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INTRODUCTION

A small portion of the molten surface mate-

ABSTRACT

Thermal energy produced by discrete and random electric sparks in electric discharge
machining (EDM) melts surface material. A portion of this molten material is re-
moved and the remaining material resolidified by rapid cooling in a hydrocarbon oil.
The effect of repeated heating and cooling of the surface and sub surface material
with complex temperature gradients results in residual stresses in machined parts.
The aim of this investigation is to determine the distribution of residual stresses in the
depth of machined material with respect to discharge current, most important electric
parameter during EDM. It is well known that surface finish is dependent on discharge
current. Therefore, investigations were carried out for smaller discharge current levels
ie. 3, 6,9, 12 ampere. Hole-drill strain gauge method is used for the determination of
residual stresses in the depth of material. For comparison purposes, residual stresses
are also determined for conventionally turned specimens. This study provided quanti-
tative analysis of the residual stresses for various discharge current in EDM which is
a key parameter in deciding the service life of material.

Keywords: clectric discharge machining, residual stresses, discharge current, alumi-
num alloy.

near the surface, the magnitude of residual stresses
increases significantly and disappear rapidly in the
depth. It supports the idea that an increase in heat

rial is removed and the residue material resolidi-
fied after each discharge. Due to rapid heating
and cooling of the material, residual stresses are
generated in the machined part which are known
as “residual stresses” [23]. These stresses are of
tensile nature and, if they become more than the
yield strength of the material, it will cause surface
cracking [21]. Residual stresses are recognized to
be related to the thickness of white layer, which
are greater at higher values of pulse current and
pulse on time [12]. It is identified by Das [2] that

does not distress the depth of residual stress and
their highest magnitudes near the surface. Bussu
et al. [1] determined that crack propagation rate in
aluminum alloy 2024-T6 is influenced by residual
stresses, microstructure and hardness. Machining
induced residual stresses are the primary cause for
the deformation of aluminum plates [11].

Garc'1a Navas et al. [8] made a relative study
of three machining processes; wire-EDM, hard
turning and production grinding of AISI-01. Re-
sidual stresses could be divided in two main cat-
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egories. First category is macro residual stresses,
which are easy to measure, existing between
grains and could be represented by tensor. Second
one is micro-residual stresses, which are not easy
to determine, usually found around the flaws and
defects. These stresses are represented by a scalar.
Three types of Stress distributions, depending on
the nature of machining process, could be gener-
ated, which was previously discussed by Parrish
[8]. Where, Type-I represent stresses developed
after abusive machining and type-III gives the
pattern obtained by gentle machining and type-
IT is most undesirable; plastic deformation at the
surface generates compressive stresses and a huge
amount of heat under this layer produce high ten-
sile stresses. EDM generates tensile stresses at
the surface, whose value increases in depth and
reaches maximum and then start to disappear
gradually. This is close to the Type-II trend that
is presented by Parrish as the worst stress distri-
bution. This stress distribution may cause crack
initiation at the early stage and fast crack propa-
gation. It was identified that the finish parameter
setting (low discharge energy) after rough ma-
chining caused a decrease in residual stresses [8].

Buelent Ekmekci et al. [5, 6] found that re-
sidual stresses depend on discharge energy and
are independent of the pulse duration and current
values, while finding residual stresses by remov-
ing Deemed layers by Electro chemical machin-
ing of plastic mold steel. It is also observed that
residual stresses are tensile in nature, which are
increasing in the depth and reaches its peak value
within HAZ, and then fall rapidly to low value
of compressive residual stresses. The intensity of
surface cracks is independent of discharge energy
and peak value of tensile residual stresses is close
to the ultimate tensile strength of the material.

Among the different methods developed for
this purpose, the hole-drilling and X-ray diffrac-
tion are widely employed for the quantitative re-
sidual stress analysis and are described in detail
previously in 1980 [7, 17]. One of the popular
techniques used on a large-scale basis for measur-
ing residual stress is the hole-drilling method. A
typical application of the hole-drilling method in-
volves digging a small shallow hole in the sample.
This material removal emphasized local stress and
strain causes relaxations on the hole location [19].
The amount of strain relaxation is measured using
specially strain gauge rosette.

X-ray methods have been used on a large-
scale method for measuring the residual stresses
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in crystalline materials. This method is non-
destructive based on an assessment interplanar
distances in distorted samples along different
directions. However, in order to obtain informa-
tion of these stresses below surface, it is essential
to combine the means of removing a layer. Also
limited to the size of the sample, it is difficult to
analyze the residual stresses in the real cutting
machine parts. X-rays penetrate the usually less
than 20 microns in material and the way to do that
is limited to determining residual stresses on the
surface of the sample in a short depth [15].

