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Abstract Cu—Al-Mn ternary shape memory alloys
(SMAs) were synthesized and investigated for their surface
roughness (Ra). Cu—Al-Mn SMAs were prepared through
the ingot metallurgy method with aluminium (Al) content
of 10-15 wt.% and manganese (Mn) content of 0-10wt.%
and the rest is copper. After the heat treatment process, the
alloy which exhibited an excellent shape memory effect was
subjected to machinability studies in Wire EDM (Electrical
Discharge Machining). In the context of Wire EDM, experi-
ments were carried out using Taguchi’s L9 orthogonal array
(OA). Taguchi’s method was used to obtain the optimum
value of surface roughness. The effects of pulse duration,
pulse interval, and peak current on surface roughness were
studied using a technique that combined orthogonal array
(OA) and analysis of variance (ANOVA). The obtained
results revealed that peak current is the most significant
factor affecting the Ra. From the Taguchi method, the best
machining parameters combination settings are pulse dura-
tion (100 ps), pulse interval (32 ps), and peak current (1A) to
meet the optimum value of surface roughness. The main pur-
pose of the present investigation is to check for its machina-
bility by identifying the machining performance, material
behaviour and finally to optimise wire EDM machining
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parameters for Cu—Al-Mn SMAs using Taguchi’s optimi-
zation technique.
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Introduction

SMAs are the alloy which has the capability to regain its
predeformed shape when subjected to heat or stresses. They
are divided into two categories: ferrous alloys and non-fer-
rous alloys. The main alloying elements in ferrous SMA are
‘Fe’, ‘Mn’, and ‘Si’. Non-ferrous alloys are more expensive
than ferrous SMAs. Although certain alloys exhibit SME, it
only works in one direction; moreover, these alloys exhibit
some limitations on the shape memory effect itself. As a
result, other alloys for SMAs must be investigated [1, 2].
Since many years ago, Cu-based alloys have been studied
and compared to Ni-Ti SMAs, these Cu-based SMAs are
more affordable and less difficult to process [2, 3].
Cu—Al-Mn SMAs with higher concentrations of Mn are
more ductile than those with lower concentrations of Mn.
This is because the parent phase of the SMA has an L21
structure with a lesser degree of order. When the material
is quenched, the disordered phase in Cu—Al-Mn SMAs
changes into martensite from the state in which it is stable
at high temperatures. Three different types of martensites, o
(3R), p; (18R), and y, (2H), obtained in the different com-
position ranges of the alloys depending on the amount of
aluminium and manganese present. Manganese stabilizes the
BCC phase with lowering the degree of order, and enhances
the ductility of a binary Cu-Al alloy [4, 5]. The transforma-
tion temperature of these alloys is very sensitive to varia-
tions in Al and Mn concentrations. These Cu—Al-Mn alloys
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have good strain recovery due to their two distinct charac-
teristics. However, for some practical applications, further
enhancement of the SME and PE properties of the alloys is
needed. The applications of SMAs are aerospace, marine,
biomedical application, etc.

In various industrial sectors, the use of non-traditional
machining processes plays a major role in machining mate-
rials with high strength and complex shapes. The demand
for high speed machining requires good quality surface fin-
ish with the desired tolerance. Wire EDM is also called as
spark EDM. In wire EDM, there is no requirement for cut-
ting forces to remove material from the workpiece where low
residual stresses are important [6, 7]. An electrode acts as a
conducting wire in the wire EDM process. During machin-
ing, thermal energy is used, and the conductive work mate-
rial is eroded as a result of the electric spark. These sparks
are generated between the sample and the cutting wire dur-
ing the process by using dielectric fluid as an ionisation
medium. The continuous flow of dielectric fluid serves as
a coolant and aids in flushing away the debris that has been
removed, whereas electrical sparks produce thermal energy
that causes microparticles to be removed from the material.

