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Abstract: Among the advanced materials, the ~-TiAl intermetallic compounds, due to their unique properties, are
being gradually employed instead of nickel base super alloys, titanium alloys, and other high temperature alloys in the
aerospace and automotive industries. These properties include maintaining high strength and creep resistance at elevated
temperatures. Considering the features of this material and the limitations of traditional machining procedures, in this
paper the results of utilizing the EDM process for v-TiAl and the effects of input parameters, including discharge current
and discharge duration, on output characteristics, comprising material removal rate, tool wear ratio, surface texture, and
compositions and phases of machined surfaces, are presented. The results show that the EDM process affects surface
integrity of y-TiAl and causes the formation of surface cracks even at the lowest level of discharged energy. The increase
in the discharge energy results in the formation of longer cracks with wider mouths. Due to the ingress of carbon and
oxygen on the surface of the specimen, initial compositions and phases of machined surfaces are changed and brittle

phases such as Tis Al and TiC are formed on the machined surfaces.

Key words: EDM, ~-TiAl, material removal rate, tool wear rate, Ra, X-ray diffraction method, EDS, scanning electron
microscopy

1. Introduction
TiAl alloys exhibit a high capability to be employed instead of some super alloys such as nickel-based alloys for
applications at high temperatures. Retention of strength at elevated temperatures, low tendency of absorption of
hydrogen, and good creep resistance make this material a viable choice in the aircraft and automotive industries
[1].

However, manufacturing parts made of «v-TiAl compounds are classified as difficult-to-machine materials
[2]. Several studies have been conducted to explore the machining features of this material. Weinert et al. [3]
investigated drilling, tapping, milling, and boring processes in the manufacturing of a connecting-rod made of
~-TiAl utilized in auto engines. They reported that because of the high hardness of -TiAl alloys, cemented
carbide or harder cutters such as the ones made of cubic boron nitride and polycrystalline diamond are just
applicable in the machining process of this material. Aspinwall et al. [4] conducted a comprehensive study of
machining methods of v-TiAl and reported that turning and drilling processes lead to surface integrity problems
and creation of a high density of cracks on the machined surfaces. Sarkar et al. [5-8] studied wire EDM of

~v-TiAl and optimized the process by parametric analysis. They also modeled processes to predict output

*Correspondence: mrshabgard@tabrizu.ac.ir

231



SHABGARD et al./Turkish J Eng Env Sci

characteristics of processes. Their results showed that v-TiAl is readily machinable by wire electrical discharge
machining. Hasgalik and Caydas [9] conducted experimental research on the electrical discharge machining of
Ti-6Al-4V alloy with different tool electrodes and reported that material removal rate (MRR), tool wear, surface
roughness, and recast layer thickness increased with the increase of discharge current and discharge duration.
Wang et al. [10] investigated the influences of dielectric (compound dielectric, distilled water, and kerosene)
characteristics on EDM of titanium alloy. The experimental findings demonstrated that titanium alloy EDM
in compound dielectrics achieved the highest MRR, a lower relative electrode wear ratio than that in kerosene,
and fewer microcracks than in distilled water.

Chen et al. [11] machined Ti-6A1-4V alloy with two different dielectrics (distilled water and kerosene).
Their findings indicated that the MRR is lower and the tool wear ration (TWR) is greater in kerosene. Lin et
al. [12], by adding an electrical discharge system to an ultrasonic machine, were able to increase the MRR in
ultrasonic machining of Ti-6Al-4V alloy. They also used abrasive particles in dielectric fluid. Their work showed
that the recast layer thickness when using ultrasonic vibrations in distilled water is lower than in conventional
EDM.

Gu et al. [13] studied electrical discharge machining of Ti-6A1-4V using bundled pipes as an electrode,
through which high pressure dielectric fluid was pumped. The results showed that using this washing method
increases MRR while decreasing TWR.

In this study, the machining of a v-TiAl compound is conducted by die-sinking electrical-discharge
method to investigate the effects of input parameters of the EDM process, comprising discharge current
and discharge duration, on output characteristics, including MRR, TWR, surface roughness and topography,

constructed compounds, and phases on the surfaces of machined work pieces.

2. Experimental setup
2.1. Material and experimental instruments

In order to prepare base material, titanium ingots with purity of 99.8% and aluminum ingots with purity of
99.5%, each with given weight percentages, were melted in a vacuum melting furnace and caste to produce
Ti-53Al intermetallic compound ingots. To eliminate defects in the casting process such as microsegregation, a
homogenizing heat treatment process was performed at a temperature below 1100 °C for 48 h. Samples were
then cut with a cross-section of 11 x 11 mm? and a height of 9 mm from prepared ingots using a wire EDM.
The specimens were then ground using sandpapers to obtain similar surface roughness on all of them. These
samples were used in machining experiments. Copper electrodes with dimensions of @ 18 mm x 40 mm were
used as tool electrodes in machining processes. Some mechanical and physical properties of the ~-TiAl are
listed in Table 1.

