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Nitinol 60 (NiTi60) is a shape memory alloy (SMA) where the atomic percentage of nickel is slightly higher than titanium. It advan-
tages the material to have higher hardness and better sensitivity to phase transformation. One of the machining techniques that is
preferred to cut hard material is electrical discharge machining (EDM). This study aims to examine the fatigue characteristics of a
NiTi60 alloy that has undergone electro-discharge machining and examine the impact of machining parameters on microstructural
changes. In this investigation first, the influence of EDM process parameters such as pulse current, voltage, pulse on time, and
pulse off time on surface integrity aspects was investigated. Second, the impact of these process variables on fatigue strength was
examined. The surface integrity parameters of EDM-machined specimens, such as microcracks, surface crack density (SCD), white
layer thickness (WLT), and residual stress formation have been examined by various characterization techniques. The obtained
results show that pulse current and voltage are dominating factors affecting SCD. The thickness of the white layer seems to be
increased with the rise in the pulse current and pulse on time, and tensile kinds of residual stresses are present in the WLT region,
whose magnitude is dependent on process parameters. The fatigue tests were performed using a servo hydraulic testing machine
at a frequency of 20 Hz for 106 number of cycles. The fatigue crack initiation, propagation, and effects of process parameters have
been examined. It has been found that an increase in pulse current and voltage leads to the generation of microvoids in the WLT
region and thereby causes fatigue cracks to take birth. Later on, a correlation between WLT and SCD was observed by implementing
an artificial neural network (ANN) model. The accuracy of ANN model prediction is reported to be high, where WLT and SCD have
a 0.98 observed correlation coefficient.
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INTRODUCTION in various sectors, including aerospace, biomedical implants, sensor and

. . ‘13 :

