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ASSESSING MACHINABILITY AND SURFACE CHARACTERISTICS OF A SHAPE MEMORY ALLOY (SMA) PROCESSED
THROUGH WIRE ELECTRO SPARK EROSION METHOD

In this paper, a study was carried out to investigate the surface roughness and material removal rate of low carbon NiTi shape
memory alloy (SMA) machined by Wire Electro Spark Erosion (WESE) technique. Experiments are designed considering three
parameters viz, spark ON time (Sgy), spark OFF time (Sogr), and voltage (V) at three levels each. The surface roughness increased
from 2.1686 pm to 2.6869 um with an increase in both Sgy time, Sopp time and a decrease in voltage. The material removal rate
increased from 1.272 mm®/min to 1.616 mm?>/min with an increase in Sqy time but a varying effect was observed the Sopg time
and voltage were varied. The analysis revealed that the intensity and duration of the spark had an unswerving relation with the
concentration of the microcracks and micropores. More microcracks and micropores were seen in the combination of Sgy =120 ps,
voltage =30 V. The concentration of the microcracks and micropores could be minimised by using an appropriate parameter setting.
Therefore, considering the surface analysis and material removal, the low carbon NiTi alloy is recommended to machine with 110
ps — 55 us — 30 v (Son — Sorr — V respectively), to achieve better surface roughness with minimal surface damage.
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1. Introduction

Functional materials (FMs) have an enhanced mechanical
and thermal properties placed itself in contributing towards
satisfying the societal needs. In the current scenario, tremen-
dous growth in the robotics, aerospace, automotive, nuclear,
and biomedical sectors have opened up a lot of opportunities
for the scientists and researchers towards bringing new innova-
tions in the field of materials and manufacturing [1]. The FMs
as a state-of-the-art material have palpable characteristics such
as electrochemical, wear, bio-compatibility, fatigue, super elas-
ticity, elevated temperature applicability etc. [2,3]. The FM’s
attractive and multidimensional properties made them commer-
cially available for viable applications. Some of the FMs viz,
Udimet-L60, Nimonic C-263, Nimonic-75, Inconel 718,
Ti-5A1-2.5Sn, TITAN 15 ASTM Grade 2, TITAN 21 ASTM
Grade 6, NisTiyCuyg, NisgTigsCos, Niss 74Tigq 26, Nigo 3Tis0.7,
SE508 Nitinol of composition NisggTisg 2, Nissgs5Tiss 5, and
NigTigo have been considered for studies by various researchers.
The Ni-Ti based FMs demonstrated better tribological, fatigue,
and super elastic properties [4-13].