Table 1. Mechanical and physical properties of v-TiAl [4,5].

Properties Value
Yield strength (MPa) 463
Ultimate tensile strength (MPa) | 499
Modulus of elasticity (GPa) 144
Elongation (%) 0.55
Poisson’s ratio 0.24
Density (g/mm?) 3.81
Thermal conductivity (W/mK) | ~ 22
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A CHARMILLES ROBOFORM 200 CNC die-sinking electric-discharge machine, equipped with an
isopulse generator, was employed to perform the experiments. Oil flux-ELF2 was used as a dielectric fluid.
To measure the mass differences of electrodes before and after the EDM process, a CP224S-Surtorius digital
balance with readability of 0.0001 g was utilized. A Mahr-Perthomether M2 apparatus was employed to measure
surface roughness of EDMed electrodes. Current and voltage variations of the gap during the EDM process were
measured using PC-based digital storage oscilloscopes (TNM ELECTRONICS-DS20080A Oscilloscope Card).

Chemical compositional analyses of machined work pieces were performed using X-ray diffraction method

(XRD) and surface topology observations were conducted by scanning electron microscopy (SEM).

2.2. Process variables and design of experiments

To investigate the machinability of --TiAl, two main parameters of the EDM process, including discharge
current (I) in five levels and discharge duration (T,,) in four levels, were considered to be the input variables.
A full factorial design was chosen for the experiments. Different levels of input parameters and other constants
of machining condition during experimentations are listed in Table 2. Egs. (1) and (2) were employed to
calculate MRR and %TWR:

MRR = (Ame/(t X pW‘p‘)) X 1000, (1)

%TWR = ((AmT X pr)/(Ame X pT)) X 1007 (2)

where MRR is material removal rate, %ATWR is tool wear ratio, Amyy . p. is weight difference of the work piece
after EDM, Amrp. is the weight difference of the tool after EDM, pyw.p. is the density of the work piece, pr. is
the density of tool, and t is the machining period.

Table 2. Experiment conditions and variables of process.

Conditions and variables Description

Discharge current (A) 3,6, 12, 24, 64

Discharge duration (us) 6.4, 25, 50, 100

Pulse off time (us) 25

Open circuit voltage (V) 120

Type of generator Isopulse

Tool polarity Positive

Dielectric fluid and flushing method | Oil Flux ELF2, submerged and side flushing simultaneously

3. Results and discussion

3.1. The effects of discharge current and discharge duration on MRR

Figure 1 illustrates the effects of discharge current and discharge duration on MRR. As shown, at low discharge
current the MRR is very low for all of the discharge durations. The explanation for this is that, as shown in
Figure 2, due to the poor oxidation resistance of v-TiAl alloys at elevated temperatures (above 700 °C), we
have the formation of constitutive elements’ oxides such as rutile-titania (TiO2) and a-alumina (Al303) on
the surface of the machining work piece [14-17]. The formation of the oxide scales on the surface of machining

work pieces forms an effective barrier layer with a high electrical resistance on the surface.
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Figure 1. Effect of discharge current on MRR at various discharge durations.
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Figure 2. XRD profile of machined work piece: a) I = 64 A, Ti = 100 ps; b) I =24 A, Ti = 50 us.

Therefore, the strength or magnitude of the electric field between the two electrodes would not be sufficient
to compensate for the poor conductivity of this layer. As a result, the formation of oxide scales in the EDM
process of v-TiAl alloys hinders effective discharge and leads to a low MRR.
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Moreover, Figure 1 shows that the increase in discharge current leads to the increase in MRR. The
justification is that when discharge current increases, the density of discharge grows over a certain amount,
which leads to an increase in MRR with a sharp gradient in MRR-I curve. The correlation between the
discharge energy and discharge current is illustrated in Eq. (3). According to Eq. (3), increase in discharge
current leads to increase in discharge energy. The formation of oxidation products on the surface of ~y-TiAl
alloys is dependent upon the kinetics of the process and the best deposition rates occur around the temperature
of 1000 °C [17]. The increase in discharge power intensifies the heat generated during each discharge, which
prevents the formation and deposition of oxide scales on the machining surface of the work piece, and therefore
the MRR increases. This is clear from XRD results represented in Figure 2a (high energy) and 2b (low energy)
and EDS results provided in Figure 3a (high energy) and 3b (low energy).