This wire EDM processes are used in various automo-
tive sectors, tools and die manufacturing industries, etc. The
impact of input factors like T, T4, voltage and current on
surface roughness and optimized these process parameters
by selecting the optimal combination of factors to achieve
minimum value of Ra. Here, the most predominant factor
for the SR is current, rest three factors has less impact as
compared to current [8]. The Taguchi DOE used investigate
WEDM performance characteristics like kerf width, MRR,
and SR. The SR of 3.0933 m was attained as the minimal
surface roughness [9]. The residual analysis as an alternative
to conventional qualitative testing methods. According to
the findings of an ANOVA, T and pulse peak current were
the two main factors affecting on Ra of wire EDM DC-53
die steel. It was also found that increasing these two factors
increased the Ra of the test specimen [10]. The Grey—Tagu-
chi method used to optimise the wire EDM factors of the
Incoloy800 super alloy with response factors like MRR,
Ra, and Kerf. Gap Voltage, T, T.4 and Wire Feed are the
process parameters examined in this study. Grey Relational
Analysis (GRA) was adapted to identify the optimal factors,
while ANOVA was used to find the relatively significant
factor. The nonlinear regression analysis method was used
to mathematically model the fluctuation of output responses
with process parameters, and the models were tested for their
suitability [11-14].

The impact of process parameters on CNC Wire EDM
characteristics on various criteria such as specific energy
consumption, surface finish, cutting speed, and spark gap
was investigated in this study, and optimal values were deter-
mined. For optimal process utilisation with high productivity
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is required to analyse the effects of factors in order to achieve
improved machining characteristics [15—17]. The effect of
EDM settings on Inconel 601 employing responsive sur-
face methods was investigated. When the peak current is
increased, the volumetric MRR increases. It was found that
as wire tension is increased, the value of surface rough-
ness also increases. This was determined to be the result of
increasing the wire tension while simultaneously reducing
the amount of wire bending, which created a dynamic stabil-
ity condition in which the diameter and depth of the crater
remained unchanged. The resulting roughness is better than
before [18-21]. The cutting of Al,O;p/6061Al composites
by wire EDM using the input factors such as cutting speed,
slit width, and surface roughness was varied to know how
they affected machining performance characteristics. Fur-
thermore, during machining of the Al,0;p/6061Al compos-
ite, the wire electrode will be easily damaged [22-25].

The Taguchi method is commonly used to improve
industrial and manufacturing operations. There are three
steps to the Taguchi design optimization approach. Select-
ing the required orthogonal array (OA), conducting tests,
analysing data, establishing the best condition, and run-
ning confirmation runs are all part of the Taguchi param-
eter design process [26—29]. The Taguchi method has been
utilized by many researchers to improve various machining
operations in various alloys, such as turning, end mill-
ing, drilling, and so on [30]. The surface roughness of
HSS steel was evaluated using Taguchi method. It was
found that if servo voltage and servo feed are increased,
the surface roughness value decreases, but increases as
pulse duration and peak current are increased [31, 32].
The machining parameters varying the 7,, T4, servo
voltage, and peak current. The rate of material removal
and the roughness of the surface were the performance
parameters. Taguchi and ANOVA approaches were utilised
to define the important factors [33]. Pramanik et al. [18]
studied on Ti—6Al-4V and assessed for its performance.
The titanium alloy was machined using the Wire EDM
method. Process parameters included 7T, T4, and wire
tension. Ra, crack propagation, and fatigue life are taken
into consideration. With a shorter 7, and a longer T,
better results were obtained. L9 OA approach has been
applied to optimise self-healing materials in research
work [18-20]. Subrahmanyam et al. [20] had conducted
experiment using wire EDM to study the effect of pro-
cess parameters of Inconel 625 on MRR and Ra and also
optimized using Taguchi method. From the experimental
results it was found that pulse off time exhibited maximum
contribution on MRR of 61.90% followed by T, and peak
current but for surface roughness, T, has greatest impact
of 67.09% followed by T, and peak current. The optimal
setting for MRR and Ra were A2B1C3 and A1B2C3.1t was
observed that with the chosen parameters the maximum
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MRR and minimum Ra were obtained. Hareesh et al. [21]
Evaluated the impact of wire EDM factors on the surface
finish of Ti6Al4V. From the observations, the Ra increases
with lower wire speed and a higher depth of cut. The better
Ra was found at higher voltages. In between the voltage
and wire speed, less interaction was observed from the
interaction plot.