Nickel-Titanium (Ni-Ti) shape memory alloy (SMA) is
commercially available in various grades to suit the requirements
of specific applications. The Ni-Ti alloy needs to be machined for
changing its shape and size to fit applications such as automotive
and biomedical where surface quality, dimensional accuracy and
productivity of the machined part are the major concerns. The Ni-
Ti alloy machined by conventional techniques resulted in longer
machining time, poorer surface quality and inferior dimensional
accuracy [14]. The unfavorable results of the conventional tech-
niques forced the industries to adopt unconventional machining
strategies. Electro Spark Erosion (ESE) technique familiarized
as electric discharge machining has an ability to create better
surface quality and dimensionally accurate components [15,16].
The ESE technique removes the material by means of thermal
energy generated by the spark between the electrode and the
workpiece at regular intervals. Wire Electro Spark Erosion
(WESE), and Micro Electro Spark erosion (LESE) are variants of
the electro spark erosion technique. Even though ESE technique
has primary advantages towards machining FMs, there are still
some challenges left such as deposition of molten material over
the machined surface, formation of microcracks and micropores,
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deposition of undesirable elements, etc. These challenges in the
machining need to be addressed by appropriate investigation.
The WESE is commonly employed for machining Ni-Ti
alloys specified for the bio medical applications. The machin-
ing performance and the quality of the machined surface pro-
duced by the WESE process depend on machine parameters
viz, pulse on time, pulse off time, gap voltage, peak current,
dielectric medium, wire feed rate, wire material, wire tension,
spark frequency, flushing pressure, etc. [17-19]. The attributes
commonly employed for measuring performance and the sur-
face quality are Material Removal Rate (MRR) and Surface
Roughness (SR) respectively [20]. The Ni-Ti alloy machined by
WESE technique revealed that the pulse ON time, gap voltage,
wire feed and pulse OFF time could significantly affect SR and
MRR [21-24]. Some researchers also found that the deposition
of molten material over the surface during the WESE process
affected the electrochemical behaviour of the workpiece mate-
rial. The WESE process also induced the formation of thermal
cracks over the machined surface. The WESE process erodes
the material by means of melting it and due to the application of
high thermal energy, thermal stresses generated on the machined
surface leads to surface cracks, pores and voids.
Machinability of nickel alloys and titanium alloys are
available in literature to discuss about the merits and demerits
for different types of machining process. Especially, these alloys
are difficult to machine with edge cutting tool processes. In this
paper, the novelty of the research is to focus on machining of
low carbon nickel — titanium — based shape memory alloy. The
low carbon NiTi alloy is a modified alloy, which is different
from the commercially available NiTi shape memory alloys.
The presence of carbon in NiTi alloy supports to enrich the
mechanical strength and resistance towards wear, erosion and
corrosion. Hence, an attempt is made to study the machinabil-
ity of low carbon NiTi alloy using wire electro spark erosion
method (WESE aka WEDM). The findings from the machining
studies may support researchers and lead to recommend the use
wire electro spark erosion machined low carbon NiTi alloy for
biomedical application. Based on the challenges faced during
the machining of low carbon NiTi alloy; the surface defects,
micropores, microcracks, cast layer deposition are explored

the reasons for the defect generation and made suggestions for
minimizing the surface defects without compromising the pro-
ductivity. As a summary, the literatures are available to report
the machinability of non — ferrous metals with wire electrical
discharge machining is available [25,26]. It has been confirmed
that the alloying elements in the base material in relation the
machining process condition decides the surface quality and
material removal during machining [21,27,28]. Hence an attempt
made to study the machinability of nickel titanium carbon alloy
using wire electro spark process.

The aim of the research is to investigate the machinability of
low carbon nickel titanium alloy using wire electro spark erosion
process. From the investigation, the rate of material removal and
surface finish are studied to evaluate the machining performance.
Materials characterization technique is used report the surface
quality of the machined material.

2. Experimental procedure
2.1. Shape memory alloy material

The low carbon NiTi alloy considered for experimentation
was a circular rod of diameter 15 mm procured from Ultimate
Enterprise, Tamilnadu, India. The procured low carbon NiTi
alloy was cleaned with acetone before machining to eradicate
any undesirable elements over the surface. The element weight
percentage of the alloy has been confirmed through the optical
emission spectroscopy and the details are given in the TABLE 1.

Major alloying element has been confirmed through the
spectroscopic analysis and the sub — elements are very meager
in the level of traces. The vertical microscope (Make: Vertimet,
Chennai METCO) is used to study and record the microstructure
of'the alloy. Fig. 1a shows the microstructure of low carbon NiTi

TABLE 1
Elemental distribution in NiTi alloy
Element| Ni | Ti | ¢ | Co | Fe | a1 | cr | C%
Mo, Si
wt. % |[51.80(46.356(0.052]0.352|0.188|0.134|0.469 | Traces

500 X ~ 25 um

Fig. 1. Optical images of low carbon NiTi alloy used for WESE machining studies at (a) lower magnification and (b) higher magnification
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alloy. In the optical image, the carbon elements are found in the
form of spheroids over the austenitic phase as in the Fig. 1b.
The distribution of carbon found uniform throughout the alloy
as confirmed through the microstructural report. The proper-
ties of the materials are as follows: density — 6.48 g/cm?, yield
strength — 695 MPa and ultimate tensile strength — 891 MPa with
a micro hardness 341 Hv.