w:/tt LV dt (3)

di

Additionally, as is clear from Figure 1, with further increase in discharge current, while the discharge duration
is constant, the MRR does not increase, but it decreases in some settings with a gentle slope in the diagram.
The explanation for this is that, with increase in discharge energy, the metallic and nonmetallic contaminants
surpass the ability of the dielectric fluid in flushing these particles from the gap (Figure 4a). This effect is not
observed in the low-energy sparks (Figure 4b). As a result, an unstable discharge condition occurs during the
process, which elevates the possibility of arc and short circuits (Figure 5a). The increase of discharge duration
along with this condition deteriorates the process, which leads to decrease in effective discharges as compared
to low-duration sparks (Figure 5b); as a result, arc discharges increase (Figure 5a), and this phenomenon causes

the reduction or same level of MRR.
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Figure 3. Results of EDS analyses of workpiece after machining process: a) I = 64 A, Ti = 100 us; b) I =24 A, Ti =
50 ws.
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Figure 4. Image of machined workpiece: a) I = 64 A, Ti = 100 pus; b) I =24 A, Ti = 50 us.
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Figure 5. Image of pulse shapes including voltage time and current time: a) I =64 A, Ti = 100 ps; b) I =24 A, Ti =
50 ws.

3.2. The effects of discharge current and discharge duration on TWR

Figure 6 represents the effect of discharge current on TWR at different settings of discharge duration. Accord-
ingly, TWR increases with increase in discharge current for all settings of discharge duration. This is because of
the higher thermal conductivity of the copper electrode (390 W/mK) than the v-TiAl intermetallic component
(~22 W/mK) [4,19], where with the increase in discharge energy a considerably higher portion of generated
energy is transferred to the tool electrode, and because of the lower melting point of copper (1084 °C) relative

to v-TiAl such that a higher volume of copper electrode than work piece is melted, which leads to higher level
of TWR.

4. The effects of discharge current and discharge duration on surface texture

Referring to the results, the amount of discharge energy affects the surface roughness of EDMed surfaces.
According to Figure 7, increase in discharge duration and current deteriorates the surface texture of the work
piece. The phenomenon behind this might be explained by the fact that the increase of discharge duration
causes a higher amount of energy, in the form of heat, to be transformed into the specimen, and this leads to

the expansion of the molten crater dimensions on the machining surface. Furthermore, increase in the discharge
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duration causes the reduction of flushing efficiency of plasma channel. Reduction in the plasma flushing efficiency
and increase in the molten crater dimensions cause more molten material to not be ejected from the molten
crater at the end of discharge when the plasma channel collapses. The remaining molten material in the crater
is resolidified by the coolant effect of the dielectric fluid and forms the recast layer on the EDMed surface. The

formation of this recast layer also deteriorates surface texture and increases the surface roughness of the work

piece [14].
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Figure 6. Effect of discharge current on TWR at various  Figure 7. Surface roughness variation with discharge

discharge durations. current.

Furthermore, the striking force of electric discharges on the machining surface of the work piece intensifies
as the discharge current increases. This phenomenon creates higher impact forces on the surface of the molten
crater, which leads to the ejection of more molten material out of this crater and leaves larger microcavities on
the surface of the work piece. Consequently, increase in discharge current leads to increase of surface roughness
of machining work pieces.

Figures 8a and 8b show electron microscopy images of machined surfaces that underwent EDM processing
at 3 A and 24 A, respectively. It is clear that cracks become wider and longer with the increase of discharge
current. This is because the electric discharge generates a high temperature, which dissolves the dielectric fluid
into carbon, and this carbon penetrates into the molten material of v-TiAl and intensifies the shrinkage of
molten material at the end of discharge [14].

It is clear that the work piece only comprises the TiAl phase before machining. The XRD results for
machined surfaces represented in Figure 2 corroborate the formation of Tiz Al, TiAl, and Al,Ti on the surface
of machined work piece. In addition to Tiz Al, TiAl, and Al, Ti, TiC has also been observed in this sample. The
high percentage of carbon that penetrated into the molten metal during each discharge facilitates the formation
of this brittle phase on the surface of the machined work piece [20]. The Tis Al intermetallic compound has a
tetragonal crystal lattice and has more brittleness than TiAl [21]. As TiC is a brittle phase, the formation of
these brittle phases also greatly strengthens the risk of crack formation on the EDMed surface of the work piece.
Increase in the discharge current and duration cause the growth of discharge energy, which in turn leads to the
elevation of carbon content and thermal stresses induced on the machining surface of workpiece. Consequently,
increase in the discharge current and duration cause the growth of cracks on the machining surface and the
appearance of wider and longer cracks on the surface of workpiece after the EDM process.
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Figure 8. Scanning electron microscope images of surface topology for discharge duration of 50 us (1000x): a) I =3
A;b) I =24 A,

5. Conclusions

The major findings may be summarized as follows:

1]

2]
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