Goyal et al. [22] evaluated the wire breakage in wire
EDM during machining of Nimonic 80A alloy. It was con-
sidered as the main factor affecting the Ra. From ANOVA,
the factor that has the most impact on Ra is the duration of
the pulse. The machining procedure in this investigation
was performed using brass wire (Zinc coated). Tata et al.
[23] performed the research work. The study aimed to
determine how wire EDM affects INCONEL-625 machin-
ing. For roughness values (Ra) and material removal rate,
grey relation analysis (GRA) is used to optimise these
parameters. Both the MRR and Ra are affected by two
parameters: T,, and 7.4 Furthermore, it was identified
that A2B1C3 is the best parameter setting for MRR. In
addition, the best parameter setting for surface finish was
found to be (A1B2C3).

The selection of suitable machining factors to achieve
effectiveness and higher productivity under Wire EDM.
The achievement of this optimization is crucial. From the
available literature survey, the study on surface rough-
ness and its optimization has been already carried out for
various workpiece materials but for copper-based shape
memory alloys no work has been carried out on machina-
bility and its reports are not available till today because

Fig. 1 Flow chart of the
process
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it has been restricted to the synthesis of alloy only. The
purpose of this study is to optimise the machinability fac-
tors to obtain an optimal value of Ra along with optimum
surface finish, and to evaluate the effect of input factors
on machinability of Cu—Al-Mn ternary SMAs using Wire
EDM.

Experimental Work
Methodology

In this investigation, as a means of cutting, a 0.25 mm dia
molybdenum wire is used to cut the cylindrical specimen
(100xg12mm) of Cu—Al-Mn ternary SMAs. Figure 1 indi-
cates the flow chart of the process. From Taguchi method,
L9 orthogonal array was chosen to perform number of
trails required to carry out the experiment. The SMAs
are prepared using induction furnace and are machined
using Wire EDM. The alloys which exhibited good shape
memory effect were subject to machinability studies. At
each cutting operation, the input process parameters were
altered. The investigation was carried out to find the tex-
ture quality of the Cu—Al-Mn ternary SMA as input fac-
tors varies. The entire machining process utilized distilled
water as dielectric medium. After the completion of nine
trails, the surface roughness (SR) of Cu—Al-Mn ternary
SMAs was measured using a digital surface roughness
tester.

Induction Fumace

|
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Table 1 Chemical composition

Alloy ID
of Cu—Al-Mn ternary SMAs

Composition
(wt.%)

Cu Al Mn

CAM1 885 105 1
CAM2 88 10
CAM3 8.5 105 3

Fig. 2 As-cast samples of Cu—Al-Mn ternary SMAs

Chemical Composition of Cu—-Al-Mn ternary SMAs

The chemical composition of the prepared Cu—Al-Mn ter-
nary SMAs is listed in Table 1. Figure 2 indicates three as-
cast samples of both cylindrical and flat samples. Flat sam-
ple is used to evaluate the SME and the cylindrical sample
of that is subjected to study the machinability of the alloy
under WEDM. The composition was determined using spark
emission spectrometer.

Taguchi Design

The orthogonal array design proposed by Taguchi is an
extremely helpful method for determining the major effects
of a study with constrained experiments. These approaches
allow for the investigation of primary effects even when the
component being studied has more than two levels [10].
When analysing the variance, the Taguchi technique makes
use of the S/N ratios. The reduction in the surface’s rough-
ness is the objective of this line of research. As a conse-
quence of this, the S/N ratio for each of the L9 experiments
was determined by employing the strategy "smaller is bet-
ter." The outcome of this work was to measure the Ra value
of machined samples determined using Mitutoyo surface
roughness tester (SJ201).

Taguchi technique was utilized to design the experi-
ment, and MINITAB 17 was used to find the best combina-
tion of factors to reach the desired goal of lowering the Ra
and improving the quality of the cut. The purpose of the
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Table 2 Process variables and its levels

Process variables Level-1 Level-2 Level-3
Pulse duration (us) 100 105 110
Pulse interval (us) 25 28 32
Peak current (A) 1 2 3
Table 3 %SME of Cu—Al-Mn SL. no Alloy ID %SME
ternary SMAs

CAM1 64.8

CAM2 75.24

3 CAM3 84.61

Fig. 3 Hot-rolled samples of CAM1, CAM2 and CAM3 ternary
SMAs

experiment was to accomplish the most accurate examina-
tion of the impacts of a variety of primary elements while at
the same time minimising the amount of time spent doing
the experiment by reducing the number of trials. The pulse
duration, pulse interval, and peak current were the input fac-
tors and Ra as output response factor. The chosen factors
are splitted into three levels, which are outlined in Table 2.

