 
the substitution of time consuming EDM polishing processes by diamond slide burnishing (DSB) shows great potential. During the 
process,  a  monocrystalline  spherical  diamond  burnishing  tool  is  moved  along  the  surface  of  the  workpiece  with  a  defined 
process force. In this way the surface is specifically compressed and roughness peaks are smoothed. Within this work the applicability 
of diamond slide burnishing for the finishing of electrical discharge machined surfaces was investigated. For this purpose, three VDI 
grades with different surface roughness values were subsequently machined by DSB. The results show that the surfaces with different 
initial surface conditions can be successfully finished by DSB. The surface roughness of VDI grade 30 is identified as an upper limit for 
the surface preparation by EDM. A significant improvement of the surface roughness Ra by 93 % and a reduction of the processing 
time by 40 % could be achieved by the post-processing using DSB. Therefore, the new process chain presented shows great potential 
for being used in the field of tool and mould making and especially for the production of injection moulds.  
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1. Introduction 

Electrical discharge machining (EDM) represents a significant 
element within the process chains of tool and mould making. 
The production of complex high-precision cavities with low 
surface roughness is strongly related to numerous tool 
electrodes, machine hours and resulting costs. Diamond slide 
burnishing shows a promising approach as finishing operation 
to overcome the mentioned limitations within new process 
chains. This way, the time-consuming EDM polishing processes 
are replaced with additional diamond slide burnishing 
operations. The state of the art shows a reduction of the 
surface roughness Ra by ΔRa ≥ 0.5 µm for the established 
process chains of mould making using EDM polishing as 
finishing process. However, this takes up a significant time 
share of up to 80 % [1]. An alternative to DSB is rolling, where a 
roller is pushed into the workpiece surface. Here, it is essential 
to distinguish between those processes and their workpiece-
tool kinematics [2, 3]. So far, the burnishing technology with 
diamond spheres was mostly used on turning rather than 
milling machine tools [4].  

In order to overcome this challenge, the process of DSB offers 
time-saving potentials compared to multi-stage EDM. On the 
one hand, the burnishing process causes a ductile deformation 
of the surface-near boundary layer, which leads to a significant 
improvement of the surface characteristics. On the other hand, 
the cold forming and the induction of internal compressive 
stresses σD influence the crystal structure of the workpiece in 
such a way that the hardness H increases. UHLMANN ET AL. [6, 7] 
successfully showed these effects in the post-processing of 
milled surfaces for the materials X32CrMoV51 (1.2343) as well 
as X170CrVMo18-3-1. An improvement of the surface 
roughness Ra by approximately 90 % down to the optical range 

of Ra = 0.029 µm and Ra = 0.06 µm was achieved. The near-
surface Vickers hardness HV was increased by 5 % and 20 %, 
respectively.  

Typical initial surfaces before polishing operations in tool and 
mould making exhibit surface roughness values below 
Ra = 3.0 µm. By using the latest techniques in EDM this value 
can be reduced down to Ra = 0.07 µm. If the recast layer after 
EDM processing is not removed by either fine sparking or 
grinding, crack initiation may appear during tool use [5]. The 
present work aims at overcoming these challenges by 
elucidating time-saving potentials and surface characteristics of 
DSB finishing compared to multi-stage EDM. 

2. Experimental Setup 

2.1 Tooling, workpiece and preparation 
To investigate the applicability of diamond slide burnishing 

for the finishing of electrical discharge machined surfaces, a 
diamond-slide-burnishing-tool from BAUBLIES AG, Renningen, 
Germany, was used. It consists of a spherical monocrystalline 
diamond (MKD) with a sphere radius rs = 1.5 mm. Using a pre-
loaded spring with a spring constant of cf = 46 N/mm allows to 
increase the process force Fpr by the spring pre-tension force of 
Fs = 40 N and thus to provide a higher burnishing force FBN > Fpr 
that uniformly increases with the penetration depth ap [6, 7]. 
Figure 1 shows the kinematics and the process principle of DSB. 

As workpiece material, the powder-metallurgically produced 
Elmax Superclean X170CrVMo18-3-1 from the manufacturer 
UDDEHOLM AB, Hagfors, Sweden, hardened to a Rockwell 
hardness of HR = 60 HRC was used. After electrical discharge 
machining, a process inherent resolidified surface layer is 
formed. This recast layer is very brittle and hence detrimental 
to the performance of the injection moulds. In time-consuming 
subsequent grinding and polishing processes, this layer can be 
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removed and the workpiece has to be retempered again [8]. 
The aim of this investigation is to eliminate these process-
related effects with the help of DSB without additional post-
processing. For the investigation of DSB for finishing  
of electrical discharge machined surfaces, three  
fields were prepared according to VDI grades 24, 30  
and 36. The surface roughnesses Ra of these grades  
correlate to Ra(VDI 24) = 1.73 µm, Ra(VDI 30) = 3.32 µm and 
Ra(VDI 36) = 6.29 µm [9]. 

