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Abstract

In components under bending load the top layer of the workpiece is strained the most. The properties of this layer are therefore very crucial for
the mechanical behavior of the component as a whole. The Wire-EDM process, like every machining process, interacts with this surface layer
by thermal material load and modification. The thermal material removal principle in Wire-EDM creates a characteristic rim zone alteration.
The process generates especially an outer shell that is known as white layer. Although this layer is generally reducing the mechanical
endurance, the precise structure and composition of this layer is unknown. The characteristics of the white layer should affect the mechanical
behavior significantly. This motivates a comprehensive analysis of this layer within this paper. Chemical analyses of the rim zone together with
TEM-images allow identifying the structural constitution of the microstructure. The influence of local defects and transformations on the
workpiece functionality is investigated. For determining the chemical composition of the white layer EDX-maps and conventional EDX-
analyses were generated. In addition nanoindentation-based mechanical testing methods measure the local hardness and modulus of elasticity in
the white layer. By comparing the measured local hardness and modulus of elasticity of the altered rim zone with an unaffected surface layer
the influence of the edge geometry is quantified. The addition of the mentioned analyses allows a complete characterization of the chemical
composition and metallurgical constitution in the white layer. These characteristics define mainly the mechanical properties of the white layer.
This helps predicting the mechanical behavior of workpieces machined with Wire-EDM, especially for components with high aspect ratios and
filigree geometries.
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1. Introduction

The improvements in the process design and generator
control of Wire-EDM allows the usage of this manufacturing
technology also for mechanical demanding applications. Wire-
EDM is applied for example in producing aircraft components
or flexure hinges [1],[2]. The resulting stresses in a part under
bending load are the highest directly under the surface [3].
Therefore the mechanical durability of the white layer is very
crucial for the behavior of the workpiece. The crack initiation
for EDMed components is typically localized directly under
the surface in the white layer [4]. The characteristics of this
layer are determined by the chemical composition and the
thermal alteration through the machining process. They are
mainly influenced through the high local temperature caused
by the electric discharge during the EDM-process [5]. The

high temperatures and especially the large temperature
gradients result in a rapid quenching of the melted workpiece
material [6]. This dependence was motivation for several
works focusing on the white layer. First analyses regarding the
effect of the white layer on the mechanical behavior of the
workpiece were performed by Konig and Siegel [7]. A general
characterization of the Wire-EDM trim cut operations and the
influences on the white layer was performed by Huang, Liao
and Hsue [8]. Aspinwall et. al. as well as Klink, Guo and
Klocke investigated the characteristics of the resolidified layer
for W-EDM. Both groups couldn’'t find an increased hardness
of the white layer in microhardness measurements [9],[10].
Cusanelli et al., Ekmekci and Lee et. al. investigated the white
layer in S-EDM. Cusanelli et al. characterized the metallurgy
of the white layer in S-EDM [11]. The recast layer was partly
amorphous and partly crystalline. Ekmerkci found an
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independency of the residual stress distribution in the
workpiece from dielectric and tool electrode [12]. Lee et. al.
correlated the process parameters with the crack density in the
recast layer for EDM-drilling [13]. Poulachon et. al.
performed similar work for turning. They found a reduction of
white layer thickness for increased parent material hardness
[14]. But all these scientific papers excluded the mechanical
characteristics of the white layer itself. For these reasons the
chemical composition and metallurgical condition together
with the local hardness and modulus of elasticity of the white
layer will be characterized for the first time in this paper. This
should deepen the knowledge about the mechanical behavior
of this layer.

Nomenclature

angle between the faces of the indenter
depth below surface (um)

Y oung’s modulus (GPa)

r reduced elastic modulus (N/um?)

mme Q

EBSD electron backscatter diffraction
EFTEM energy-filtered TEM

EPMA electron probe microanalyzer

FIB focused ion beam technic

GIXD  grazing incidence X-ray diffraction
H hardness (kN/mm?% HV 30)

HAZ heat affected zone

v Poisson’sratio

S-EDM  sinking electro discharge machining
STEM  scanning TEM

TC trim cut

TEM transmission electron microscopy
W-EDM wire electro discharge machining
WL white layer

XRD X-ray diffraction

2. Experimental Setup

In order to analyze the composition and characteristics of
the white layer, steel workpieces were processed using Wire-
EDM. All experimental work was carried out on a Sodick
AP200L W-EDM machine tool. The machine tool uses CH-
based dielectrics, in this case the oelheld lonoFil 2776. The
diameter of the chosen uncoated brass wire is d = 0.2 mm.
The powder metallurgical cold work tool steel Vanadis 4
Extra (X140 CrMoV5-4-4 PM) was used as workpiece
material. This tool steel combines high strength with good
ductility. The composition of the steel is given in Table 1.