Results and Discussion
Shape Memory Effect (SME)

The property of the sample to regain its memory (shape)
after deformations when subjected to heat or stresses.
Table 3 gives the SME of 3 samples of Cu—Al-Mn ter-
nary SMAs. The CAM3 ternary SMA exhibited maxi-
mum SME of 84.61%, hence the cylindrical specimen
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of this composition was subjected to machinability stud-
ies in Wire EDM. Figure 3 shows the hot rolled samples
of Cu—Al-Mn ternary SMAs which are used for further
characterization.

Strain recovery by SME was calculated as

fm

ME = ——
%S 180 — fe

where 6, =Recovery of the angle upon heating, 8, =Recov-
ery of the angle upon unloading (Spring back angle).

SEM Images of as Cast and Step Quenched Cu-Al-Mn
SMAs

After the bend test the sheet specimens were cut to the
required shape. The step-quenching process resulted in
the formation of martensite structure as observed under
SEM. The suitable cold setting agents were used to cold
set the sheet sample. The cold set samples were polished
in a polishing machine with various grids of emery papers
(200, 400, 600, 800, 1000, 1200, and 2000) and finally, by
using polishing cloth the sample was polished to obtain
the mirror finish on the surface. The specimen was cleaned
and dried with acetone. Keller’s reagent (A few drops of
etchant (100 ml water, 10 ml H,SO,, 4 drops Hydrochlo-
ric acid, 10 g potassium dichromate) were applied on the
surface of both the as-cast and polished sheet specimens
and allowed for 3-5 s and wipe off the etched surface with
acetone. Finally, the as-cast and step quenched specimens
were examined under the SEM. Figure 4 shows the par-
ent austenite phase and Fig. 5 shows lath type martensite
structure of CAM3 ternary SMA.

Fig. 4 Parent austenitic phase

INCE G s
WD: 14.90 mm
Det: SE

SEM HV: 25.0 kV
SEM MAG: 5.00 kx

Fig. 5 Lath type martensite structure

Observations

The trials were planned based on Taguchi orthogonal array
approach [24]. Orthogonal arrays are a type of fractional
orthogonal design that features a high degree of fractionality
[21]. In Table 4, Taguchi’s L9 OA was selected and per-
formed all the nine experiments with different sets of input
parameters. After nine trials, the average surface roughness
was measured on three surfaces using a Mitutoyo tester. Fig-
ure 6 indicates that the alloy which exhibited the maximum
SME. Figure 7 shows the cylindrical specimen of CAM3
ternary SMA mounted in Wire EDM.

Surface Roughness (SR)

The machined samples were evaluated by assessing their
surface roughness, and to examine the morphology formed
in order to enhance the surface finish. The particles uni-
formly distributed results in uniform plastic deformation,
there by reduces subsurface damage.

Analysis of Variance (ANOVA)

The S/N ratio is used to construct products and processes
that are not affected by noise factors. This reveals the extent
to which a product or process responds in a predictable man-
ner despite the presence of noise factors. The data were ana-
lysed using the ANOVA, which aimed to find which factors
had the most significant impact on the performance measure
(Ra). The results of the ANOVA for both the mean and the
standard deviation demonstrate that the pulse duration, the
pulse interval, and the peak current are the three factors that
have a significant impact on the SR. However, peak current
is the factor that contributes the most to surface roughness.
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Table 4 Machined data of Cu—

No. of trails Pulse duration Pulse interval Peak current Surface Roughness S/N Ratio
Al-Mn SMAs under L9 OA
(us) (us) A) (Avg. Ra) (db)
1 100 25 1 1.663 —-4.418
2 100 28 2 2.058 -6.269
3 100 32 3 3.273 -10.3
4 105 25 2 2.775 —8.865
5 105 28 3 3.469 -10.8
6 105 32 1 1.5 -3.522
7 110 25 3 3.905 —11.83
8 110 28 1 1.827 -5.235
9 110 32 2 2.425 —17.694
Main Effects Plot for Means
Data Means
Pulse Duration Pulse Interval Peak Current

Fig. 7 Experimental setup of CAM3 ternary SMA in Wire EDM

Figure 8 depicts the main effect plot for the mean of SR,
which shows how SR varies depending on the input param-
eters. This plot indicates how SR responds to changes in the
parameters (Fig. 9).