2.2. Machining procedure

The machining process was carried out in the Electronica
CNC wire cut discharge machine and experimental set-up of the
WESE process is presented in Fig. 2. The set-up utilized 0.25 mm
electrode wire as a tool for the machining process. The half hard
brass wire is procured from a standard supplier (Mending Metals,
India) with an alloying composition of Cu — 60% and Zn — 40%
respectively. In view with literature, three input process param-
eters viz, Spark ON time (Sgy), Spark off time (Sogr), and voltage
(V) were chosen considering their influence towards the surface
property and productivity. The levels of each parameters were
decided by conducting the preliminary test towards the responses
chosen. After the preliminary test, the chosen levels for each
parameter are provided in TABLE 2. However, the other process
conditions such as Potential input (230 V), Peak current (12 A),
dielectric medium (Deionized water), wire feed rate (3 m/min),
wire material (half hard copper wire), wire tension (7 kg /mm),
cutting speed (1 mm/min) and the duty factor (90%) were main-
tained constant throughout the experimentations.

Machining has been done by sectioning low carbon NiTi
alloy to a dimeter of 15 mm and a width of 5 mm as per the
experimental design order. The sectioned low carbon NiTi al-

Wire feed control

Wire control /j’/

Table control

=
[}
1]
|

Wire take wheel Pump

Fig. 2. Schematic arrangement of machining setup of WESE process

TABLE 2
Experimental attributes for WESE process
Serial No Parameters Notation | Units Range
1 Spark ON time Son us 110, 115, 120
2 Spark OFF time Sorr us 50, 55, 60
3 Voltage Volt v 10, 20, 30
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loy specimen by the WESE process is presented in the Fig. 3.
During the WESE process the machining time for all the experi-
ments were recorded. The machining time was further used to
calculate the MRR for each specimen using the mathematical
equation (Eq. 1).

MRR - CASxW 0

MT

Where, MRR is Material Removal Rate (mm®/min), CSA is
cross sectional area of the specimen (mm?), W is width of the
cut (mm) and MT is machining time (min).

Fig. 3. Photographic image of a sectioned Ni-Ti specimen

2.3. Evaluation techniques of machining
performance

After machining, the SR of the machined specimen was
measured perpendicular to the direction of the wire feed by us-
ing Mitutoyo Surftest SJ410 roughness tester (with an accuracy
0f 0.01 um) with a cut-off length of 8 mm. The SR values were
measured as root mean square values (Ra) i.e. average devia-
tion from the nominal surface. For each machined specimen,
measurement was repeated three times to reduce the effect of
uncontrollable parameters and the average of three measured
values were taken as SR of the specimen.

The surface morphology of the machined specimen was
studied under ZEISS EVO 18 scanning electron microscope. The
elemental analysis of the machined surface and their mapping
was carried out by using a Bruker’s energy dispersive spectros-
copy attached with the ZEISS EVO 18 SEM.

3. Results and Discussions
3.1. Surface roughness
The SR value of the machined specimens varied within

a range between 2.168 um-2.686 um. The minimum SR
value (2.168 um) was observed at a machining condition of
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Son = 110 ps, Sopr = 50 ps, and voltage = 30 V whereas, the
maximum SR value (2.686 um) was found at a machining con-
dition of Sy = 120 ps, Sopr = 60 ps, and voltage = 10 V. To
better understand the relationships among Son, Sorr, and voltage
in relation to SR, three graphs were plotted. The graph shown
in Fig. 4(a) plotted between the Sy time and SR by keeping
the other parameters constant. Similarly, Fig. 4(b) represents
the graph plotted between the Sogr time and SR by keeping the
other two parameters constant. Finally, Fig. 4(c) presents the
plot between V and SR by keeping the other two parameters
constant. From the graph, it was clear that SR increased with
an increase in Spy and Sepp, but SR decreased with an increase
in V. The SR increased with an increase in the spark ON time
(Son), which increased the discharge energy due to the spark
lasting for a longer period. This enabled the WESE process to
erode more surface material which created more globules over
the machined surface resulting in an increased surface irregu-
larity. Similarly, SR decreased with an increase in voltage (V).
Literature reports that the surface finish depends upon the pulse
duration and power consumed for electro spark production [27].
This could be due to the fact that as the voltage increased, the
intensity of the spark increased leading to complete melting of
material that washed away by the flow of dielectric. Therefore,
less surface irregularities were generated. The variation of the
SR with respect to Sgpr time was less compared with Spy time
and voltage. In the future research scope, it has been planned to
perform the investigation with varying wire feed rate to study
the intensity spark generated. The surface lapping due to wire
spark may have high influence to produce better surface finish
while machining the hard material [28].
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3.2. Material Removal Rate (MRR)

