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ABSTRACT

Cemented carbides WC-Co feature high mechanical properties and outstanding wear resistance. Traditional grind-
ing of such hard workpiece features low material removal rate and diminished tool life. Notwithstanding that, even
if, proper cooling fluid is applied; abrasive machining of cemented carbides characterizes poor efficiency. The
aim of this study was to investigate the issue of WEDM of the cemented carbides WC-Co with two alternative
materials of the wire electrodes applied. The presented experimental surface layer geometry measurements was
carried out on a modern profilometer MITUTOYO SV 3200. Especially, WEDM results with wire flushing and in
immersion were compared. Investigated were the effects of such input parameters as the pulse width and the time
between two pulses on the output parameters such as area cutting efficiency, workpiece surface roughness in 2D
and 3D. Analysing SEM microphotographs the surface layer defects after WEDM, cobalt depletion and pitting was
discoursed. The analysed results provided WEDM of WC-Co cemented carbides with molybdenum wire electrode
as seventy one percent less efficient and higher roughness was obtained for the same number of passes. The lowest
height of the roughness on the surface after cutting with molybdenum wire amounted to Ra and Sa = 3.5 pm. Such
roughness involves a 25 pm deep undesirable heat affected zone. WEDM with equal number of passes and brass
wire resulted in roughness Ra and Sa =0.9 um. In further research, an endeavour should be directed to examine
different water and hydrocarbons derivative dielectrics impact on the surface layer structure and chemical compo-

sition of the machined WC-Co carbides.
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INTRODUCTION

WEDM (Wire Electrical Discharge Machin-
ing) applications are still evolving. The main
advantage of WEDM is capability of efficient
cutting hard, brittle or slender workpieces with
diminished risk of failure or deformation. Next
benefit is low cost tool which geometry remains
unaltered. Many cemented carbides applications
often involve extreme mechanical demands at the
surface. The most published researches investi-
gate WEDM parameter optimization for cutting
different hard to machine materials, dielectric en-
vironment modification or wire breakage elimina-
tion. Parameter optimization commonly is carried
out for hard to machine materials or specific EDM
applications. Cutting very hard cemented carbides
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or zirconia ceramics is one of many WEDM ap-
plications [1]. There are also many publications
related to limitation of heat affected zone (HAZ)
after electrical discharge machining. These works
concern recrystallized material, changes of hard-
ness or residual stresses in the surface layer and
grain growth depth in to the bulk material.

In the research work [2] authors investigated
surface morphology and stress distribution after
electrical discharge machining of high strength
aluminium alloys. The stresses proved to be a
problem, specific for materials initially, plasti-
cally deformed. Measured stresses in aluminium
alloys increased by heat generated during EDM.
Authors of [3] analysed wire electrical discharge
machining application for the generation of steel,
form tool. Time parameters, voltage, electrode
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tension, flushing pressure were varied whereas
tool geometry (clearance angle, included angle),
surface roughness and MRR (Material Removal
Rate) were the measured responses. Results have
shown that pulse ON time and pulse off time as the
two most significant factors for clearance angle,
included angle, MRR and measured roughness.

In several publications a type of the dielec-
tric environment was investigated. Commonly,
there is comparative analysis of the results after
electrical discharge machining with kerosene or
distilled water [4]. One of the more original ideas,
still only experimental is electrical discharge ma-
chining in gaseous atmosphere [5].

Wire failure is one of the most important is-
sues which limit the increase of WEDM efficien-
cy. Wear of the brass, consumable, electrode is not
a problem as long as don’t entail wire breakage
[6]. The wire wear is mostly caused by amount of
heat dissipated to the tool. Broken electrode re-
sults in increased machining time, marks on the
machined surface and lost presupposed accuracy
[7]. Wire analyses concern the crater’s diameter
and depth, as well as the permitted conditions
in the (inter — electrode) gap. The relationship
between amount of short circuits and wire brak-
ing has been already studied [8]. The increase of
short circuits amount thirty milliseconds before
causes wire damage. Authors in [9] studied influ-
ence of discharges frequency variability on wire
breakage. Applied frequency changes detector
was sensible only to one type of pulses genera-
tor. The sudden increase of frequency 5-40 ms
before wire breaking was noticed. The thermal
model of the electrical discharge machining pro-
cess was proposed in publication [10] and [11]
both needed to accept many restrictions. Calcula-
tions for proposed models were realized also by
authors of [12] and the equation was improved by
adding the heat transfer and energy distribution
ratios between the wire electrode and the gap. For
different dielectric, tools and workpiece materi-
als, it is important to classify the process by clas-
sification of types of discharges occurring during
machining [10]. The effect of the research [13]
was establishing critical amount of temperature
of the brass CuZn37 wire, resulting in wire break-
ing on 450 C. Vapour process of material of the
electrode occurs in the first stage of discharge, up
to 0.3 us. Melting process of material of the wire
takes more time and occur after 0.4 ps. Other re-
search also proved electrode wire’s material to be
a significant factor affecting WEDM performance