Evaluation of S/N Ratio for Optimal Design

The S/N ratio is a statistical term that refers to the rela-
tionship between the mean and the standard deviation. The
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Fig. 9 Plot for S/N ratio
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Table 5 Response table for S/N ratios

Smaller is better

Levels  Pulse duration (A)  Pulse interval (B)  Peak current (C)
1 —-6.995 —8.372 —4.391

2 -7.73 —7.436 —7.609

3 —8.254 -7.172 —10.978

Delta 1.259 1.2 6.587

Rank 2 3 1

Table 6 Response table for means

Levels Pulse duration Pulse interval Peak current
1 2.331 2.781 1.663

2 2.581 2451 2.419

3 2.719 2.399 3.549

Delta 0.388 0.982 1.889

Rank 2 3 1

square of mean value of quality characteristics is represented
by the signal, while the variability of characteristics is rep-
resented by noise. These S/N ratios are evaluated based on
the response requirement. The analysis was designed using
software MINITAB 17. “Smaller the better” approach was
chosen to study the surface roughness of Cu—Al-Mn ternary
SMA. From the observation, it was noticed that Ra rises with
an increase in pulse duration and peak current. Tables 5 and
6 show S/N ratio and mean response table statistics. The
optimum factor level in the experimental domain is the one

Fig. 10 Interaction plot for SR

that indicates the highest S/N ratio value. The mean of each
level of every factor are used to construct response table for
SR which is given below.

From Tables 5 and 6, the results showed that the peak
current is the most influential factor in determining the sur-
face roughness, ranking first, followed by the pulse duration
and the pulse interval. Figure 8 indicates the effect of input
factors on Ra. According to the plot, the surface roughness
increases along with an increase in pulse duration, and peak
current while it reduces along with an increase in pulse
interval. Because of the larger discharge energy and the
greater intensity of the spark that exists between the wire and
the SMA, this results in a greater amount of material being
removed, which impacts an increase in the surface roughness
value [19]. Because the time interval required removing the
melted tiny particles from the gap between the tool and the
SMA being machined is short, increasing the pulse interval
reduces the surface roughness of Cu—Al-Mn ternary SMAs.
In order to construct the major effect graphs, the average val-
ues of the parameters are taken into consideration for each
level of the raw data. The plot showed the optimum level
selected for SR is A1, B3, C1, i.e. pulse duration (100 ps),
pulse interval (32 ps) and peak current (1A).

Figure 10 shows the interaction plot for surface rough-
ness, which indicates the interaction of three different
machining factors, like pulse duration, pulse interval, and
peak current, on performance characteristics. An increase
in the pulse duration does not showed any effect on the Ra
when measured at a lower peak current of 1 A. From the
plot, it was found that strong interactions exist between pulse
duration, the pulse interval and peak current. Because the

Interaction Plot for Surface Roughness Ra

Pulse Duration

Data Means
25 28 32
4 Pulse
Duration
3| —o— 100
- 105
--@-- 110
2
4
Pulse
Interval
3| —o— 25
— - 28
Pulse Interval - 32

Peak Current
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reactions obtained at various levels of process parameters
are nearly identical [34-37].

Regression Analysis

It is a statistical way to find how a dependent variable and
one or more independent variables are related. It can be used
to find out how strong a relationship between two variables.
The regression equation for surface roughness was obtained
from MINITAB 17 software. From Table 7 it was noticed
that the peak current has lesser probability (P) value which
is lower than (a=0.05), which shows the present model is
significant. The percentage contribution for peak current is
(90.04%) compared to other factors such as pulse duration
(3.81%) and pulse interval (3.41%). Hence, peak current has
to be controlled to obtain better surface finish with a mini-
mum surface roughness. From Table 8 indicates regression
coefficients, P value is lower than (a¢=0.05). The F-ratios
indicate whether a selected factors are important or not at a
given confidence level. If the F-ratio is high, then it is more
likely that even a little change in the value of one of the pro-
cess parameters will have a significant effect on the output
response. The regression square value obtained is (97.26%)
and the regression square adjacent (97.62%). The predicted
regression square obtained is (90.91%). Equation 1 is the
representation of the regression equation that was computed
for the surface roughness.