 
Figure 1. (a) Kinematics and process parameters; (b) process  

principle of DSB on electrical discharge machined surfaces 

2.2. Testing methods and devices 
The machine tool Genius 1000 from the manufacturer 

ZIMMER & KREIM GBMH & CO. KG, Brensbach, Germany, was used 
for the preparation of the workpieces with the three VDI 
grades, each with a total area of Atot = 16.7 mm x 20.0 mm. 

The experimental investigations for the burnishing of 
electrical discharge machined surfaces were carried out on the 
5-axis high-precision milling machine tool PFM 4024-5D from 
PRIMACON GMBH, Peißenberg, Germany. In the first step, fields 
with areas of Af1 = 7.0 mm x 13.7 mm were burnished for the 
first time in Y-direction (1st DSB). In the second step, a partial 
field area Af2 = 7.0 mm x 7.0 mm was burnished a second time 
(2nd DSB) in X-direction on the already burnished field area Af1. 

The surface roughness was measured with the tactile 
profilometer of the type Hommel Etamic nanoscan 855 from 
the manufacturer JENOPTIK AG, Jena, Germany. Three 
measurements were carried out for both the X- and Y-direction, 
using a cut-off length of λC = 0.8 mm and a evaluation length of 
ln = 4 mm. The surface topography was investigated by using 
an InfiniteFocus G4 digital microscope from the manufacturer 
ALICONA IMAGING GMBH, Graatz, Austria. The analyses of the 
recast layers, visualised via polished cross-sections, were 
carried out with a scanning electron microscope of the type 
LEO 1455 VP from CARL ZEISS AG, Oberkochen, Germany. In 
order to be able to examine the changes in the hardness H 
according to Vickers HV, a hardness measuring device of the 
type Leitz Miniload 2 from ERNST LEITZ WETZLAR GMBH, Wetzlar, 
Germany, was used. A diamond pyramid with an opening 
angle α = 136 ° and a test force of Ft = 0.98 N were applied for 
a dwell time of td = 15 s for the measurement. 

3. Results and discussion 

3.1 Surface roughness Ra 
The examination of surface roughness improvements in 

Figure 2 aims at a direct comparison of the areas Atot (EDM 
according to guideline VDI 3400), Af1 (1st DSB) and Af2 (2nd DSB). 
The roughness measurement was carried out in X-direction in 
order to assess the burnishing process perpendicular to the 
stepover ast. A considerable decrease of the surface 
roughness Ra could be observed for all VDI grades. The initial 
surface roughness Ra for the three VDI grades could be  
reduced by the first diamond slide burnishing (1st DSB)  

down to Ra(VDI 24) = 0.21 µm, Ra(VDI 30) = 0.63 µm and 
Ra(VDI 36) = 2.66 µm. With the subsequent second diamond 
slide burnishing (2nd DSB), where the feed direction was 
rotated by 90 °, the surface roughness Ra could be further 
reduced and correspond to Ra(VDI 24) = 0.12 µm, 
Ra(VDI 30) = 0.22 µm and Ra(VDI 36) = 1.69 µm. The values of 
the surface roughness Rz and surface roughness Rt were 
reduced in an analogous manner. The values of the surface 
roughness Ra and the related standard deviation σ in X- and Y-
direction show clear correlations to the direction of DSB. After 
the 1st DSB the standard deviation σ significantly increases in X-
direction [10]. 

 
Figure 2. Changes of surface roughness Ra, measured in X-direction  

3.2 Surface topography 
Figure 3 presents three-dimensional height profiles as 

qualitative views of the 3D surface topographies. For each VDI 
grade, the three areas of processing with EDM, 1st DSB and 
2nd DSB are shown. The visually recognisable improvements of 
the surface roughness Ra and the cold forming layers indicate a 
gradual homogenisation of the surface. 

 
Figure 3. Representation of the 3D surface topographies in ISO view  
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The material ratio curves of Abbott Firestone allow for a 
qualitative and a quantitative evaluation of the machined 
surfaces by deriving the parameters Rk, Rpk and Rvk. Their 
area-measured counterparts are Sk, Spk and Svk. The 
increasingly steeper curve gradients for areal material ratios 
M < 25 % visualise the reduction of the protruding peaks in the 
form of the reduced peak height Spk, i.e. the fraction above the 
core surface that represents the height of the protruding peaks, 
Figure 4a. Similarly, for areal material ratios M > 75 %, a 
decrease of the reduced pit depth Svk is indicated, i.e. the 
fraction below the core surface that represents the depth of the 
protruding pits, Figure 4b. Depending on the secants with the 
smallest gradient of each individual Abbott Firestone curve, the 
grey gradients on the right side symbolise Spk, Sk and Svk, 
representing the respective areal material ratio M.  