Recently developed materials, namely nickel-titanium Tinol 60, have ~ actuators, miniature grippers, and dental applications ”. Smart materials
outstanding material properties, including high hardness; therefore, these 3¢ Very sensitive to mechanical 10a$1§ and operating condltlonsl,4wh1ch
materials are difficult to process using conventional machining processes. 3¢ dlﬁiFult to machm.e thr ough. traditional machln%ng processes . AIS.O’
Electrical discharge machining (EDM) is one of the practical solution machining such material to ollaialn agood surface finish with bulk material
methods for processing hard materials'~*. The mechanical properties of removal is a challenging task *. Hence, it has been advised by researchers
parts after EDM machining worsen due to change in surface roughness ~ © choose nonconventional machining processes such as Egll\/sl, wire EDM,
(SR), surface morphology, formation of surface cracks, the white layer, abrasive water jet cutting, and electrochemical machining>"". Machining
and the heat-affected zone, and these initiate crack and fracture under ~ ©f the NiTi60 alloy with an EDM machining process, and investigating
various fatigue loads®'2. The shape-memory effect and super elasticity the surface integrity parameters attracts the attention of researchers.
are two of the NiTi alloy’s standout properties, making it a member of Surface integrity is related to surface topology, residual stresses, rough-
the Smart Material Alloy (SMA) family of materials'>. SMA found useful ~ 1¢5%: hardness, phase transformation, and microstructural changes.
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These parameters help to judge the quality of machined surfaces'”. Haci
Ozerkan et al.'® reported the theoretical method for fatigue strength
evaluation. They found that fatigue life improved from 1.2% to 8.5% by
improving SR with a decrease in input current and pulse on time. This is
because polarity change has a greater effect on fatigue life, which makes
the machined surface free from cracks. Chin et al."’ conducted experi-
ments to examine how the discharge current of the EDM process affects
the fatigue life and surface hardness of the aluminum 6061 alloy. They
reported that an increase in current increases the white layer thickness
(WLT) from 10.31 to 19.38 um, this gives rise to fatigue crack initiation
and hence to be consider as a serious factor. Shahid Mehmood et al.*°
the fatigue limit of the Al 2024 T6 is investigated for discharge current
values of 3, 6, 9, and 12 A discharge current values while all other pa-
rameters were kept constant. They reported that at the discharge current
value of 12 A, the fatigue limit was only one-half the fatigue limit of the
conventionally machined specimens, but at 3 A current compared to
12 A can improve the fatigue limit by up to 10%. Also stated that no single
surface integrity parameter like SR, hardness, WLT can determine the
fatigue strength of aluminum alloy 2024 T6. Ozerkan et al.*! investigated
AISI 8740 alloy steel to estimate fatigue strength. The finding revealed
that SR increases with increasing current and pulse duration along with
decreasing fatigue strength of the material. Chahardehi et al.?? conducted
an extensive review of the existing empirical formulae based on R-ratio.
Mahendra Gaikwad et al.** investigated the influence of EDM parameters
on the fatigue strength of titanium grade-2 material, they reported
an increase in current and Pon causing earlier fatigue failure of EDM
machined specimens causing a reduction in the fatigue strength of the
material. It also stated that the maximum fatigue strength evaluated at
106 cycles was 397.88 MPa, which is less than the ultimate strength of a
465 MPa workpiece. Many researchers are working in the area of surface
integrity. Surface perfection is the most important parameter regarding
SR, topography, surface hardness, residual stress, phase transformation
and microstructural changes, and quantifies part quality. Surface integrity
is related to SR, surface morphology, surface hardness, and so on, which
are closely related to surface quality and part performance. Different
researchers have contributed their efforts in experimental analysis of
each of these surface integrity parameters during the EDM machining
of various materials'>?*%°, Today, artificial neural network (ANN) is
gaining considerable attention of researcher working in manufacturing
areas, as it is an alternative to the statistical method. Also, it offers the
advantage of giving the solution without specifying the relationships or
the form of relationships between the input and output variables®. In
association with this, Joshi et al’! reported that the radial basis function
neural network is fast and easy to configure, but the feed forward back
propagation neural network provides a more accurate process model.
Sathyabalan et al.>* employed a feed forward, multilayer perception neural
network with a single hidden layer to predict the sliding wear loss and
hardness of fly ash and SiC-reinforced aluminum alloy. The machining
of hard materials such as nitinol and the evaluation of surface integrity
parameters have attracted the attention of researchers. It is with this
intention that this research activity was carried out. Initially, the effect of
EDM process parameters such as pulse current, voltage, pulse on time,
and pulse off time on surface integrity aspects were investigated. And
lastly, the influence of these process parameters on fatigue strength was
investigated along with fatigue crack initiation and propagation also ANN
model was used to understand the correlation between experimental and
regression model analysis.

MATERIAL AND METHODS

NiTi 60 alloy in 80*25*4 mm dimension was purchased from Nextgen
Steels and Alloys, Mumbai, India. The mechanical properties as received
from the supplier are a yield strength of 185 MPa and an ultimate tensile
strength of 735 MPa. Most engineering parts encounter cyclic loading,
reversed loading or repeated loading and hence fatigue analysis is
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Table 1 EDM process parameters used in experiments.

Parameter Level 1 Level 2 Level 3
Electro-discharge voltage (v) 40 55 80
Pulse current (A) 4 6 8
Pulse on time (ps) 20 40 60
Pulse off time (ps) 5 7 9
7'y

A

A4 T
‘ L

25 12> mm EDM machining
L <omm area
80 mm

A
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Figure 1 EDM-machined fatigue specimen.

required to be done before any product is launched or put into operation.
Having this in mind, this research is planned to conduct fatigue analysis
on electro-discharge machined samples and to investigate the effect of
machining parameters on fatigue properties. Machining parameters such
as electro-discharge voltage, pulse current, pulse on time, and pulse off
time were varied as shown in Table 1 to prepare dog bone samples as per
the ASTM E466 standard (Figs. 1 and 2a). All samples were machined
through a die sink EDM machine (Model: Electronica Elektra) with a
copper electrode of 2020 mm (Fig. 2b, c).