Ra = —1.93 + 0.0388 Pulse duration

1
— 0.0523 Pulse interval + 0.9428 Peak current M

Confirmation Test

The confirmation test performed in accordance with the
optimal level that the analysis of means had suggested.
Experiments were carried out so that the optimization of
the L9 Orthogonal array could be verified. Table 8 displays
the average experimental readings and the theoretical values
for surface roughness. As a result of all three trials, it has
been demonstrated that the variation in inaccuracy between
the experimental data and the theoretical values for surface
roughness is less than 5%. It illustrates that the results are

Table 8 Confirmation test

No. of trails Experimental ~ Theoretical value % Error
value
2.1596 2.1556 0.181
3.1277 3.1237 0.125

3 3.3835 3.3796 0.116

very reproducible and that the optimised process parameters
and response values match experimental values. Further-
more, it illustrates that the results may be reproduced to
achieve greater accuracy. As a result of using the best pos-
sible settings for the input parameters, the value of the Ra
was calculated to be (Ra=1.2192 m). The measured surface
roughness falls somewhere in the range covered by the con-
fidence levels.

SEM Analysis of Machined Sample of Cu-Al-Mn
Ternary SMAs

The Wire EDM technique generates a sequence of sparks
that help to melt the material off the work area [38]. In the
WEDM process, to produce good surface quality free of
micro-cracks, micro-pores, and other surface defects, the
process parameters must be controlled. Greater values of
T,, and current result in a larger discharge energy. This is
because of an increase in the intensity of the spark which
enhances to the formation of micro-cracks, globules, micro-
pores, and other surface flaws to occur [39, 40]. A longer
pulse-off time, on the other hand, reduces the discharge
energy level and, as a result, the creation of micro-cracks,
globules, micro-pores, and other surface defects. At both
low and high discharge energies, the morphology formed
was analysed in detail.

Figures 11 and 12 show SEM micrographs of the
machined surface taken at low (pulse duration-100 ps, pulse
interval-25 us and peak current-1A) and high (pulse dura-
tion-110 ps, pulse interval-32 ps and peak current-3A) dis-
charge energy levels. When compared to the low discharge
energy level, it was made abundantly clear that, at the high
discharge energy, micro-cracks, micro-pores, and deposited
layers formed more readily, and globule diameters increased.

Table 7 ANOVA for surface

Source DF Adj-SS Adj-MS F-value P-value % contribution
roughness

Pulse duration 1 0.2254 0.22543 6.96 0.046 3.81%

Pulse interval 1 0.2023 0.20225 6.24 0.055 3.41%

Peak current 1 5.3336 5.33361 164.61 0.000 90.04%

Error 5 0.162 0.324 2.74%

Total 8 5.9233 100%

S=0.180002; R-sq=97.26%; R-sq (adj) =97.62%; R-sq (Pred)=90.91%
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Fig. 11 Image of surface machined at low discharge energy level
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Fig. 12 Image of surface machined at high discharge energy level

This was demonstrated in a clear and convincing manner. At
the high discharge energy level, the material easily melts and
evaporates, which then combines with the dielectric fluid
[41-44]. The material is cooled in the dielectric fluid after it
has been brought into contact with it. This quenching event
causes cracks, porosity, and other flaws to emerge [45-48].
Furthermore, high discharge energy accelerates material
removal. As a consequence of the elimination of superfluous

material, certain debris particles are left out on the surface
that has been machined.

The phenomena of quenching and material deposition are
greatly minimised compared to high discharge energy. As
a direct consequence of this, Fig. 11 demonstrates a lim-
ited amount of micro-cracks, micro-pores, deposited layers,
and microscopic debris. However, it is extremely difficult to
completely eradicate micro-pores, micro-cracks, debris, and
deposited layers because the WEDM process will always
have some level of discharge energy present, regardless of
the parameter settings that are chosen. Figures 11 and 12
show that at low discharge energy, the crater size is mini-
mised and less material is removed. But the size and number
of debris, craters and micro-pores increases at higher dis-
charge energy [49-53].