Table 1. Alloy composition of X140 CrMoV5-4-4 PM [15].

element Fe C Si Mn Cr Mo V

chemical 85.9

composition Wt % 14

04 04 47 35 37

For achieving the best surface quality nine trim cuts were
chosen from the machining data base, see [16]. The achieved
surface roughness is around Ra=0.09 um. The resulting
white layer thickness is &, = 0.2 pm. For measuring the local

hardness and modulus of elasticity the machining technology
was adapted. Through this adaption the resulting white layer
thickness was &; = 3 um. This ensures a reliable measuring of
the characteristics of the layer. Therefor the trim cuts 3 to 5
were omitted. This results in a relatively thick white layer
together with a smooth and flat surface. The energy-dispersive
X-ray spectroscopy (EDX) analysis and the EDX-maps were
generated in a JSSM7000F scanning electron microscope by
JEOL equipped with Schottky field-emission gun and a
combined EDX/EBSD-system by EDAX-TSL consisting of a
Si(Li)-EDX detector and a "Hikari" EBSD camera.

For analyzing the local metallurgical structure of the white
layer a thin FIB-lamella was fabricated using the focused-ion-
beam technic (FIB). The transmission electron microscopy
(TEM) characterizations were performed with a Tecnai F20
transmission electron microscope equipped with a field
emission gun (FEG). The energy-filtered (EF)TEM images
were acquired with a Gatan CCD camera. The extraction
voltage of the electrons was 200 kV. The software used to
acquire and evaluate the images was ES Vision for scanning
(S)TEM images and EDX data and Gatan Digital Micrograph
for EFTEM images.

For measuring the local mechanical characteristics of the
white layer an impact of the parent material should be
avoided. The principle of the nanoindentation-analysis is
similar to the principle of microhardness measurements. But
the testing force of the indents is around the factor 100 lower
compared to microhardness measurements [17]. Therefore the
local resolution of the hardness-analysis is significantly
increased. For microhardness testing the ISO-standard 4516
defines requirements for the layer thickness and surface
quality [18]. The standard recommends a polished surface
quality and a layer thickness greater than 1.4 times the
indentation diagonal if the layer is analyzed in the cross
section. In order to achieve these requirements the machining
technology was adjusted and the cross section was polished.
The reduced geometrical stiffness at the edge caused through
the lack of support from surrounding material could interact
with the effect of the white layer. For minimizing this
interaction a nickel support layer was fabricated on top of the
surface using galvanic deposition. To quantify the remaining
deviation in hardness and modulus of elasticity a specimen
with the same geometry but without a white layer was
machined using grinding and polishing. The two specimens
were etched in order to identify the white layer more easily.
Afterwards they were polished again to achieve a smooth
surface for the indents of the hardness measurement. Picture 1
exemplarily shows the rim zone of one specimen after etching
and after final polishing and nanoindentation analysis.

a) After Etching before Polishing 1 After Polishing and after Indention

nickel support

white layer
10 ym parent material 10 um
—_— —_—

Fig. 1. Analyzed rim zone (a) prior to the final polishing and (b) after
polishing and nanoindentation.
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The two images illustrate the difference in visibility of the
white layer and vice versa the reduced surface quality in the
etched cross section. The diamond indenter was a so called
“Berkovich”-indenter formed as a three-sided pyramid with
an angle between faces of a. = 135° [19]. The used testing and
analyzing system was a Hysitron T1-900 Tribolndenter.

3. Results

For understanding the mechanical characteristics of the
white layer it is necessary to identify the metallurgical
structure and chemical composition. In a first step the
chemical composition was investigated. Determining the
distribution of elements in the white layer allows defining the
homogeneity and degree of contamination with elements from
parent material and wire electrode. Figure 2 illustrates the
characteristic element distribution of a surface machined with
nine trim cuts in an EDX-map.

Molybdenum Copper
Vanadium Zinc 35um

Fig. 2. Chemical element distribution in the white layer and rim zone.