[14]. Wire electrode material’s electrical and ther-
mal conductivity, melting temperature and tensile
strength [15] occurred to be the most influential
properties. There is the great interest for appli-
cations where precise, intricate and complex ge-
ometries are primary design requirements. Wire
electrical discharge machine does not involve any
physical contact between electrodes, therefore
it can be performed regardless of the hardness
and strength of the work-materials. However, it
results in a heat affected zone on the outer layer
with poor surface integrity, which can lead to me-
chanical defects of these materials. Thermal ac-
tion of electrical discharge machining is known to
yield a relatively poor surface integrity, including
craters, micro - cracks and undesirable residual
stresses [2] of the machined components.

This article concerns WEDM effects of the
WC-Co cemented carbides collated by cutting
with two alternative materials of the electrode.
The first material of consumable, wire electrode
is CuZn37 brass alloy, with a diameter of 0.25
mm. Molybdenum wire with superior tensile
strength and diameter of 0.18 mm was applied
next. The author focuses on the study of surface
integrity and if proper selection of the type of
electrode and flushing techniques are capable to
significantly influence on material features after
WEDM. The objective of this investigation was
to demonstrate impact of the time based param-
eters of WEDM process on appropriate machin-
ing results and whether WEDM of cemented
carbides with molybdenum wire can be an option
to CuZn37 wire electrode. Isotropicity of surface
was depicted on 3D graphs of workpiece geom-
etry. The advantages and restrictions of WEDM
of WC-Co cemented carbides were discussed.

WIRE ELECTRICAL DISCHARGE
MACHINING OF WC-CO
CEMENTED CARBIDES

Author’s [16] research was aimed at devel-
oping an optimal process energy source that pro-
duces improved material properties after WEDM.
Researchers made simulation of the pulse wave-
forms and showed method for the thermal load of
the cut surface reduction and the technical con-
ditions adaptation to a particular application. In
many applications, the WEDM of WC-Co is re-
stricted by the resulting properties of the surface
layer. The studies showed that it is significant to
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use the correct parameter selection for first pass
and post-cuts. The most actuating variable of time
parameters is the pulse duration, i.e. with pulse
duration <500 ns, higher current magnitudes can
also be used without problems. Owing to the use
of a new process energy source, the increase of
bending strength of average 30% was achieved.

Likewise, researchers [17] analysed sur-
face state of cemented carbides after electrical
discharge machining, with the peak current and
pulse duration varied. It was found that the hard-
ness of the surface was equal to the original hard-
ness of the workpiece for all conditions of the ex-
periment. Damaged layer on the workpiece char-
acterizes decreasing concentration of WC grains
from the bulk material to the surface layer. Heat
affected zone (HAZ) depth and the average size
and number of micro-cracks increased with the
peak current and ON time. The HAZ and micro-
cracks were reduced when the peak current and
ON time were set properly.

In paper [18], a study on the corrosion of a
workpiece of cemented carbide submerged in wa-
ter for a long time during WEDM is investigated.
Submerging cemented carbide in water for a long
time causes the surface of the cemented carbide
becomes brittle, because the cobalt which is the
binder of cemented carbide is dissolved in the
water. Such feasible WC-Co surface defects are
shown on fig.1. The authors described a method
to estimate the corrosion state on the cemented
carbide. The corroded state of cemented carbide
machined by an AC power generator and by a DC
power generator was studied. The method, which
uses a zinc plate as a sacrifice metal, is useful for
preventing the corrosion of thin cemented car-
bide. Also, the method, which uses an external
power supply of approximately 2 V, is useful for
preventing the corrosion of thin cemented car-
bide. But neither of them is sufficient to prevent

the corrosion of thick cemented carbide with a
narrow and deep slit. In like manner, caused by
overheating, the wire wear, analyses concern
both size of craters: their diameter and depth.
Currently covered wire electrodes are becom-
ing more popular. Especially zinc coated copper
and brass wires. Molybdenum wires still play a
significant role in WEDM of susceptible to wire
material diffusion materials.

