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Shape memory alloys are a kind of active materials, which have significant characteristics in comparison with other alloys. Since
these materials are applicable in different fields such as aerospace, automobile industry, medicine, and dentistry, the effects of
wire electrodischarge machining on the properties of these alloys have been studied. In this paper, changes in the shape recovery
ability and microhardness of the machined surface of Nitonol-60 shape memory alloy have been studied considering recasting and
formation of resolidificated layer on the shape memory alloy surface. XRD and EDXA analyses of the surface layer of the sample
besides a microscopic study of the shape memory alloy layer by SEM and a study of the changes in mechanical properties of the
surface layer were done by performing microhardness and tension tests on the work piece surface. Considering the surface layer,
reversible strain has been studied according to the shape recovery percentage of Nitinol-60 shape memory alloy. Results show that
the surface layer formed on the surface of the samples has caused changes in both physical and mechanical properties of the cut
surface because of the penetration of the separated materials in comparison with deeper layers of the piece.

1. Introduction

Shape memory alloys can respond properly to the envi-
ronmental changes and adjust themselves in the best way.
These alloys are applied in industries like medicine, dentistry,
aerospace, automobile industry, electronic industry, and so
forth. Shape memory alloys show some new and special
characteristics such as sensibility, high damping, adaptive
responses, memorized capability, and superelasticity which
can be used in engineering equipments for intelligent sys-
tems. Shape memory alloys are a type of materials with a
significantmemorability. If a small percentage of deformation
occurs on a shape memory alloy with determined chemical
composition and it is heated above its deformation temper-
ature, the alloy can recover its original shape. Deformation
temperature is the phase transformation temperature of
austenite to martensite and vice versa. These two phases
have totally different characteristics [1]. Nitinol is one of
the most significant intermetal binary combinations. Nickel-
Titanium is the most important combination of smart alloys

and includes special properties which differentiate it from
other materials including other intermetal compounds [2,
3]. In addition to specific mechanical properties such as
high strength and hardness, Nitinol-60 has high thermal
and electrical conductivity. These characteristics of Nitinol
made it applicable in medical equipments and producing
lots of mechanical components. This alloy is nonmagnetic
like silicon nitride and has high electrical conductivity [4–
6]. The main reason of superelasticity and memorability is a
reversible martensite transformation in solid phase. Unique
behavior of Nitinol, according to phase transformation,
depends on the temperature of austenite to martensite in
atomic scale. Because of the chemical composition of Nitinol
shape memory alloy, it can remain in martensite phase in
lower temperature and in austenite phase in higher temper-
ature. Many properties of Nitinol in these two phases are
completely different with each other [7]. By using the supere-
lastic or one-way memory properties of Nitinol, for special
applications, appropriately molding Nitinol is needed. Then
a special heat treatment will be done to reach the final form.
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Figure 1: Two instructions of two-way memory training [1].

The mentioned heat treatment is similar in both superelastic
and shapememory properties ofNitinol.The effective param-
eters of heat treatment (temperature and sufficient time) are
needed for coordinating the shape andpiece properties.These
parameters are usually derived experimentally for each piece.
Some coolingmethods like quenching inwater or fast cooling
in air are preferable [8]. Two procedures (One-Way Shape
Memory (OWSM) and Two-Way Shape Memory (TWSM))
can be used for training two-side memory. In OWSM, the
sample is cooling below the Mf temperature and is formed
properly (Figure 1). Then it heats above the Af temperature
till it gets its austenitic shape. It is necessary to repeat the
method 20 to 30 times to be done completely. So the sample
will obtain the planned shape by cooling below the Mf and
will take any other shape by heating above Af. In TWSM, the
sample is bent exactly above the Ms temperature to produce
martensite reference variables obtained by stress and then it
is cooled up to the temperatures below Mf. With following
heating up to the temperature above Af, the sample will get
its original austenitic shape [1].

Nowadays wire electrodischarge machining (WEDM)
with a significant improvement is the priormethod in cutting
the metals especially to produce complex pieces with high
accuracy and precision [9]. Since conventional machinery
mostly is not quite effective in some industries, in particular,
space industry by using new materials (especially shape
memory alloys, superalloys, and really expensive and super-
hard materials), WEDM can be qualified enough to respond
to these needs. It is a method with less superfluity that makes
it so economical with high precision in cutting the irregular
shapes [10]. By the increasing improvement in applying shape
memory alloys especially applying Nitinol alloy in different
industries and also by taking into account that machining
of smart materials with conventional techniques is a difficult
way of cutting because of the high malleability, the extensive
hard work, and reducing the quality of work piece that
results in equipment depreciation in addition to that little
precision and speed of machining cause undesirable effects
on the properties of the surface of materials, the study of
new machining methods like WEDM as one of the best
choices in industry and also the study of the effects of
these methods on surface properties of smart alloys seem