Tensile tests were initially conducted at Inston (Servo-hydraulic test),
where the ultimate tensile strength was found to be 903.43 MPa and the
yield strength was found to be 275.75 MPa for all samples. Fatigue tests
were then conducted at 20 Hz, and the stress ratio was 0.5. Tests were
conducted for high fatigue cycles (10°) by the axial direct stress fatigue
method. The mean load of 5,000 N, maximum load of 6,450 N, and
minimum load of 3,550 N were maintained during the fatigue test.
Microstructure characterization was done using scanning electron
microscopy (JEOL JSM 6360a) for the EDM machined area as shown
in Fig. 1, with the purpose of investigating the formation of WLT and
cracks. As WLT was likely to be observed in SEM analysis, there is further
need to understand the grain orientation in WLT that was observed
by the electron backscatter diffraction (EBSD) technique for the EDM
machining area, as shown in Fig. 1. The SEM technique requires less time
for sample preparation and microscopic observations due to which it has
been implemented in the current investigations. As EDM is concerned
with sudden heating and cooling processes, metallurgical changes are
likely to take place in the EDM machining area. This can be evaluated
by the XRD analysis test as shown in Fig. 5.

RESULTS AND DISCUSSION

Microstructure of NiTi 60 alloy and electro-discharge machined
sample

Fatigue performance depends on the surface integrity parameters
since fatigue cracks typically begin on free surfaces®. Surface integrity
parameters such as SR, WLT, residual stress, and heat-affected zone
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Figure 2 (@) Sample before machining. (b) Sample during EDM machin-
ing. (¢) Sample after machining.

are related to electro-discharge machined surfaces®. Low SR, a few
surface defects and high compressive residual stresses are beneficial
to fatigue performance®. In order to investigate the effect of surface
integrity parameters on fatigue performance, an attempt has been made
to understand the micro-structure changes observed on the various
samples before and after electro-discharge machining. Figure 3a shows
the un-machined or before machining microstructure condition where
the surfaces are free from microcracks, and Fig. 3b shows machined or
after machining microstructure condition of samples where the formation
of microcracks is observed by using the SEM characterization technique.
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Figure 3 (a) The microstructure of NiTi60 before machining. (b) The
microstructure of NiTi 60 after machining with pulse current 4A and
pulse on duration 20 s.

Earlier, similar investigation for microcrack evaluation was been reported
during the EDM machining process, where the SEM characterization
technique seems to be one of important and promising technique® .
Electro-discharge machining is considered to be a thermo-mechanical
process where the component is subjected to a sudden heating and cooling
process**. The formation of a few microcracks begins at the end of a low
value of pulse current and pulse duration because these microcracks lead
to the tensile residual stress induced by the rapid quenching*®*!. The
formation of such microcracks on machined surfaces is not beneficial for
fatigue performance; hence, they need to be further investigated in terms
of their surface crack density (SCD), as discussed in the next section.

Surface crack density assessment

Crack formation is related to the EDM parameters, especially pulse cur-
rent, and pulse on time*?. In corresponds to this, the effects of variation
in pulse current and pulse on duration have been investigated. Micro
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Figure 4 Microcracks evaluation through SEM for pulse current 8A and
pulse on duration 60 us.

cracks were not observed at 4A and 20 us but at 8A and 60 ps micro cracks
were visible. The SCD was measured with the help of Image J software by
importing the SEM images of machined surfaces as shown in Fig. 4. The
SCD was measured using Equation (1) while the WLT was measured by
the SEM technique as shown in Fig. 2%,

SCD = Total Crack Length/Image Area ... (1)

The SCD is a maximum 0.0382 for trial number 9 and a minimum 0.056
for trial number 4 as shown in Table 2. For SCD, the pulse current and
voltage process parameters seem to be dominating factors in electro-
discharge machining. For maximum values of SCD, the WLT was ranging
from 10 to 16 pm and for minimum values of
SCD, the WLT was ranging from 6 to 10 pm, as
shown in Table 2. The obtained results are similar
to the previous studies conducted by Roy et al.*,
Mohanty et al.** for determining WLT and SCD

SPECIAL ISSUE ARTICLE

Table 2 Process parameter along with WLT and SCD.