Authors of [5] investigated dry WEDM of ce-
mented carbides with gaseous dielectric flushing.
The experimental results revealed gaseous dielec-
tric to be effective to eliminate cobalt depletion,
but increased HAZ depth remained one of this
process disadvantages.

Concluding WEDM of cemented carbides
needs to use correct electrode, time and current
parameters to avoid overheating of the cut sur-
face, when residual stresses are induced in the
rim zone generating cracks that run deep into
basic material. It is important to reduce the time
when WC-Co is submerged in the water during
WEDM. 1t is also observed that the EDM condi-
tions have no effect on the microstructures of the
bulk workpiece material. This means that damage
caused by EDM on the treated surface is limited
to a certain depth only. However, it is observed
that the depth of the damaged layer and the av-
erage length, width and number of micro-cracks
increase with the peak current and pulse duration.
The damaged layer and micro-cracks seem to dis-
appear when the peak current and pulse duration
were set at very low values.

PLANNING THE EXPERIMENT

Machines applied to WEDM can be distin-
guished into two alternative wire feed mecha-
nism types. CNC high speed feed wire cut EDM

0 2 um — o

Fig. 1. Problems related to WEDM of cemented carbides a) pitting caused by long lasting contact with water,
b) depletion of cobalt because of electrical discharge machining
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Fig. 2. AgieCut Sprint — main tank and programmable controller with CAD/CAM software

machines works with non-consumable high ten-
sile strength wires. A second more popular type
are CNC low speed feed wire cut EDM ma-
chines with disposable brass or copper wires,
see Figure 2. In general, disposable, brass wire
electrode moves steady, usually 0.2 m/s, to one
direction. Wire electrode is consumable and is be-
ing replaced continuously after it’s worn, works
smoothly, with constant diameter, less vibration
and excellent cutting accuracy. Such ordination
is also geographically established in the market.
This slow feed wire cut EDMs are mainly pro-
duced in Japan, Switzerland, applied for machin-
ing products with very strict requirement of accu-
racy and surface finish. High speed feed wire cut
EDM machine, its wire feeds at increased speed,
regularly 4-11 m/s and wire travels repeatedly.

Main drawback of increased travelling
speed of the wire is vibrations of the electrode,
furthermore periodically changing direction of
the wire travelling cause diminish of cutting
quality. Increased speed of the travelling wire
EDM machine idea is primary from China, and
is successfully and widely applied on this mar-
ket. Novelty of high electrode travelling speed
EDM machines is programmable algorithm
for more than rough cutting pass. Finish cut-
ting passes were unique for the low speed feed
machines. Owing to this refinement, surface
roughness Ra after WEDM was decreased to
lower than 1 pm.

The aim of the article required that three stages
of the research were planned:

e Experiment planning with the central compos-
ite one and response surface methodology were
applied for WEDM process modelling [20].

e The relationship between time parameters of
the WEDM and MRR, also Ra indicator of
surface roughness, for both types of machines
and electrodes, were tested

e Surface roughness parameters according to
ISO 25178 for cemented carbides WC-Co
after WEDM was presented on 2D and 3D
graphs and discussed.