The EDX-map visualizes the counts of a certain element
over the position in the rim zone. More counts of an element
at one position result in a brighter corresponding spot in the
map. Quantifying the total chemical composition of the rim
zone is not possible. Overcoming these restrictions five
conventional EDX-analyses of the white layer were
conducted. Table 2 shows the resulting average composition.

Table 2. Average chemical composition of the white layer.

element Fe Cu Cr Zn Mo V

chemical

composition W% 871 32 20 24 31 18

The parent material contains molybdenum and vanadium
as carbides, visualized as bright spots in the EDX-map. The
white layer contains copper and zinc coming from the wire
electrode. The amount of zinc is reduced compared to copper.
This corresponds with element distribution in the brass alloy
(Cuzn37) of the wire electrode [20]. The molybdenum
coming from the carbides of the parent material was mixed
and alloyed in the white layer. Vanadium was just locally

found in the white layer therefore the average composition
shows just a small amount of vanadium. The same behavior
was observed for chromium, not depicted.

The reason for this behavior can be found in the thermo-
physical characteristics of the elements. Iron and
molybdenum require almost the same quantity of thermal
energy for melting whereas the energy for vanadium needs to
be increased with the factor 1.3 [21], [22]. Therefore
vanadium stays localized, whereas molybdenum was mixed
into the white layer and significantly influences the
mechanical characteristics of the resolidified layer.

The alloyed molybdenum and copper increase the hardness
of the steel [3]. Molybdenum additionally improves the
strength of the alloy [23]. The content of zinc has no
significant influence on the mechanical properties. In general
it reduces ductility only combined with a high percentage of
silicon [3]. All the presented chemical alterations of the white
layer increase the hardness of the material. This would be
enhanced through the possible deposition of carbon from the
dielectric. Unfortunately the atomic mass of carbon is not
high enough for reliable EDX-characterizations.

Beside the chemical composition the thermal alteration
modifies the metallurgical structure of the white layer. A
similar white layer was sketchy investigated in previous work
[24]. Figure 3 exemplarily shows an EBSD-image-quality-
map of the rim zone. The image-quality-map illustrates the
crystallinity of the rim zone.

indicated surface white layer ‘

parent material Sum

Fig. 3. Rim zone of nine trim cuts visualized with EBSD [22].

The picture demonstrates that the material in the
resolidified layer was not crystalline enough to create a signal
in the EBSD-analysis. Defining the metallurgy in the white
layer more dependably is a key objective of this investigation.
For identifying the actual metallurgical state of the white layer
TEM-analyses were conducted. Figure 4 depicts the EDMed
surface analyzed using STEM.

carbide |
white layer
parent material

Fig. 4. Prepared FIB-lamella with carbon and tungsten support layers.
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For protection reasons the surface was coated with carbon
and tungsten prior to the FIB-preparation. The tungsten layer
shields the white layer from the ion beam. The deposed
tungsten is in crystalline form. Therefore the electron beam
analyzing the white layer would interact with this tungsten, a
profound analysis of the resolidified material is not possible.
To overcome this limitation a fine carbon layer was deposed
between. This layer is fully amorphous and does not influence
the investigation of the white layer. The recast layer has an
average thickness of around &, = 0.2 um. Figure 5 illustrates
“detail A” from Fig. 4 with much higher magnification using
the EFTEM method, allowing to identify the microstructure.
The FIB-lamella gets thinner from left to right. A thin lamella
results in a improved image quality. Therefore the detailed
analysis was conducted in the very right part of the lamella.

carbon layer

crystalline

amorphous

> white layer

crystalline
boundary to
parent material

Fig. 5. Detail A: Close-up on the white layer using EFTEM.

Using diffraction patterns the crystallinity of the white
layer was identified and localized in the picture. The area in
the middle of the picture that appears unstructured and
tarnished is fully amorphous. The part of the resolidified
material that is located close to the parent material is of
crystalline microstructure. The depth of crystalline parts in the
white layer is non-uniform. In the very left part of the picture
areas of the same depth can be observed that are fully
amorphous. Directly below the interface between white layer
and carbon layer the microstructure is locally (thickness
below &, = 4 nm) crystalline. Identifying the reasons for this
crystallinity need further investigation. One explanation could
be found in the preparation process. During the carbon
deposition recrystallization could be induced by the slightly
increased temperature.