Runs Vtg Crt Pon Poft WLT SCD

1 40 4 20 5 7 0.0068
2 40 6 40 7 8 0.0101
3 40 8 60 9 10 0.0210
4 55 4 40 9 7 0.0056
5 55 6 60 5 12 0.0221
6 55 8 20 7 16 0.0310
7 80 4 60 7 11 0.0099
8 80 6 20 9 6 0.0298
9 80 8 40 5 10 0.0382

Residual stress assessment

The fatigue life of EDMed specimens is also significantly influenced
by residual stress created on the machined specimens'®. Metallurgical
changes are likely to be observed during EDM Machining as it is one
of the sudden heating and cooling processes. Due to this fact, the heat
transfer rate becomes non-uniform, resulting in the production of residual
stresses on the machined surface. Based on the earlier studies,” it has
been noticed that tensile kinds of residual stresses are present on EDM-
machined surfaces. However, the magnitude of these tensile residual
stresses is dependent on EDM input parameters, especially pulse current
and voltage®. Figure 7a shows an XRD plot for residual stress occurring
for a pulse current of 6 A and a voltage of 55 V, while Fig. 7b shows an
XRD plot for residual stress occurring for high values of a pulse current
of 8 A and a voltage of 80 V. The residual stresses noted for a higher
value of current were 155.7 MPa, such formation of residual stresses on
the EDMed machined surfaces will exceed the fracture strength of the
workpiece material by the generation of cracks and hence to be avoided™*.
Such a similar investigation was conducted by Liu et al.® and found that

Main Effects Plot for Means
Data Means

during EDM machining of Nitinol and Ti alloy.

Vig

Crt Pon Poff

Also interesting to know that pulse current and
voltage are dominating factors affecting SCD
as shown in Fig. 5. Whereas WLT seems to be
increased with the rise in the pulse current and
pulse on time, which can be evident from Table 2.

0.030

0.025

Recast layer thickness assessment

To investigate the grain orientation in WLT EBSD
technique is used. Figure 6 shows the inverse pole
figure (IPF) for EDMed machined cross sections,
where the WLT is identified by a violet-colored
layer of smaller grain size (less than 1 ym) than
that of the parent material. Also, several black-
colored regions embedded in the WLT indicate
the microvoids and cracks formed due to the

0.020

Mean of Means

a.ms

0.0

rapid quenching during EDM machining. The
fatigue crack will be promoted due to the presence
of such cracks and voids in the WLT**. Similar
studies were conducted by Fu et al.*® where they
observed microvoids in the region of WLT during
wire EDM machining of shape memory alloy™.
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Figure 6 WLT analysis by EBSD technique.

fatigue cracks were initiated by microvoids in the thick white layer, and
were facilitated by high tensile residual stress developed during wireEDM
machining of shape memory alloy. Migration of electrode copper material
on the machined surface (Nic & Tic) can be evident from the XRD plot

SPECIAL ISSUE ARTICLE

shown in Fig. 5 and the presence of oxide layers (Nio & Tio) due to the
electro-thermal nature of material removal that may be composed of
micro cracks can also be evident.

Fatigue crack initiation and propagation assessment

There are three distinct phases of fatigue failure: (a) early crack nucleation
and minor crack growth; (b) extended crack growth; and (c) quick final
failure®®. The loss in fatigue life of the EDM specimen is thought to be
caused by surface imperfections, a high propensity for the recast layer to
crack, and significant surface tensile residual stresses**’. The recast layer
is brittle in nature and contains cracks. Therefore, the cracks can propagate
easily; the longer cracks accelerate the fracture process. The cracks in
the recast layer and the brittle nature of the recast layer stimulate crack
propagation. Also, the machining parameters affect the nature of the recast
layer and the heat affected zone®’. SEM examination of fatigue-tested
specimens was carried out as shown in Fig. 8 below. It is observed that an
increase in current during the EDM machining process causes thick WLT
to develop by giving rise to generate microcracks networks in the WLT
or subsurface area. These microcracks propagate from the subsurface to
the work surface called as fatigue crack propagation phase. The crack
networks generated on the machined specimens remain in the tensile
residual stress field, yielding to stress instability state that accelerates
crack network propagation®'. Hence, fatigue cracks originated from the
microvoids in the thick WLT, which were facilitated by high tensile re-
sidual stress. Such a similar investigation was carried out by Lu Songsong
et al.>*. Where they reported the formation of a bunch of cracks on the
subsurface area of the specimen and further propagation of these cracks
to the main surface, thereby reducing the fatigue life of the aluminum
alloy™ and Liu [2018], they stated that crack initiation and propagation
are the combined effects of high tensile
residual stress and thick WLT during
Wire EDM machining of shape memory
alloy'®. Also, it is interesting to note that,
during this investigation process, twin