Likewise, the MRR value of the machined specimens
varied within a range of 1.272 mm?®/min-1.616 mm>/min. The
minimum MRR value was obtained at the machining condition
of Son = 110 s, Sorr = 50 ps, and voltage = 10 V. Similarly, the
maximum MRR value was achieved at the machining condition
of Son = 120 ps, Sorr = 55 ps, and voltage = 30 V. To better
understand the relationships among Sy, Sorp, and voltage in
relation to MRR, three graphs were plotted. The graph shown
in Fig. 5(a) plotted between the Sy time and MRR by keeping
the other parameters as constant. Similarly, Fig. 5(b) represented
the graph plotted between the Sppy time and MRR by keeping
the other two parameters constant. Finally, Fig. 5(c) presented
the plot between voltage and MRR by keeping the other two
parameters constant. From the graph it was noticed that MRR
increased with an increase in Sy time but the MRR in relation
to Sopr time and voltage did not show any clear trend. The MRR
increased with an increase in the spark ON time (Sgy), which
increased the discharge energy as the spark lasted longer. This
enabled the WESE process to erode additional surface material.
On the other hand, the maximum MRR obtained at the maximum
voltage (V) could be due to the fact that as the higher spark
potential increased additional melting.

3.3. Machined surface characteristics

The machined surface was characterized using the SEM
and presented in Fig. 6. From the images the formation of the
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Fig. 4. Graphical plots of surface roughness when varied (a) Sy time (b) Sopr time and (c) voltage
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Fig. 6. SEM images of the machined surface for different combinations of machined conditions: (a) Sgn = 110 ps, Sopr = 50 ps, and voltage =30V

(b) Son = 120 ps, Sorr = 60 ps, and voltage = 10 V (¢) Son = 110 ps, Sopr = 50 ps, and voltage = 10 V, and (d) Son = 120 ps, Sopr = 55 us, and
voltage =30 V
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white cast layer [6] on the machined surface was clearly visible.
Fig. 6(a) and Fig. 6(b) display the SEM images of the surface
with minimum and maximum SR values respectively. The surface
irregularity of the machined surface could be due to the deposition
of the molten metal during the machining process. At a machining
condition of Sgn= 120 ps, Sopr= 60 ps, and voltage = 10V, the
spark lasted for the maximum period enabling the deep erosion
but the lower intensity of the spark resulted in less vaporization of
the Ni-Ti alloy. During the spark OFF time, the partially vaporized
metal solidified and deposited over the surface resulting in the
maximum irregularity. On the other hand, at a machining condi-
tion of Sgn =110 ps, Sopp = 50 ps, and voltage =30V, the surface
irregularity was minimum and this could be due to a combination
of shorter spark ON and OFF times and higher spark intensity.

Similarly, Figs 6(c) and 6(d) represents the SEM images
of the machined surface when the MRR values were minimum
and maximum respectively. The combination of machining
parameters with Sqy = 120ps, Sopr = 55ps, and voltage =30V
(Fig. 6(d)) provided longer spark ON time and high spark inten-
sity caused higher melting and vaporization of the material. This
condition also symbolized the formation of larger intensity of
white cast layer resulted from the faster material removal. For the
same reason, the surface profile did not show much irregularity.