necessary. By eliminating its inefficiency and problems, it
would be possible to achieve more precision and accuracy
besides the maximum work speed [11–14]. Chip sampling by
electric discharge is an electrothermal process considering
heat and electricity [15]. Material removal from the work
piece in WEDM is done by making a pulse and interrupted
voltage between two electrodes, a wire, and a work piece
which are floated in deionized water as dielectric, by means
of sparking along the channel between the electrodes [16,
17]. With each spark a small part of the material separates
from the work piece surface and a smaller part from the
wire surface (considering its small size, it is called debris).
Finally, with a large number of sparksmachining will be done
[10, 15]. In this method, material removal is based on the
erosion effect of electric sparks so that the thermoelectric
theory is the most assured model. Since high temperature
produces high density of energy on the surface, this theory
leads to melting, evaporating, and forming small basin and
carters at the work piece surface [18, 19]. After the burst
of the gas bubble and removing pressure from the melted
basin formed on the surface of the work piece and wire, the
particles of the wire electrode exit from the basin formed
by sparks with high velocity and start to move rapidly
at random by removing the pressure plasma column and
colliding to the body of the work piece (Figure 2) [18, 20].
Therefore, alloying is done at the cutting surface by recasting
materials of background and mixing the alloy elements with
the background.

During the alloying in the melted basin, a quick displace-
ment current forms which results in redistribution of alloy
elements in this region. At the cutting surface, a layer with
a thickness of 20–50𝜇m will be formed so that if the alloy
layer is rich in alloy elements it will have better properties
than the background. In this case, surface roughness is
more than the first state. Surface roughness largely depends
on a homogenous mixture of alloy elements in the melted
basin. Also this homogenous mixture depends on mass
displacement in the melted basin. A thin penetrable layer
with a thickness of 10 𝜇m is formed in the boundary of
the melted basin and background. This phenomenon occurs
because of the penetration of narrow melted channels in the
grain boundaries [21].
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Figure 2: Schematic image of machining process with WEDM.

2. Materials and Attitude

In this study, test samples were prepared by using Nickel
and Titanium with commercial purity according to general
requirements of the standard F2063-00 [22] and molded by
the melting process under vacuum condition in the vacuum
induction melting (VIM) at 1400∘C and in a Calcia (CaO)
melting pot, and then they were subjected to cold rolling.
Finally, annealing was performed on these samples [23, 24].
Machining of prepared samples was done with WEDM-Agie
15. For unifying the work throughout all the experiments

of Nitinol-60 alloy piece, which is under machining, an
alloy with similar analysis and a molded piece in a same
condition were used. Moreover, a wire electrode with a fixed
alloy percentage of CuZn37 and fixed diameter of 0.25 𝜇m
was used. On the other hand, considering the effects of
electrical conductivity of dielectric, this amount did not
change during the experiments by controlling the amount
of electrical conductivity of d-ionized water and samples
dried immediately after cutting to avoid oxidation at the
sample surface. Then they were studied with the purpose of
surfacemorphology by scanning electronmicroscope (SEM).
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(a) Cutting surface with a magnification of 1500x (b) Cutting surface with a magnification of 5000x

Figure 3: SEM images of Nitinol-60 cut surface with WEDM.

Ti

Ti

Ti
Ti

Ni

Ni

Ni

Ni
CuZn

Energy (keV)

In
te

ns
ity

Zn Zn
Cu
Cu

105

(a) Before cutting

Ti

TiTi

Ni

Ni

Ni

Energy (keV)

In
te

ns
ity

105

(b) After cutting

Figure 4: EDXA analysis of Nitinol-60.

In addition, XRD and EDXA analyses were used for studying
the alloy layer formed on the work piece surface and phase
and alloy changes because of the penetration of wirematerials
on the work piece surface.The hardness of the sample surface
was obtained by microhardness system MH1 with a mass of
2 kg in a period of 20 s. In this experiment, for each sample,
the average hardness was reached by performing 5 tests on
different parts of the surface. At last for studying the effect
of the surface layer, which formed on the work piece surface,
on the shape recovery percentage of Nitinol shape memory
alloy after cutting with WEDM, a tension test with different
strain percentages from 1% to 11% were carried out on the
cut samples. For comparing, the tension test was done on the
samples which were only under the molding and cold rolling
operations.

3. Results and Discussions

3.1. Morphology and Chemical Analysis of Cutting Surface
of Nitinol Alloy with WEDM. In this part of laboratory
research, cut surface ofNitinol alloywithWEDMwas studied
qualitatively and quantitatively considering spark behavior
and formation of carters on the work piece surface.Therefore

Nitinol-60 alloy surface which is obtained by cutting under
electronic microscope (SEM) and different X-ray analyses
(EDXA, XRD) was studied.

