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Abstract
In this research work, the nickel – titanium based shape memory alloys are machined using electro spark
machining process. The in�uence of the input process for electro spark production is studied in detail.
From the analysis, the tool wear rate (TWR), surface roughness, and material removal rate (MRR) are
investigated. The intensity of the electro spark produced at minimum pulse on-time 10 µs and maximum
applied voltage (60 V). Variation in MRR is wide for a minimum pulse on time with low applied voltage.
The surface roughness of the machined surface is also directly in�uenced by the in – e�cient spark
produced. The copper electrode with increase pulse duration the alloy behaves like a strong conductor to
transmit electrical energy between the electrode and work material. The contribution of pulse on-time is
maximum for material removal and tool wear rate. However, the surface �nish depends on the applied
voltage of the process designed. The impact on machined surfaces, micro-cracks, electro-discharge
carter's, and recast material due to electrical discharge were assessed using a scanning electron
microscope and energy-dispersive X-ray spectroscopy (EDX) analysis. The experimental value shows that
material removal depends on the pulse on process timings and applied voltage. Thus, by using
mathematical analysis the in�uence of (electric discharge machining) EDM process parameters was
evaluated.

Introduction
In the current research scenario, development on shape memory alloy (SMA) is in successful track.
Demand for SMA is an increasing trend for many engineering components. The SMA has different
element weight percentage of nickel and titanium as a binary alloy [1]. In combination with nickel and
titanium, research is also available with cobalt and carbon as minor alloying elements [2]. Superior in
mechanical properties and its functional quality has made shape memory alloy to be recommend for
different applications [3]. It has high hardness and recommended as an imperative material for
tribological applications in automobile components [4]. The application of shape memory alloy in
aerospace applications has extended in different aspects [5]. Not only for engineering applications, the
trail for biomedical engineering has also been simultaneously increased. Literature report on
biocompatibility studies for nickel and titanium alloy is also in trending [6, 7]. The important factor in
these applications are that the components will have complex and intricate pro�le with dimensional
accuracies. It is di�cult to handle with conventional manufacturing process for machining and other
dimensional modi�cations [8]. Since, the research scope has been focused on different manufacturing
techniques to process functional materials.

Machinability of nickel – titanium alloy is one of the stimuli for recent researchers. Presence of nickel and
titanium elements in the alloy has high hardness. Literatures are available to discuss about conventional
machining process such as turning, drilling and milling of the alloy. While machining, the plastic
deformation of the alloy is tough to shear due to superior strength. Di�culties in machining SMA alloy
with cutting edge is tool wear, built – up edge, surface de�ciencies and the cost of production [9 – 11]. To
overcome such issues with conventional process, advanced manufacturing processes are involved to
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make machinability of the alloy [12]. Electro spark machining process is one of the prime techniques in
advanced manufacturing process [13]. It works based on the electro spark produced between the work
and the electrode. The intensity of electro spark depends up on input process parameters and the thermal
conductivity of the material. Signi�cantly, the opportunity for machining shape memory alloy is in open
challenges.

In this paper, an attempt is made to machine nickel – titanium based shape memory alloy using electro
spark machining process. The input process parameters such as applied voltage, pulse on time and pulse
off time are varied to study the machinability of the alloy. Response on the proposed work is measured
through electron microscope and material removal rate. Based on the investigation, the suggestion are
given.

Experimental Procedure
It is challenging to handle shape memory alloy (SMA) with conventional manufacturing and machining
processes. In this paper, the NiTi based SMA is as an investigation material having nickel (55.2%),
titanium (44.5%) and carbon (0.3%) elements. The experimental investigation is performed through
electro spark machining process. Schematic illustration of the electro spark machine is given in Figure 1.
The machine operates with a following speci�cation; power supply 3-phase alternating current with 415 V
and 50 Hz. Maximum working current is 35 ± 2 Amp. The tool material used for electro spark production
for machining SMA material is pure copper rod. The dimension of the electrode is 10mm rod and
kerosene as a dielectric medium. From the experimentation, the machinability of the SMA material is
studied by varying the pulse on time, pulse of time and applied voltage. Table 1 shows the input process
parameters and its range used for machining SMA alloy. The responses are material removal rate (MRR),
tool wear rate (TWR) and surface roughness (Ra) are measured to report on the machinability of the
material. Mathematical equations used for material removal rate and tool wear rate are as follows [14 –
16, 1]:
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Further, the machined samples are investigated with a surface measurement device to �nd average
surface roughness. Subsequently, the electron imaging technique for surface topography and energy
dispersive spectroscope is used for elemental analysis study on machined surfaces. In addition, the
in�uence of input parameters is evaluated using MINITAB software following the design of experimental
analysis. From the results and discussion, the mechanism involved and the metallurgical transformation
during the machining process is discussed in details.