While machining, the electro spark induced at minimum
pulse on has high intensity to fuse and vaporize the material.

MICROPORE
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Due to the increase in pulse time, the intensity of the spark was
prolonged leading to diffusion of the workpiece material and
increased MRR was found. It was inclined towards the current
density, which was generated due to the discharge current [8,9].
However, for maximum pulse on time, the material behavior
varied and it started to conduct the energy between the electrode
and work. The presence of carbon (alloying element) in the SMA
alloy facilitated the material to have high electrical conductiv-
ity. Specifically, 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 (copper material) and the SMA work material [29,30].
It also inhibited the production of electro spark and the intensity
of the spark turned weak and form inefficient process. During
electro spark production, the electrode or the tool used becomes
vulnerable with respect the machining conditions.
Furthermore, the surface characterization revealed the
formation of globules, microcrack, craters, and micro voids on
the recast layer due to the thermal stress developed during the
machining of Ni-Ti alloy. The thermal conductivity of the Ni-Ti
alloy was less and the workpiece got heated during the spark ON
time and suddenly got cooled during the spark OFF time under
the di-electric medium might be the reason for the generating the
thermal stress. The SEM micrographs in Fig. 7, illustrates the
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Fig. 7. Surface topography for different machining conditions revealing (a) micro pores and cracks at Sgy 110 ps and voltage 30 V (b) micro
pores and cracks at Sgy 115 ps and Volt 30v (¢) micro pores and cracks at Sgy 120 pus and voltage 30 V (d) cluster of debris at Sqy 120 ps and

voltage 30 V
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surface topology of the machined component for the machining
conditions for different Sy times: 110 ps, 115 ps, and 120 ps.
For Sgy time 110 ps, the micro voids and cracks were present
over the recast layer. The pores/voids were visible on the surface
but their concentrations were lower and the debris globules at-
tached over the surface might initiate the crack. However, the
bond between the recast compound and surface was weak and
hence the crack would not be able to penetrate the substrate. The
voids and cracks were highlighted in the SEM images.

Fig. 7(b) clearly demonstrated evidences of the micropores
and microcracks on the surface and this could be due to higher
spark energy. The thermal energy generated by the spark melted
the metal surface and created craters over the surface. The tem-
perature on the surface was elevated during spark ON and at the
same time the flushing suddenly cooled the surface. Owing to the
low heat-conducting capacity of the Ni-Ti alloy, this caused an
uneven distribution of temperature, which generated the thermal
stresses on the surface and recasts layer leading to an initiation
of'the cracks. The voids and cracks formed during the machining
under the condition Sy time 120 ps is presented in Fig. 7(c). As
the Sy time increased, the micro crack appeared over the surface
was concentrated compared to the other Sqy times. The surface
defect at the higher machining condition Sy time (120 ps) and
voltage (30 V), the thermal energy was high enough to melt and
vaporize the material and cluster of debris attached to the surface
as seen in Fig. 7(d). Similar research on machining nickel tita-
nium alloy revealed with a voids and pores due to the influence
of spark intensity [31]. In addition, the machining time (pulse

927

duration and wire feed) has also influenced the surface quality
of the machining process.

The Energy Dispersive Spectroscopy (EDS) result revealed
that the presence of the elements Nickel, Titanium, Oxygen,
Carbon, Copper, Zinc and some traces of other elements. The el-
emental weight percentages from the EDS for both Sy time 110
ps and 120 ps is presented in Fig. 8(a) and Fig. 8(b) respectively.
The higher weight percentages of Nickel and Titanium for both
Son times (i.e., 110 ps and 120 ps) reflected the fact that these
elements were the major constituents of the workpiece material.
The presence of oxygen on the surface of machined samples for
both Sy times could be due to the result of oxidation taking
place during the machining process. The weight percentage of
the Oxygen was comparatively high for the lower Sy time (i.e.,
110 ps) and vice versa. This clearly presented that more oxides
formed for the lower Sy time (i.e., 110 ps). The presence of Cu
and Zn resulted due to the deposition of the tool material during
the machining process. In both cases considerably small amount
of Cu and Zn deposited over the surface favoured the theory that
very small amount of tool materials during the spark present in
the plasma got diffused on the surface.