RESULTS AND DISCUSSION

The workpiece geometry is shown in Figure 3.
Characteristic of the material tested is presented
in Table 2. Cut out in the process were parallel-
epipeds 5x20x30 mm. Molybdenum wire is a very
high strength wire (tensile strength 1830 MPa)
and was applied at first. Since tensile strength, of
the molybdenum electrode its main advantage is
maintaining excellent wall straightness and reduc-
ing the number of wire-breaks in the contrary to
brass wires (soft brass 375 MPa and hard brass
900 MPa). The diameter 0.18 mm of the molyb-
denum wire is a perfect compromise between tool
life, MRR, Surface roughness and cutting preci-
sion. Molybdenum electrode meets requirements
of narrow kerfs and near-sharp, inside corner radii.
Second electrode was disposable brass CuZn37
wire with a diameter of 0.25 mm and strength 900
MPa. The properties of both wires adapted to the
present experiment are given in Table 1.
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Table 1. Characteristic of the wire electrodes materials adapted in the experiment [19]

Materials
Properties
Molybdenum Cuzn37
Melt. point, [K] 2895 1183
Thermal wity, (L9 m 138 115
ermal conductivity, [53 X K]
s3 x A? . .
Electrical conductivity, [jr5 73] 18.7x10 16.2x 10
L kg
Density, [ﬁ] 10220 8400
Tensile strength, [MPa] 1830 480
Thermal expansion coefficient [K] 4.8 x10° 21 x 108

Experimental research included two stages,
which are a consequence of the stated objectives:
e Finding the function of the analysed object in

the form of a regression function determin-

ing the impact of time parameters on cutting
surface efficiency and surface roughness af-

ter treatment, using the PS/DS-P program: A,

graphical presentation of the obtained depen-

dences on WEDM time parameters [20].

e The effect of these factors on the depth of
thermally changed layer was also studied us-
ing microscopic images. To reduce the num-
ber of necessary measurements, it was as-
sumed that surface cutting performance and
surface roughness significantly depend on:
discharge time - ON [us], pause time between
discharges - OFF [ps].

Workpiece material is G20 cemented carbide
with cobalt binder and medium grain size over 2
um. Due to a high toughness and excellent impact
strength is commonly applied in a wide range of
applications especially treatment of cast iron, steel,
wood and paper. Most significant properties of ma-
chined cemented carbides are given in Table 2.

The height of the cut inserts was 5 mm and
was constant during the experiment. The Ra pa-
rameter of roughness was selected as an exem-
plary indicator of surface layer finish. The surface
roughness was analysed with Mitutoyo SV-3200
profilometer. Surface roughness of the machined
cemented carbides was measured and present-
ed on graphics. For each value of the analysed
parameters, three specimens were measured.

Table 2. Properties of the machined material [19]

Scanning electron microscopy imaging for HAZ
analysis, after WEDM, was introduced.

MRR OF THE WEDM

MRR of the analysed machining process was
determined as a cutting rate multiplied by work-
piece height. The impact upon time parameters
on areal efficiency was presented on Figure 4. In-
crease of ON time affects in enhanced MRR of
WEDM with a brass wire. It was also found that
longer time gaps in analysed scope had a benefi-
cial effect on stability of the operation without
compromising the efficiency. These results are
convergent to other research [16]. Because of
technical distinction, experiments with molyb-
denum wire were performed with prolonged ON
time. This affects the amount of energy converted
to discharges greater than for the brass wire. It is

T A B .
Fig. 3. Wire EDM machine workspace. Work-
piece (1) with specimen shapes cut out (2)

Material Composition Average Grain Thermal Conductivity | Thermal Expansion Hardness
P Size [um] [W/mK] Coefficient [K] HV10
G20 WC-11%Co 217 105 5.0 10 1200
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Fig. 4. Impact of time parameters of the WEDM on MRR of machined G20 cemented carbides:
a) brass electrode, b) molybdenum electrode

worth noting that high heat resistance of molyb-
denum wire resulted in much smaller volume of
the spark craters discharged on the surface, than
on the brass wire. Decreased volume of craters
is less productive for gap flushing. Increased ON
time beyond optimal flushing limit, there is a fall
of a quantity of effective discharges. Increased
OFF time in analysed scope is not enough effi-
cient. Poor flushing is induced by molten material
particles fulfilling the inter — electrode space.