The general comparison with the white layer observed by
Cusanelli et. al. shows similarities of the structures [12]. This

is noticeable when considering that the difference in layer
thickness, discharge energy and exposure time is huge
(Cusanelli et al. examined a S-EDM process). This
corresponds with the results of Huang et. al. [25]. The
amorphous layer indicates a huge quenching of this material.
A very hard and brittle mechanical characteristic could be
expected. In generally the hardness and brittleness together
with a reduced ductility can be correlated [3]. This motivates
the investigation of the local hardness and modulus of
elasticity in the white layer.

In order to investigate the hardness of the white layer in
detail nanoindentation analyses were conducted. Similar
analyses were used from Kompella et. al. for the
characterization of white layers in grinding [25]. Chen et. al.
applied the nanoindentation for the characterization of thermal
alterations in machining cast iron [27].

Due to the minimum layer-thickness for the
nanoindentation, the actual white layer thickness was
increased by the technology adjustments. The achieved layer
thickness of §,=3um exceeds the requirements [28].
Figure 6 illustrates the measured hardness profile of white
layer and parent material. The picture on the right shows the
corresponding rim zone before polishing and the final
indentation analysis.

Measured Hardness Correspondig Rim Zone

¥ 10 WL A

£ =4 | X140CrMov5-4-4 PM Y nickel support layer

> 8+ 9 TC, oil-based dielectric A PP Y

= I i { white layer
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2 4 [

= ! [T f 4

< * 2

I 2 1
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Depth below Surface 3, / pm

Fig. 6. Local hardness in white layer and parent material.

The representative white layer thickness is given as orange
field in the diagram. The distance of each indent from the
actual surface was linked to the hardness value itself. In total
the depicted profile consists of 93 single indentation analyses.

The hardness value of the parent material is around
H=35kN/mm? Due to the specific nanoindentation
measurement using a “Berkovich”-indenter the hardness is
given as a pressure. Through complementary Vickers-
hardness measurements the values can be classified. The
according Vickers-hardness of the parent material is
H=219.9 HV 30. Basically the hardness decreases from
surface to parent material. The maximum hardness is reached
close to the surface of the resolidified layer with a value of
H = 7 kN/mm?. The hardness of the nickel support layer can
be quantified as H = 4.9 kN/mm? So the support will not
increase the measured hardness of the recast layer. Inside the
white layer the hardness increases from parent material to
surface. One reason for this behavior can be found in the
higher concentration of copper and possibly carbon directly
below the surface. A second cause is the increased quenching
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of the top layers caused by the greater heat flux into the
dielectric.

Klink et. al. used micro-hardness measurements performed
on the machined surface layer (top view with a WL-thickness
of &, <1 um) [10]. Therefore their results were significantly
influenced through surface roughness (for indentation depth
of 0.5 um) and the characteristics of parent material (for a
depth of 3.5 um), regarding 1SO 4516 [18]. By measuring the
hardness in the cross-section of the workpiece the restrictions
Klink et. al. observed in their investigation were avoided.

Possibly the determined hardness was influenced by the
reduced support of surrounding material right at the edge of
the workpiece. For quantifying this possible deviation the
descripted measurement were also applied to a surface
without thermal alteration due to pure polishing. The resulting
local hardness measurements are shown in Figure 7.

Measured Hardness Correspondig Rim Zone

£
S 4
2 :
< 3 " l L t + nickel support layer
I R S S or e .
A T vy Ty
2 2
= >
f 1 -f X140CrMoV5-4-4 PM “a ..-, indents
1| polished surface 1 ToMln e
o LPEETeCST | WOHMEG S parent material
0 15

5 10
Depth below Surface §, / pm

Fig. 7. Hardness profile of the surface layer without heat-affected zone.

This hardness profile consists of 66 indentations. The
hardness of the parent material is equal to the values of
figure 6. The adhesion of the nickel support layer was slightly
reduced on this surface, visible as dark gap between support
layer and parent material in the light microscope image. This
resulted in a somewhat decreased hardness in the first
S, =1 pum. Despite this effect no change in the hardness
profile as function of depth below surface is visible. The
nickel support layer minimizes geometrical effects caused by
the edge of the workpiece. Therefore the achieved values of
the hardness in the white layer are reliable and not deviated
through geometrical effects.