This phenomena show that reduced discharge energy
improves surface integrity. WEDM characteristics at the
lowest discharge energy, on the other hand, it is not pos-
sible to reach the overall objectives. In order to achieve a
greater MRR, T, and current, it is required to use a higher
discharge energy along with maintaining a lower T level.
Using a lower energy level for the discharge while main-
taining a higher 7 is required in order to achieve a lower
SR, lower T,,, and lower current. Adjusting the settings
of the WEDM to achieve optimal performance in order to
accommodate multiple responses is an effective method for
addressing this conflicting situation. For the WEDM process
to successfully machine Cu—Al-Mn SMA, the discharge cur-
rent, T,,, and T4 parameters must be set to their optimal
values. A machined surface with optimal parameter set-
tings is shown in Fig. 13a. In this situation, the existence of
micro-cracks, micro-pores, and micro-droplets is optimal in
comparison to the greater discharge energy level. Figure 13a
shows that the work surface is free of Mo.

Figure 13b shows EDAX results of wire EDM-machined
surface. The image was taken from the centre of the sample.
The values of the chemical components that were reported
were produced using the EDX analysis that was performed
on the SEM, which provides accurate values. It has been
found through research conducted in the past that using
brass wire as tool will result in deposition on the surface
that has been machined [32, 33]. The present study utilized
the reusable molybdenum wire as tool material for machin-
ing Cu—Al-Mn SMA. All additional elements like O, Cu, Al,
and Mn are taken into account during an EDAX evaluation
of a machined surface. The EDX examination revealed low
oxygen content and high Cu, Al and Mn concentrations.

Because of the selection of these characteristics, it was
feasible to machine the alloy without leaving any deposits.
Molybdenum has a very high melting point, and it has a low
propensity for chemical reactions [54, 55]. As a consequence
of this, there are less opportunities for there to be a material
dispute between the workpiece and the molybdenum wire
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Fig. 13 a Machined surface of Cu—Al-Mn SMAs at optimum setting (A1B3C1), b EDAX study using optimum process conditions
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Fig. 14 C/S view of Cu—Al-Mn SMAs at optimum setting condition
(A1B3C1)

[45-48]. Because of this, the material from the wire did
not get deposited on the working surface. Wire EDM shows
how effectively the tool electrode works with Cu—Al-Mn
SMA. Figure 14 indicates the cross-sectional view of the
machined sample for an optimum condition (A1B3C1). It
was seen that there was a layer on the surface, and it was
adjacent to the boundary. These surface layers are whitish
in colour (also called the "recast layer."). Due to the pres-
ence of oxides, the white layer is usually harder than the
rest of the material [56-60]. The presence of a recast layer
in Wire EDM machined Cu—Al-Mn shape memory alloys
can have implications for the surface quality, dimensional
accuracy, and mechanical properties of the machined part.

@ Springer

The recast layer may have different microstructural charac-
teristics compared to the base material, such as altered grain
structure or composition, which can affect the functional
properties of the shape memory alloy. To minimize the for-
mation of a recast layer and mitigate its potential negative
effects, process optimization techniques can be employed.
These include adjusting the machining parameters, such as
pulse duration, energy settings, and flushing conditions, to
optimize the material removal rate while minimizing the
recast layer thickness and preserving the desired properties
of the shape memory alloy.

Discussion

WEDM offer several advantages when it comes to machin-
ing Cu—Al-Mn shape memory alloys (SMAs). Here are
some justifications for the advantages of CNC WEDM in
the present application:

CNC WEDM utilizes advanced computer controls and
programming to execute precise and accurate machining
operations. This is particularly important when working
with Cu—Al-Mn SMAs, as their shape memory properties
and intricate designs often require high precision. CNC
control ensures consistent and repeatable cutting, resulting
in components with tight tolerances and excellent dimen-
sional accuracy. Cu—Al-Mn SMASs often require intricate
and complex shapes due to their unique applications. CNC
wire EDM excels at machining complex shapes and contours
with ease. The wire can be programmed to follow intricate
paths, allowing for the production of intricate and intricate
components that may be challenging to achieve with other
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machining methods. Cu—Al-Mn SMAs are sensitive to heat
and mechanical stress, which can affect their shape memory
properties. CNC WEDM operates at a relatively low tem-
perature compared to traditional machining methods like
milling or turning. This low-heat machining reduces the risk
of thermal distortion or undesirable phase transformations
in the material, preserving the shape memory properties of
the alloy. The addition of Cu content on Cu-based SMA
increases martensitic temperature [37]. CNC WEDM can
achieve exceptional surface finishes, even on difficult-to-
machine materials like Cu—Al-Mn SMAs. The controlled
electrical discharge process used in wire EDM erodes the
material, resulting in a smooth surface texture. This is par-
ticularly advantageous in applications where a high-quality
surface finish is necessary, suclh as medical devices or aero-
space components. CNC WEDM machines are highly auto-
mated, allowing for unmanned or lights-out operation. Once
the programming is set, the machine can run continuously,
reducing operator intervention and increasing productivity.
This level of automation is beneficial in industries where
high-volume production or extended machining times are
required. CNC wire EDM machines are versatile and can
be used to machine a wide range of shapes, sizes, and thick-
nesses of Cu—Al-Mn SMAs. The programming flexibility
enables the production of custom components and the ability
to adapt to changing design requirements. These advantages
contribute to the production of high-quality components
with tight tolerances, preserving the unique properties of
shape memory alloys.