Results And Discussion
Material removal rate and Surface roughness

From the experimental analysis, the amount of material removed from the SMA alloy is calculated and
illustrated in the form of graph as shown in Figure 2. Graph shows the performance of electro spark
process for different pulse on process timings. Results found with wide variations for 10 µs and the
removal of material varied from 2.532 mm3/min to 7.136 mm3/min. For 3 µs, material removal found
steadily increasing in trend with respect to the applied voltage. On other two conditions (6 and 9 µs)
material loss is gradual variation with minimum variations. Subsequently, for 30 µs the material removal
is in the range of 3.01 mm3/min to 4.132 mm3/min. In�uence of applied voltage is less with maximum
pulse on time. The variation in material removal for 30 µs has a very small variation (1 mm3/min)
compared to 10 µs (4.604 mm3/min). While machining the electro spark induced at minimum pulse on
has high intensity to fuse and vaporize the material under die sinking. Due to increase in pulse of time the
intensity of the spark has prolonged to diffuse material in bulk and MRR found increased. It is inclined
towards the current density, which is generated due to the discharge current [15, 16]. The accumulated
discharge energy will have severe melting and evaporation of the material. However, for maximum pulse
time material behavior varied and it starts to conduct the energy between the electrode and work. The
presence of carbon (alloying) elements in SMA alloy has categorized the material to have high electrical
conductivity. Speci�cally, for prolonged electro spark the presence of carbon in the SMA intended to
conduct the amount of energy used. During machining the high conductivity of the material leads to
transform energy (electrical conductivity) between the electrode (pure copper material) and the SMA work
material [15]. It also defeats the production of electro spark and the intensity of the spark turns weak and
form ine�cient process. During electro spark production, the electrode or the tool used becomes
vulnerable with respect the machining conditions. The tool in contact with the work will also possess
slight melting and vaporization. Figure 3. indicates the measure of tool wear rate with respect to applied
voltage at different pulse on and pulse of time. The behavior of the electrode tool material is varying
strongly with respect to minimum pulse on time. Re�ection of SMA alloy material removal is directly
re�ecting with the performance of copper electrode material. Uniform and linear result for maximum
pulse on time noticed with tool wear. The metallurgical ion transmission and conductivity due to current
density are discussed with surface topographical analysis.

The material removal and surface roughness of SMA material under electro spark machining has
performed with the similar pattern. Figure 4. illustrates the measured average surface roughness value for
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different pulse duration and applied voltage. As discussed in material removal, the surface roughness of
the SMA material has produced results with wide range for low pulse on time (10 µs). Minimum surface
roughness recorded is 1.04 µm for an applied voltage of 40V and maximum of 3.47 µm for 60 V at 3 µs
(pulse off time). It has to be understood that the surface roughness found increased with respect to
increase in applied voltage. This is due to the interruptions in discharge current and strikes from electro
spark. On extension of pulse during electro spark, the melting of material is with highly intense and deep
craters initiated. The variations in material removal is due to the low pulse on time and �oatation in pulse
off time. For maximum pulse on time, the material removal found uniform and gradual Similarly, the
variation in surface roughness is due to the intensity of spark voltage. When applied voltage increases
the material removal reveals catastrophic with maximum roughness.  Since the maximum surface
roughness recorded for maximum applied voltage and pulse off time. As a result, the pulse on time has
played vital role in material removal and applied voltage for surface roughness. To con�rm the in�uence
of process parameters, the experimental data is evaluated through mathematical analysis.

In�uence of input process parameters over MRR and Ra

The data extracted from the experimental analysis is mathematically evaluated to �nd the in�uence of
input process parameters. analysis is performed through the MINITAB software with the eighteen
combinations of experimental design and their corresponding results. From the analysis of experimental
design (ANOVA), the in�uence of is process parameters is predicted and plotted in the form graph (Figure
5). It is clear to infer that the material removal is highly in�uenced by the pulse on time with a maximum
contribution of 60.7%. Pulse off and applied voltage are less and equal in contribution (15%) for the
response on material removal. While comparing the SMA alloy and copper electrode, the in�uence of
pulse on time is severe with copper electrode. For better understanding, the electrode ion transmission at
low pulse on time has high resistance and the material (tool wear) loss occurred. At the same with
increase in pulse on time, the current density was diminished and act as a conducting material to transfer
electrical energy from the electrode to work piece. Since the maximum contribution of 79.18% recorded
for tool wear rate. In both the case (MRR and TWR), the in�uence of applied voltage is 6 to 8%. Similarly,
for surface roughness, the intensity of electro spark in terms of applied voltage has maximum
contribution of 92.4%. The signi�cance in the research �nding is that the intensity of the spark depends
on the applied voltage. Based on the spark intensity, the SMA alloy melts and vaporized with the
pressurized dielectric �uid. Surface pro�le reveals crater with strong electro spark and partially melted
cast layer due to in – e�cient spark. The �tness of the equation (R2 Adj value) for the proposed
experimental design is 91.9% for MRR, 97.83% for surface roughness and 93.83% for TWR. 