SURFACE LAYER

The impact of ON/OFF times on surface
roughness Ra was obtained through regression
analysis and is presented on Figure 5. Extended
ON time caused increased roughness for both of
the wires. For higher energy discharges seems

© o

to be effective method of surface roughness im-
provement by increase OFF time to allow bet-
ter inter-electrode gap flushing. The influence
of time gap OFF on surface roughness is minor
significant for both wire materials, but increased
OFF time resulted in revised stability of the pro-
cess. It is worth noting that Ra indicator measured
for machining with molybdenum wire quickly
reached the limit of efficient flushing of the (in-
ter — electrode) gap and size of craters collapse
even with prolonged discharge time. Roughness
surfaces are presented on Figure 6. The lowest
height of the roughness on the surface after cut-
ting with molybdenum wire for ON = 32 us and
OFF = 6 us was unsatisfactory and amounted
to Ra and Sa = 3.5 um (Fig. 6.a). Such rough-
ness involves a deep, undesirable heat affected
zone. However, shorter discharge time, ON = 2
us and equally short OFF = 6 pus for brass wire

0‘5

w® T

Fig. 5. Impact of time parameters of the WEDM on Ra indicator of surface rough-
ness of machined G20 cemented carbides: a) brass wire, b) molybdenum wire
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Fig. 6. The lowest roughness Sa surfaces of WEDM’ed cemented
carbide G20 with: a) molybdenum wire, b) brass wire

resulted in roughness Ra and Sa = 0.9 um (Fig.
6.b) and implies significantly reduced the heat
affected zone. The worth to notice advantage of
electro-discharge machining is isotropicity of the
geometric structure (Fig. 6.) on the surface, es-
pecially important for applications when oriented
texture is not allowed.

HAZ ANALYSIS

High temperature of discharges and rapid
cooling by dielectric, result in the uneven heat
dissipation in the machined surface of the work-
piece. WEDM circumstances favour the forma-
tion of a recrystallized layer of molten material.
The HAZ depth should be diminished - although
in specific materials it is not a case - it is modify-
ing workpiece structure and properties, by rise of
hardness or residual stresses. More brittle, recrys-
tallized cemented carbides layer, it may induce
micro cracks to deepen. Authors [21] proved that
the strength of cemented carbide (WC-30%Co)
was diminished about 35% compared to core ma-
terial. Their study revealed that the surface char-
acteristics was modified by micro - cracks, voids
and pinholes. Once the overall discharge energy
was increased surface became more rough by
waste, craters and micro-cracks what was deter-
mined by SEM images. The issue of this study
was to analyse methods of HAZ reduction to
diminish residual stresses and eliminate risk of
workpiece material damage. Surface layer before
and after WEDM of cemented carbide G20 with
visible craters and micro-cracks are presented on
Figure 7. After Workpiece machining results is
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the stresses remained in the material, which can
be desirable compressive or undesirable tensile.
Generally, those tensile stresses have diminish-
ing influence on e.g. the fatigue strength of the
material. Compared to results in research [22]
HAZ can be reduced to depth of about 2 pm.
In this research the HAZ was recognized by the
tungsten carbide grains concentration. The grains
amount decreases continuously from bulk ma-
terial to the machined surface layer. The WC
grains are thinly dispersed in the damaged layer
and dislodged during the WEDM process. Fur-
thermore analysis revealed that, the bulk work-
piece structure remained unaffected by WEDM
conditions. Author agreed that WEDM does not
entail structure modification to core material of
the workpiece. The aim of this investigation of
HAZ was to prove both the advantages of brass
wire application and the possibility to decrease
the depth of HAZ by proper time parameters’ se-
lection. WEDM with molybdenum electrode was
less energy saving and generated more heat. The
main disadvantage was lower flushing effectivity.
MRR was less compared to brass wire. The anal-
ysis proved that the HAZ thickness after WEDM
with a molybdenum wire is 25 pm (ON = 32 us
and OFF = 6 us), accordingly the application of
a brass wire (ON =2 us and OFF = 6 us) permit-
ted to diminish the HAZ thickness to 15 pm. The
decreased HAZ is showed on Figure 8. Similarly
in research [17] analysed the process parameters,
among others, pulse duration throughout EDM of
tungsten carbide piece of work. Analysis proved
that for peak current and pulse duration (I = 16
A, and t = 1.6 ps) no remarkable difference ex-
ists in the microstructures. Likewise in WEDM
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— 10 pm

Fig. 7. Surface of the medium grains type, machined WC-Co cemented
carbides G20: a) before WEDM, b) after WEDM

Fig. 8. Heat affected layer of machined G 20 cemented carbide: left — brass cutting,
right— molybdenum cutting (HA-heat affected, RL-recast layer)

with molybdenum, when pulse duration is in-
creased fromt=1.6 ustot=12.8 pysand I = 16
A an clearly damaged layer is seen to the depth of
15 pm with more coarse WC grains, less Co and
many craters and voids.