Cu—Al-Mn shape memory alloys (SMAs) have some
drawbacks associated with their machining using Wire
EDM. Here are a few limitations supported by the litera-
ture: Cu—Al-Mn SMAs have poor machinability compared
to conventional materials like steels or aluminium alloys.
The presence of shape memory effects and the alloy’s
unique microstructure, including the formation of ordered
phases, can make machining more challenging. Accord-
ing to a study by Zhang et al. (2018) titled "Machinability
investigation of copper-based shape memory alloys," the
machinability of Cu—Al-Mn SMAs is lower than that of
other copper-based alloys due to their higher strength and
lower thermal conductivity. During Wire EDM machining,
the localized heat generated can induce work hardening in
the machined surface of Cu—Al-Mn SMAs. Work harden-
ing can result in increased hardness and reduced ductility,
potentially affecting the shape memory properties of the
alloy. "Electrical discharge machining of shape memory
alloys: A review" highlights the issue of work hardening dur-
ing EDM machining and its impact on the surface integrity
of shape memory alloys. Wire EDM can induce residual
stresses in the machined surface of Cu—Al-Mn SMAs. These
residual stresses may affect the shape memory behaviour and
mechanical properties of the alloy. Additionally, Wire EDM

can lead to relatively higher surface roughness compared to
other machining methods [12—14]. "Experimental study on
surface integrity of Cu—Al-Mn shape memory alloy in wire
electrical discharge machining" discusses the formation of
surface cracks, micro-craters, and roughness in Cu—Al-Mn
SMA specimens after Wire EDM [25, 30].

Wire EDM is known for its slower material removal rate
compared to some other machining methods. The process
involves the erosion of material through controlled electrical
discharges, which can limit the efficiency and productiv-
ity when machining Cu—Al-Mn SMAs. The relatively low
material removal rate in copper-based shape memory alloys.
It is important to consider these drawbacks and limitations
when utilizing wire EDM for machining Cu—Al-Mn shape
memory alloys. Proper process optimization, selection of
machining parameters, and understanding the material
behaviour can help mitigate these challenges and ensure
the desired quality and functionality of the machined
components [1-8].

Conclusions

The following are the conclusion drawn from the present
investigation.

e The Cu—Al-Mn ternary SMAs were synthesized and
characterized to check for its machinability with refer-
ence to resulting surface roughness obtained under Wire
EDM. From the bend test, the maximum SME of 84.61%
was obtained for CAM3 SMA as compared to CAM1 and
CAM?2 SMAs.

e From ANOVA it was found that the peak current has
the greatest significance on Ra, whereas the other two
parameters (pulse duration and pulse interval) had a
lesser impact on Ra. The value of Ra has been optimised,
and the results of the optimization have been confirmed
by means of a confirmation trail. The difference between
the theoretical and experimental values of SR is less than
5%, according to the error analysis that was performed.

e From Taguchi Analysis, the optimal machining variables
of combination setting are, pulse duration (100) ps, pulse
interval (32) ps and peak current (1) A to obtain the opti-
mum Ra. Also, the peak current should be kept to a mini-
mum to achieve a better surface finish. During machining
of Cu—Al-Mn SMA, a significant amount of uncleared
debris and micro-pores were present, which were clearly
visible through SEM morphology analysis at higher dis-
charge energy levels. Maximum MRR is produced by the
obvious crack forms and massive debris. The optimum
parameter settings reduced micro-cracks, micro-pores,
and craters compared to a high discharge energy level.
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