Surface Topographical analysis

The surface morphology of the EDM process SMA alloy entirely depends on the machining parameters.
Figure 6 (a) – (f). Shows SMA alloy's surface morphology image under different machining parameters
such as pulse on time of 10 – 30, pulse off time of 3, 6, and 9, a voltage of 40 – 80, and Cu electrode. The
performed EDM process was characterized by electro-discharge carters, recast material, and melting
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point. Fewer micro-cracks occurred along the EDM machined surface, and the recast materials will
attribute a quick shrinkage. These micro-cracks occur due to thermal shock stress. The electro-discharge
carter and micro-crack and recast material formation will change the hardness of the machined surface
[17, 18]. There is a change in machining energy with the increasing voltage, so the electro-discharge
craters have become broader and more profound, contributing to evident surface roughness (Ra) in µm
[18 – 20]. When the voltage increases, the electro-discharge carter's extension is high and decreases crack
density. At high voltage, few micro-cracks were parallel along the machined surface. The recast material
layer thickness was increased initially and then decreased with increased pulse duration, as shown in
Figure 6 (c) - (d). The high pulse duration relatively will have increased electro-discharge energy. This
increased electro-discharge energy will resolve and melt the material, as well as dissolve in the dielectric
medium, which settles along the EDM machined surface [19]. Thus, the recast material layer thickness
was widened. An extra high electro-discharge energy will have su�cient impact energy to effectively
remove the molten materials and accumulated materials from the EDM machined surface by increasing
the pulse duration. Thus, it will reduce the thickness of the recast material layer. 

Figure 7 (a – f) represents the secondary electron (SE) image and energy-dispersive X-ray spectroscopy
(EDX) analysis of the EDM machined surface of the SMA alloy. The EDX analysis shows signi�cant
elements such as Ti, Ni, C, Cu, and O in the EDM machined surface layer. Thus, it shows the EDM
machined surface layer has TiO2, TiC, Cu81 Ni19, Cu2O, C, and rich phase of Ni. The recast material layer
consists of oxides TiO2 and the consumed Cu electrode deposition particles, and the dissolved dielectric
medium. Alidoosti et al. [19] describe the TiO2, TiC, and Cu81 Ni19 compounds attributed to Ni and Ti
atoms' great action. Due to the deposition of the consumed Cu electrode, Cu2O and Cu81 Ni19 occurs.
Also, TiC and C are the effects of the dielectric medium.

Conclusion
This research work shows the importance of knowing the impact of various machining parameters to
achieve a good machining operation for nickel-titanium based SMAs. Furthermore, upon the machined
surfaces of SMA, electro-discharge craters and recast materials were identi�ed using scanning electron
microscope and energy-dispersive X-ray spectroscopy analysis. From energy-dispersive X-ray
spectroscopy analysis, TiO2 oxides and the sediment particles of it's extracted Cu electrode were
identi�ed along the machined surfaces. The MRR found increased, due to the increase in pulse of time
and the intensity of the spark and TWR is uniform and linear for maximum pulse on time. The minimum
and maximum surface roughness registered is 1.04 – 3.47 μm at 40 – 60V. It is understood that by
increasing an applied voltage and pulse timing, the surface roughness has increased. From the analysis
of experimental design, material removal and tool wear rate were highly in�uenced by the pulse on time
with a maximum contribution of 60.7% and 79.18%. Similarly, surface roughness is in�uenced with a very
high contribution of 92.4%. Finally, the mathematical analysis proposed an optimal data with an equation
for the proposed experimental design is 91.9% for MRR, 97.83% for surface roughness and 93.83% for
TWR.
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Table
Table 1: Input Process parameters and ranges used for SMA machining.

Parameter Range Units 

Pulse on time 10 and 30 µs

Pulse off time 3, 6 and 9 µs

Voltage 40, 50 and 60 V

Figures

Figure 1

Schematic diagram for electro spark machining arrangements
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Figure 2

Graphical illustration of SMA alloy material removal with respect to pulse on / off and applied voltage

Figure 3

Tool wear rate (copper electrode) measured while machining SMA alloy through electro spark erosion
method
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Figure 4

Average surface roughness measured on SMA alloy of electro spark machined surface

Figure 5

Average surface roughness measured on SMA alloy of electro spark machined surface
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Figure 6

Secondary electron (SE) surface morphology image of NiTi alloy after the EDM process under different
voltages.
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Figure 7

Secondary electron (SE) image and energy-dispersive X-ray spectroscopy (EDX) analysis of NiTi alloy
after the EDM process under different voltages.