A comprehensive literature review compris-
ing behavior of residual stresses generated after
conventional machining processes is presented by
Gue et al. [9] in which mostly hard-to-cut metals
are discussed. Rao et al. [22] determined residual
stresses in Aluminum alloy 2014 T6 after EDM
for the discharge current of 10 and 12 ampere,
and this study was limited to surface. The aim of
current research work is to determine the behav-
ior of residual stresses in the depth of aerospace
grade aluminum alloys 2024-T6 for four different
discharge currents normally used for finish ma-
chining conditions during EDM.

MATERIALS AND METHODS

The material investigated for the study is an
aerospace aluminum alloy 2024-T6. Chemical
composition of the material is given in Table 1.
Mechanical properties of the selected material are
determined by hardness and tensile tests, are pro-
vided in Table 2.

EXPERIMENTAL

Electric discharge machine of model Neur
M 50 is used. The only varying parameter is dis-
charge current. Four current levels 3, 6, 9 and
12 ampere are investigated. These discharge
currents are mostly used in finish machining
[13, 21]. Other electrical parameters kept un-
changed throughout the study are; Pulse-On
time 60 pm, Pulse-Off time 4 um, voltage 110
V and gap 5 pm. Kerosene oil is used as di-
electric liquid. Both electrode and workpiece
remain submerged during machining. Cylindri-
cal workpiece of size ¢20x22 mm is gripped by
a clamp as shown in Figure 1. One-millimeter
surface material is removed at all investigated
discharge current levels.
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Table 1. Chemical composition of Al 2024 T6

Element Cu Si Mg

Mn Fe Cr Al

Wt.% 3.70 0.19 1.22

0.73 0.41 0.07 93.68

Table 2. Mechanical properties of Al 2024 T6

Hardness Yield Strength

Ult. Tensile Strength

Mod. Of Elasticity % Elongation

140 Hv 520 MPa

600 MPa

72.4 GPa 1"

Hole-drill set up

The most commonly used technique for mea-
suring residual stresses is the hole-drilling strain
gage method defined in the standard E837 ASTM
[18]. With this method, a rosette made up of three
specially configured strain gauges is bonded to
the surface of the specimen, and a shallow hole
is drilled through the rosette center. As stresses
are relaxed by hole drilling, the local differ-
ence in the strains are measured and the residual
stresses are computed mathematically from these
measurements. Detailed discussion of the theory
and application of this technique are presented in
Micro-Measurements Tech Note TN-503 [14].
The residual stresses are determined by the hole
drill method by using RS 200 hole drill apparatus
along with data-logger (P 3500 strain indicator).
The equipment used for the purpose is shown in
Figure 2.

Computation of residual stresses

The magnitude and distribution of the re-
sidual stresses below the surface was determined
by using hole drilling method RS-200 [14]. The

measurement of the residual stress by this method

in accordance with the standard ASTM E 837 [4]

consists of the following procedure:

e A special strain gage rosette (three grids) is
fixed at the location at which residual stresses
are to be determined.

e FEach grid is joined with strain indicator and
switch-and-balance unit. The RS-200 Mill-
ing Guide, shown in Figure 3(a), centered
over the rosette. A precision hole is intro-
duced at the center of rosette. The ratio of
the drilled hole diameter (Do) to that of the
gage circle (D) should be in the range of
0.3-0.5 and the depth of the drilled blind
hole should be equal to 0.4D, A precision
hole is introduced at the center of the ro-
sette and after drilling a hole up to the de-
sired depth, readings of the relaxed strain
(residual strains) are recorded. Finally, re-
sidual stresses are computed according to
the theoretical treatments. Three readings
were noted from the strain indicator for
each depth setting. After taking the three
strain values, the principal stresses and
their directions were computed by applying
the following equations 1-3 [16, 24].

Copper Elactrods

Dizlactric Nozzle

Workpiecs

Clamp

Fig. 1. Pictorial view of electric discharge machining setup
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Fig. 2. Hole-drilling apparatus used for determination of residual stresses below the surface at different depths:
left — milling guide, right — data logger
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In listed equations o is the angle of the maxi-
mum residual stress from gauge number 1, A and
B are materials constants that can be determined
from the following equations 4 and 5:

1+v

T @
1
B:_ﬁb (5)

where a and b are reduction coefficients, v is Pois-
son’s ratio and E is elastic modulus. The coef-
ficients a and b can be determine from ASTM
standard E 837 [4].