 

Figure 4. Measured areal material ratio M; (a) detail of the reduced 
peak height Spk; (b) detail of the reduced pit depth Svk 

3.3 Recast layer 
Scanning electron micrographs of the processed workpieces 

display the thickness t of the recast layer as a result of EDM and 
visualise the cold-formed material layers, Figure 5.  

 
Figure 5. SEM images of the recast layer in cross-section polish 

The examination of the three process steps EDM, 1st DSB and 
2nd DSB shows the successive transformation of the material 
and the formation of deformed and interlocking distortions. 
This is accompanied by the closure of micro-cracks that resulted 
from the sudden solidification of the molten material within the 
recast layer. In case of machining on VDI 36, not all surface 
roughness pits can be closed. In addition to the material ratio 
curves in Figure 4, the homogenisation of the surface can thus 
be demonstrably attributed to the displacement of material 
from the surface roughness peaks into the surface roughness 
pits. This fact was already visible in Figure 3 as a reduction of 
the surface roughness Ra. 

3.4 Vickers hardness HV 
The initial hardness value of the workpiece according to 

Rockwell or Vickers respectively is strongly influenced by the 
process sequence EDM, 1st DSB and 2nd DSB, Figure 6. 

 
Figure 6. Processed change of Vickers hardness HV 

The highest increase of 37 % was achieved for the VDI 24 
through the 1st DSB. Due to the fact, that a precise and 
consistent positioning of the diamond pyramid is more difficult 
on the surfaces without DSB because of their comparatively 
large surface roughness, the measurements of the EDM process 
steps show largely increased standard deviations that decrease 
considerably with the 1st DSB. For VDI 30 and VDI 36 the 
standard deviations exceed values of σHV = 135 HV0.1. Merely 
for VDI 36, the 1st DSB does not result in clearly increased 
Vickers hardness HV. It can be concluded that the cold forming 
process of DSB necessitates a certain minimal surface 
roughness to uniformly induce internal compressive stresses σD 
and positively influence the crystal structure. If the surface 
roughness is too high, the deformations of the protruding peaks 
to the protruding pits result in severe material displacements 
and incomplete homogenisation of the surface, without proper 
hardening. The threshold can be found between surface 
roughness values of Rz = 19.7 µm and Rz = 33.9 µm, for VDI 30 
and VDI 36 respectively. 

3.5 Potentials of combining  
EDM and DSB into an innovative process chain 

An innovative process chain as a new possibility for finishing 
and further processing of technical surfaces produced by 
electrical discharge machining is shown in Figure 7. 

Comparing this combined processing with purely electrical 
discharge machining results in considerable time and cost 

VDI 24

VDI 30

VDI 36

0 25

40

-20

-40

areal material ratio M / %

h
ei

gh
t

h
 /

 µ
m

50

0

20

75

a)

b)

100

2nd DSB

EDM

1st DSB

Surface roughness testing:
Hommel-Etamic nanoscan 855
JENOPIK AG, Jena, Germany
Tactile stick WCN1:
Stylus  tip R11
Radius of stylus tip rTs = 5.0 µm
Stylus  tip angle αTs = 60.0  
Tactile stick WCN1T:
Stylus  tip R6
Radius of stylus tip rTs = 2.0 µm
Stylus  tip angle αTs = 90.0  
Workpiece:
ELMAX PMX170CrVMo18-3-1

0 25

40

-20

-40

material contact area M

h
e

ig
ht

h

50

0

µm

%

a)

b)

100

VDI 24
VDI 30
VDI 36

2nd DSB

EDM

1st DSB

Sv
k

Sk
Sp

k

Surface roughness testing:
Hommel-Etamic nanoscan 855
JENOPIK AG, Jena, Germany
Tactile stick WCN1: Stylus tip R11
Radius of stylus tip rTs =     5.0 µm
Stylus tip angle αTs =   60.0  
Tactile stick WCN1T: Stylus tip R6
Radius of stylus tip rTs =     2.0 µm
Stylus tip angle αTs =   90.0  
Workpiece:
Elmax Superclean X170CrVMo18-3-1

V
D

I 2
4

V
D

I 3
6

V
D

I 3
0

EDM 1st DSB 2nd DSB

10 µm 10 µm 10 µm

10 µm 10 µm 10 µm

10 µm10 µm10 µm

Measurement device: Scanning electron microscope LEO 1455 VP 
CARL ZEISS AG Oberkochen, Germany