Current parameters and ON time, setting
the quantity of heat transmitted to work space
between electrodes, were both significantly in-
creased for molybdenum electrode. Likewise,
time gap has to be accordingly enhanced to pull
out debris of the molten material from the gap.
Flushing of the gap for molybdenum wire is more
difficult. It is harder to pull out molten material
particles from the gap cause of the lower volume
of the craters on the surface of electrode. Tem-
perature induced in the gap because of reduced
flushing presumed to be elevated and influence
on thicker heat affected layer under the surface
of the workpiece. Working procedures can be

related also to worse molybdenum wire WEDM
results. Since it is not advisable to finish one part
and then start working on the next one. It is much
safer to do the rough cut on all parts, then the first
finishing cut on all parts, etc. Otherwise, the first
part cut (the component with the finished surface)
will be exposed to water, and thus to the risk of
corrosion, for a longer period. When the right
procedure is observed, the risk of electrolysis can
be greatly reduced. The author based on previous
own experiments and analysed experiments attri-
butes the result of HAZ decrease to the action of
zinc vapour to diminish heat conductivity. This
allows decreasing the penetration of heat into the
workpiece [23]. Wires made of brass are the blend
of zinc feature’s low melting temperature (420 °C)
and high sublimation pressure, with copper (melt-
ing point 1080 ° C) in the CuZn37 alloy. The zinc
from the alloy sublimates, which reduces the
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amount of molten particles released into the inter-
electrode gap. Instead of molten metal particles
and evaporating dielectric, the gap is largely filled
with a gas of zinc. Such gas has the lower thermal
conductivity, lower than e.g. molten metals.

CONCLUSIONS

The introduced research on WEDM of G20
cemented carbides demonstrated valid impact of
the time based parameters of WEDM process on
appropriate machining results. Proper selection of
the type of the electrode and flushing techniques
are capable to significantly influence on material
features after WEDM. The conducted studies en-
able the following conclusions to be drawn:

e MRR analysis corroborated benefits of WEDM
with brass wire over cutting with molybdenum
electrode. Calculated areal efficiency results
proved to cut 71% faster with brass electrode.

e Increased time gap between discharges proved
to aid strike a balance in the gap without no-
ticeable decrease of efficiency. The break time
between discharges should be long enough to
allow debris removal from the gap.

e Achieved the finest finish of the surface was
obtained for brass electrode (Ra=0.9 um) and
outperforms roughness accomplished with
molybdenum wire (Ra = 3.5 pm). Increase of
discharge time improves MRR, but induces
diminish of the surface finish irrespective of
material of the wire.

e The worth to notice advantage of electro-
discharge machining is isotropicity of the
geometric structure of the surface, especially
when oriented texture is undesirable

e Significant disadvantage of cutting with mo-
lybdenum wire is accompanied HAZ thick-
ness (25 um). Total energy transferred to the
gap when WEDM with molybdenum wire (t =
2625 °C) exceed energy, compared to cutting
with brass electrode (t = 900-940 °C).

e HAZ thickness for WEDM with brass wire
electrode is diminished (15 pm) even though
increased MRR. Brass electrodes proved to be
beneficial owing to vaporous zinc modifying
thermal conductivity in the gap.

e Molybdenum collated to brass electrodes are
resist to very high pulling forces. Furthermore,
wear resistant molybdenum wire electrodes
are profitable alternative electrodes. Modern,
inexpensive wire flushing machines, with
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molybdenum electrodes, are capable to cut
fair quality parts.

e Tensile strength of molybdenum electrode en-
ables, by the faster travel through the work-
piece, to remove more melted debris with him.
High speed of travelling molybdenum wire
provides superior flushing of the gap.

e The craters and micro - cracks on the surface
of molybdenum wire are less volume, equated
to wear marks on the brass electrode.

e Seems to be valid to investigate the relation-
ship between process parameters and the ef-
fects of WEDM e.g. residual stresses and fa-
tigue resistance in the next studies.
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