bands of fatigue cracks are likely to be
observed near thick porous WLT during
electro-discharge machining of NiTi 60
alloy. Such a similar investigation was re-
ported by Liu et al.*® where they observed
groups of fatigue cracks containing
twin bands, which may be due to stress
concentration at the vicinity of the crack
tip during wire EDM machining Nitinol
smart material alloy®®. To understand

*  Nig, TiC

¢ Nio, Tio

the effect of EDM process parameters on
fatigue strength during machining hard
materials, Mahendra Gaikwad et al.”

T
2498 0

2000

conducted fatigue strength evaluation
i for EDM machining on titanium alloy
¢ Nig, TiC i and reported that increase in current
+ No.Tio and pulse-on time, the fatigue strength
N of titanium alloy decreases.

] ARTIFICIAL NEURAL NETWORK
MODELING AND PREDICTION
The Taguchi L9 method of DoE is em-

5

1.304
72[>
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I ployed to acquire the experimental data.

é”

Jtheta (deg.)

Ly The ANN model is developed for WLT
and SCD. The values obtained by the
ANN model and regression model are

Figure 7 (a) XRD plot for NiTi 60 alloy.(b) XRD plot for NiTi 60 alloy.
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compared with experimental values to
decide the nearness of the predictions
and actual values. Regression analysis
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Figure 8 Fatigue crack propagation.
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Figure 9 ANN architecture.
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Figure 12 Regression plot for SCD.

process parameters like current, voltage, pulse on time, and pulse off time.
The Levenberg-Marquardt back propagation-based back propagation

helps to investigate the significant relationship exists between two or  algorithm is employed™>. There are two hidden layers and 10 neurons
more variables on dependent variables. In this investigation, regression in the hidden layer with “tansigmoid” is used. The ANN architecture
analysis of WLT has been investigated to understand the effect of EDM and model developed in MATLAB are depicted in Figs. 9 and 10.
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In the ANN model, the performance parameter correlation coefficient
value (R) for both the training and testing data output parameter is used
to assess the network’s performance. The regression plot for WLT and
SCE is shown in Figs. 11 and 12, respectively. If the value of R is equal
to 1, then there exists a very close relationship exists between them,
zero means a random relationship, and greater than 0.9 means the quality
is better™®. The observed correlation coefficient between the WLT and SCD
is 0.98. The correlation coefficient between the predictions of the ANN
model and the results of the experiments is very near to 1, indicating that
the ANN model predictions and the experimental findings agree very
closely. Thus, the use of the ANN model advent in this analysis has led
to the predication and validation of data and processes in a better way™".

CONCLUSION

SEM techniques can be effectively used for the evaluation of microcracks,
microvoids, SCD, and WLT during the machining of NiTi alloy. SCD
can be regulated by maintaining pulse current and voltage. WLT can be
regulated by maintaining pulse current and pulse on time, and tensile
kinds of residual stresses are likely to be observed in the WLT zone,
whose magnitude is dependent on machining process parameters. An
investigation has also been done for fatigue crack initiation, propagation,
and effects of process parameters, where it is observed that increment
in pulse current and voltage leads to the formation of microvoids in
the WLT region, and thereby causing fatigue cracks to born. WLT and
SCD have a 0.98 observed correlation coefficient. Given that there is a
high correlation between the predictions of the ANN model and the
outcomes of the experiments, which is near 1, the accuracy of the ANN
model predictions is high. Thus, use of an ANN model can be an effective
method to correlate with the experimental results related to WLT and
SCD evaluation during EDM machining of nitinol material.
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