In addition to the local hardness tests the nanoindentation
analysis is also capable of determining the local modulus of
elasticity. In the indentation process subsequent to the
increasing of indentation force the load will be constantly
reduced. During this reduction of load the workpiece material
in the first part springs back elastically. The gradient of the
displacement- unloading curve in this section can be
correlated with the reduced elastic modulus E,. Knowing the
Poisson’s ratio v of the analyzed material the Young's
modulus E can be calculated [28]. Using the Poisson’sratio of
steel v =0.27 the Young's modulus of the rim zone was
determined. Therefore the analyses of elastic modulus are
derived from the local hardness measurements. The database
for this analysis is the same number of indents as for the local
hardness. The resulting elastic modulus for the altered and the
unaffected surface layer is depicted in Figure 8.

a b
) Surface without HAZ ) EDMed Surface

« 300 300 W
2%

O 250 ; T 250 ==

W 200 " — 200 {4 i %
=]

= 150 150

8

£ 100 100 | X140CrMoV5-4-4 PM

& 50 4 X140CrMoV5-4-4 PM 50 -l 9 TC, oil-based dielectric
S polished surface WL-thickness: 5, =3 um

2 0 ———— 0 ———
s

0 5 10 0 5 10
Depth below Surface &,/ um Depth below Surface 8, / um

Fig. 8. Comparison of Young's modulus: (a) unaffected surface, (b) with
white layer.

In general the Young's modulus is the same for both
surfaces. It is around the value of the modulus of steel
E =210 GPa. Only the values directly under the surface are
slightly reduced, compared to parent material. The depth of
the area of reduced elastic modulus is around &= 1.5 um.
This behavior can be found in both surfaces. An influence
from the white layer can be neglected. The reason for the
slightly reduced elastic modulus at the boundary to the nickel
support layer can be found in the interaction of the different
materials and the mechanical properties of nickel. The
measured Young's modulus was just E=175GPa. This
measured modulus of elasticity is a bit smaller compared to
the value of the literature E = 186 GPa [29]. But both values
are significantly below the modulus of steel. Therefore the
first row of indents is not fully supported from steel, but
partly from nickel. The measured elastic modulus is slightly
reduced compared to parent material.

Altogether the white layer does not affect the modulus of
elasticity of the workpiece material. Both the contamination
with material from tool electrode, dielectric and carbides and
the heavy quenching of the amorphous material didn't
influence the Y oung’s modulus.

4. Conclusion and Outlook

The task for this investigation was to characterize the
chemical composition, structure and mechanical properties of
the white layer resulting from a Wire-EDM fine machining
process. The following results were achieved:

e In a first step the chemical composition of the white layer
was analyzed. The recast layer contains elements from the
wire electrode (copper and zinc) and allocated
molybdenum from carbides of the molten parent material.
Vanadium and chromium were not allocated and mixed
into the white layer.

e In a second step the metallurgical state of the recast layer
was determined using TEM analyses. The white layer is
mainly of amorphous microstructure. At the boundary to
parent material crystalline structures spread into the
amorphous regions. In the first 5, = 4 nm below the surface
the material was of crystalline microstructure, possibly
because of the deposition process of the carbon layer.
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e The third step was to quantify the local hardness in the
white layer and in the area below this layer. The hardness
of the recast layer is significantly increased. The hardness
nearly doubles in the white layer compared to parent
material. Effects from the geometry of workpiece edge
could be negated.

e The last analysis focused on the modulus of elasticity in
the white layer in comparison with an unaffected surface.
The Young's modulus was not atered through the
characteristics of the white layer. A small deviation close
to the surface was caused by the nickel support layer.

Some aspects of the recast layer characteristics could not
be evaluated. So in future work the contamination with carbon
and the residual stress distribution of the white layer should
be investigated. Carbon and molybdenum have great impact
on the mechanical properties of a steel component [3]. Using
analyzing technologies like the electron probe micro-analyzer
(EPMA) the chemical portion of the element carbon (small
atomic mass) can be quantized for the white layer. The tensile
residual stress is stated as the main reason for cracks under
bending load [6]. Because of the small depth of the residual
stress zone for the analyzed trim cut operation the stresses are
not detectable with conventional XRD-measurements [16].
The grazing incidence X-ray (GIXD) diffraction is able to
overcome this limitation because of the flat attack angle of the
X-rays. As a result the excitation volume reaches far fewer in
the depth of workpiece. A characterization of thin residual
stress zones will be possible. The stress profile in the white
layer and directly below this layer can be specified.
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