Carters formon the surfacewhich is produced byNitinol-
60 cutting at the minimum distance between two electrodes
(wire and Nitinol alloy) due to the sparks in the electrode
gap. The size of the carters and dome-shaped margins
that are seen as rims around these carters is quite distinct
considering selective operating parameters. SEM images of
Nitinol cutting surface show the carters and resolidified
layers (Figure 3). By doing spot analysis (EDXA) on the
Nitinol cut surface there is a great percentage of Zn and Cu
besides principal elements like Ni and Ti on the work piece
surface by taking into account the WEDM process, material
removal model with vaporizing, and formation of very small
debris and penetration of wire materials by means of the
debris. According to the surface morphology of Nitinol, this
matter is shown by EDXA analysis of Nitinol cut surface
in comparison with the analysis related to Nitinol before
cutting by CuZn37 wire. Piece surface analysis before and
after cutting by CuZn37 wire is given in Figure 4; in addition,
penetration of wire materials on the work piece surface is
obviously seen. So considering the size and number of carters
or in other words according to the percentage of the debris
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Figure 5: XRD analysis of Nitinol-60 cut surface with WEDM.

taken from work piece and wire surfaces, it is important to
notice that the debris which reaches the work piece surface
with high velocity is not similar in different parameters. It can
be also justified in thisway that, by successive sparks in a short
time, overlap occurs for the carters. Therefore, the increasing
in the percentage of the debris, which is separated from wire
by vaporizing, causes increasing in the debris concentration
in the electrolyte and it will result in an increase of Zn and
Cu on theNitinol cut surface. By vaporizing theWEDMwire,
alloy elements of wire separate from it as very small spherical
substances and penetrate to the Nitinol cut surface which
causes phase changes on the cut surface in comparison with
base Nitinol metal. So by alloying on the work piece surface,
the alloy of surface layer will be different from Nitinol base
alloy.

The results of XRD analysis of Nitinol cut surface show
the surface phases (Figure 5), and besides Nitinol there are
other phases like CuZn, Ti2Ni intermetal compound, and
NiO and Cu

2
O metal oxides. The existence of these com-

pounds causes changes in physical andmechanical properties
of the cut surface compared with the depth of the piece.

3.2. Microhardness from Cutting Surface to the Depth of the
Alloy Layer Formed on the Cutting Surface. Considering the
alloy layer formed and solidificated on the cutting surface
with a thickness of less than 20𝜇m, to study changes in
mechanical properties at the depth of the piece microhard-
ness was measured on the cross-section of Nitinol alloy up
to the depth of 250𝜇m. The result is shown as a curve
in Figure 6, and according to this figure microhardness
increases several times on the surface and at the depth of
20𝜇m compared with the microhardness of the piece before
cutting due to rapid cooling of recast layer bymachining with
spraying dielectric water and alloying on the cutting surface.
By the increasing in alloy elements such as Cu and Zn on
the surface and rapid solidification of alloy layer formed by
flushing of d-ionized water, superficial layer of cut surface has
higher hardness than the base piece considering extremely
high solidification speed of a few microseconds.

3.3. Percentage of Reversible Strain. Chemical analysis of
alloy layer formed and solidificated on the cut surface (with
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Figure 6: Microhardness in different distances of Nitinol-60 cut
surface (with WEDM).
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Figure 7: Mechanical properties of Nitinol alloy.

WEDM) with a thickness of 20𝜇m is different from that of
Nitinol-60 alloy. Moreover, as shown in Figure 5, the phases
of the mentioned surfaces are not the same so according to
Figure 7 the mechanical properties of Nitinol cut alloy (with
WEDM) and a molded piece which is annealed after cold
rolling are obviously different.

4. Conclusion

Our research on the cut surface of Nitinol shape memory
alloy by WEDM came to the following conclusions.
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(1) Since the cutting procedure by WEDM is an elec-
trothermal process, numerous sparks on the Nitinol-
60 cut surface lead to forming many carters on the
surface of this shape memory alloy and alloying will
be done by surface recasting with the penetration
of the materials which are separated from WEDM
wire into these carters. A layer with a thickness of
10–20𝜇m will be formed on Nitinol surface by fast
cooling of cast surface so this alloy is not Nitinol-
60 anymore and it includes different phases such as
CuZn, Ti2Ni intermetal combination, and NiO and
Cu
2
O metal oxides. For this reason, the existence of

these combinations causes physical and mechanical
changes on the cut surface in comparison with the
depth of the piece.

(2) Microhardness on the Nitinol-60 cut surface and up
to the depth of 20𝜇m increases several times com-
pared to the microhardness before cutting because
there are hard oxide phases like NiO and Cu

2
O

metal oxides on the surface and fast solidification
of alloy layer formed by flushing the d-ionized
water (considering solidification speed is about a few
microseconds) so that superficial layer of cut surface
has higher microhardness than base piece.

(3) The cut surface with a thickness of 2mm and a 10–
20𝜇m superficial layer formed on the surface (cutting
is done by WEDM), and by taking into account
the chemical analysis besides different mechanical
and physical properties, this layer has a significant
reversible strain percentage that it shows the poor
effect of cutting on the shape memory characteristic
of this alloy.

(4) By forming hard microlayer on the surface and
because high hardness is preferable in Nitinol-60
alloy, machining by WEDM is the prior method
because it has the ability of shape recovery while the
surface hardness of Nitinol-60 increases.
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