The presence of the carbon could due to the heating of mate-
rial by means of spark during the machining. As the spark melts
the material, the same thermal energy overheated the di-electric
medium resulting in the formation of carbon on the surface of
the material. The experimental results favoured the theory as the
percentage of C was less for the low Sy time compared to the
high Sy time. This might be due to the fact that at higher Soy
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time the spark energy lasted for maximum time and heated the
di-electric medium more than hat at low Sgy time. The traces
of the other elements could come from the di-electric medium.
The image mappings of the major constituents in the machined
surface for Soy time 110 ps and 120 ps are presented in Figs 9(a)
and 9(b) respectively. The mappings revealed that the surface
of the Sy time 110 ps was rich in oxygen compared to the
Son time of 120 ps and this supported the quantitative values
obtained from EDS. It was clear to infer that the presence of
Ti element was uniformly distributed over the machined surface
along with oxygen element. It was also noted that the presence
of nickel element was dominated but less than the titanium over

the machined surface. The aforesaid information was highly
supporting the theory of forming titanium oxide. The presence
of titanium — oxygen in the bio environment (body fluid) has
high resistance towards corrosion and material degradation for
biomedical application [29,30].

3.4. General discussions
In summary, both SR and MRR increased with the in-

crease in Sy time. The presence of the micro voids, micro
cracks and globules in the white cast layer on the machined

Elements overlay -

Fig. 9. EDS spectrum and image mapping with Spy times of (a) 110 ps and (b) 120 ps
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surface was clearly visible in the SEM images. The concentra-
tion of the micro cracks and voids increased with the increase
in the impact of thermal energy (i.e., Soy time). The elements
present (i.e., O, Cu and C) in the machined surface other than
the elements of the parent alloy could be due to the machining
process. The presence of oxygen favoured the theory of forma-
tion of oxides over the surface and carbon due to the heating
of specimen surface and reaction of di-electric with the molten
material during flushing. The optimum parametric setting for
the minimum SR was 110 ps Spark ON time, 55 ps Spark OFF
time and 30 V. Similarly, the optimum parametric setting for the
maximum MRR was 120 ps Spark ON time, 55us Spark OFF
time and 30 V of voltage. It was understood that the machin-
ing of low carbon NiTi alloy was recommended to process at
110 us—55 us—30 V (Son— Sorr — V), to achieve better surface
roughness with minimal surface damage. Furthermore, for the
same machining condition, the maximum surface oxide forma-
tion on the low carbon NiTi alloy was achieved for biomedical
applications. Kumar et al [21] reported that while machining the
implant material (titanium alloy) with the presence of titanium
oxide over the machined surface demonstrated high corrosion
resistance and surface protection simulated under bio fluids.

4. Conclusions

This work comprehensively studied the effects of process
parameters such as Spark ON time (Spy), Spark OFF time
(Sorr), and voltage (V) on the response, surface properties and
productivity while machining low carbon NiTi alloy using Wire
Electro Spark Erosion (WESE) process. Based on the results, it
was concluded that Spy time increased both the surface rough-
ness (SR) and material removal rate (MRR). However, an in-
crease in voltage reduced surface roughness but increased MRR.
The minimum SR (2.168 pm) found at a machining condition
of Son = 110 ps, Sopr = 50 ps, and voltage = 30 V. The maxi-
mum MRR (1.616 mm?/min) found at a machining condition
of Son = 120 ps, Sopr = 55 ps, and voltage = 30 V. The presence
oxygen over the machined surface indicated the formation of
surface oxides caused by the input thermal energy during the
machining process. The weight percentage of the C increased
with the Sy time due to the combined effect of heating the Ni-Ti
surface and the Dielectric medium. Based on the results obtained,
WESE could be suitable process for machining low carbon NiTi
alloy with good surface finish and higher productivity.
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