RESULTS AND DISCUSSION

Residual stresses are determined in the depth
of EDMed specimen at the discharge current lev-
els of 3, 6, 9 and 12 ampere using hole-drilling
method. The amount of maximum residual stress-
es at different depths are given in Table 3 and are
shown in Figure 3.

The hole was drilled in six steps with an inc-
rement of 25 um until the depth of 150 um. Tests
are performed for all specimens by drilling with
the same depth/increment. After measuring the va-
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lue of each strain gauge and computing the values
of residual stresses. It is seen that tensile stresses
are observed for all discharge currents near the
EDMed surfaces which are converting into com-
pressive stresses after some depth to balance the
tensile stresses. Generally the amount of residual
stresses is found proportional to the discharge cur-
rent near the surface up to the depth of 75 um. This
observation is in agreement to [12], where it was
found that thicker the white layer, EDM induced
residual stresses for tool steel were higher. There
are a number of research publications in which it
is found that the thickness of the recast/white layer
is proportional to discharge current and discharge
energy as well [10, 20]. This is because high di-
scharge energy is produced with higher discharge
current and hence higher will be the volume of the
molten pool. Consequently the thickness of the
resolidified unremoved material is more for rela-
tive high discharge current. When compared with

Table 3. Residual stresses (MPa) at different depths

Depth | 57 | 6a | 9A | 12A Turned
(um) specimen
25 22 | 23 | 30 | 33 .93
50 20 | 15 | 35 | 375 121
75 17 | 17 | 26 | 31 .56
100 8 | 8 12 | 12 -33
125 3| 7 3 | .15 7
150 5 | 2 | 10 | 7 10
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Maximum residual stress profiles for EDM at Different
currents and for conventionally turned specimens (Pristine)
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Fig. 3. Residual stress profiles in surface depth

the pristine specimens, prepared by conventional
machining, the results were different. For pristine
specimens compressive stresses were developed
with magnitude to much larger than those in EDM.
Also for pristine specimens, it is found that near
the surface residual stresses are smaller reaching
maximum value abruptly until the depth of 50 um
and below that stresses went on vanishing. At the
depth of 125 pum, the nature of residual stresses
were converted to tensile. A previous study perfor-
med by Denkana [3] on wrought aluminum alloy
conforms the outcome of current study for conven-
tionally turned specimens.
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SEM HV: 10.0 kW
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B 10.00 Date(midry): 030215

Performance In nanospace

Fig. 4. SEM observations from top and side

Due to metallurgical changes in the white
layer and high temperature effects in the lower re-
gion of the white layer, material degradation may
occur. Tensile nature of residual stresses in addi-
tion to some other factors such as surface pits can
cause cracking. As shown in Figure 4, it is seen
that a crack is initiating from the white layer and
is penetrating into the bulk material. Such situ-
ations are more threatening for the investigated
material because of its numerous applications in
aerospace industry. Also the generated surface
after electric discharge machining is looking ir-
regular and having a number of stress concentra-
tion sites. Energy dispersive spectroscopy (EDS)
of the surface generated was also performed and
it was recognized that the resolidified layer be-
came highly contaminated with carbon and cop-
per contents.

Changes in chemical composition of the sur-
face layer as well as presence of residual stresses
and morphological defects are possible sources of
immature failure of machined components when
subjected to fatigue loads. This needs further in-
vestigation to evaluate fatigue life behavior after
EDM with respect to most important discharge
current parameter.

CONCLUSION

Effect of electric discharge machining for the
discharge current values which are mostly used
for finish operation are investigated. Repeatedly
high and rapid temperature changes can possibly
induce residual stresses as were investigated by
numerous studies for tool steel material. Very lit-
tle such literature is available for aerospace grade
aluminum alloy. As this material is used in high
frequency and fatigue application where surfaces
play a vital role in deciding its total life. Study
of residual stresses is important as these stresses
might be beneficial or detrimental and at what ex-
tent in reference to the most important machining
parameter, i.e discharge current. Five discharge
current levels are investigated and also residual
stresses are determined for conventionally ma-
chined specimens for comparison. The effect of
discharge current on the magnitude of residual
stresses is clearly seen and concluded that these
are of tensile nature irrespective of the discharge
current level used during EDM machining. There
is little effect of the discharge current, however
this effect could not be ignored when other ma-
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terial/surface characterizing factors are also in-
fluencing with this parameter. It is therefore sug-
gested that electric discharge machined surface
should be removed or converted into beneficial
compressive stresses.
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