Hardness testing:
Leitz Miniload 2
ERNST LEITZ WETZLAR GMBH, Wetzlar, Germany
Testing parameters:
Test force Ft = 0.981 N
Dwell time td = 15.000 s
Diamond pyramid:
Opening angle α = 136  
Workpiece:
Elmax Superclean X170CrVMo18-3-1

1,500

vi
ck

er
s

h
ar

d
n

es
s

H
V

 /
 H

V
0

.1

VDI 24 VDI 36VDI 30

1,125

750

375

0

EDM
1st DSB
2nd DSB
Standard deviation
Initial
hardness value



  

 

saving potentials. Depending on the indicated surface 
characteristics of technical surfaces, specific values of the 
surface roughness Ra, surface roughness Rz and surface 
roughness Rt can be achieved in a significantly shorter time 
with the process combination of EDM and multi-stage DSB. 

 
Figure 7. Comparison of established and innovative process chain  

for post-processing of electrical discharge machined cavities 

For the conventional process chain of a multi-stage EDM 
process using three tool electrodes made of copper with 
successively reduced target VDI, an area normalised machining 
time of tanm = 1.02 min/mm2 was necessary, even though the 
final EDM polishing with the target VDI 3 had to be interrupted 
manually after two hours. The additional time needed for tool 
electrode preparation by means of milling is not yet considered. 
The final surface roughness was Ra = 0.28 µm, i.e. by 100 % 
above the target value. Starting from a surface already 
prepared to VDI 24, the target surface roughness Ra = 0.14 µm 
(corresponding to VDI 3) can be almost achieved in a two-stage 
burnishing process. By using the innovative process chain with 
multi-stage DSB up to VDI 3 and using a 1st and 2nd DSB, a total 
area normalised machining time of tanm = 0.615 min/mm2 was 
possible. This corresponds to a time reduction by 
approximately 40 %. The surface roughness achieved was 
Ra = 0.24 µm for the 1st DSB and Ra = 0.17 µm for the 2nd DSB. 
The final roughness measurement was carried out in the 
Y-direction, i.e. orthogonal to the feed direction of the 2nd DSB. 

3.6 Wear phenomena on diamond burnishing head 
For the diamond slide burnishing of electrical discharge 

machined cavities, a significant positive influence on surface 
roughness and micro-hardness can be determined. These 
effects cause various wear phenomena on the burnishing head, 
which are clearly reflected in the surface topography of the 
MKD sphere, Figure 8, even considering the previous wear.  

On the one hand, crossline-like wear marks are visible, which 
can be assigned to the 1st DSB machining in the X-direction as 
well as to the 90 ° rotated feed direction, i.e. in the Y-direction 
with 2nd DSB. On the other hand, fragment-like micro-cracks are 
visible on the spherical head, which can be attribute to the DSB 
machining of the VDI grade 36. This suggests that the tool life is 
considerably reduced with increasing surface roughness to be 
machined. 

 
Figure 8. SEM images of utilised diamond burnishing head  

before and after all burnishing operations considered 

4. Conclusion and further investigations 

The innovative process chain consisting of EDM and 
subsequent DSB has a great potential to replace the time-
consuming EDM polishing process in suitable cavities. The 
changeover times associated with the innovative process chain 
are significantly shorter than the usual process duration of EDM 
polishing processes. The result shows that the initial state of the 
surface to be polished has a significant effect on the final 
machining result. The presented investigations suggest that a 
VDI grade of maximum 30 can be selected in the initial state.  

In general, it was possible to successfully influence the 
surface properties of electrical discharge machined surfaces for 
three different initial conditions in a targeted and effective 
manner, so that the micro-hardness H of the surface layer was 
increased by up to 37 %, the surface roughness Ra was reduced 
by up to 90 % and micro-cracks were verifiably closed. The 
factors lead to higher thermal resistance and could contribute 
to a prolonged life time of injection moulds. 

In further investigations, the influence of the sphere radius rs 
of the burnishing tool should be examined in interaction with 
the penetration depth ap and stepover ae. An appropriate 
determination of the process force Fpr is essential for closing 
micro-cracks and surface roughness pits. It has been possible to 
increase the hardness H while diamond slide burnishing by 
inducing residual compressive stresses σRC. Consequently, the 
field of application of diamond slide burnished components can 
be extended. For this purpose, it is necessary to further 
investigate the distribution of residual compressive stresses in 
the surface layer [11]. In addition, further research should be 
conducted into the interrelationships in the post-processing of 
electrical discharge machined cavities with different materials, 
which are established in the broad range of industries, e.g. 
aerospace, automotive and mould making. 
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