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The effects of adding silicon to shape memory alloy (SMA) (Nitinol) were investigated in
the current investigation. Most people think that silicon-based SMAs could be a cheaper
alternative to NiTi SMA because they have good shape memory properties, good damping
capacity, and other useful properties. The alloys were mechanically tested for Vickers
microhardness, compression force, shape memory effect (strain recovery), density, and
porosity to estimate the Si effect. Powder metallurgy was used to make the alloys. The base
alloy (Nitinol) was prepared after sintering treatment at a temperature of 850 <C for a period
of 6hr. In addition, alloys were prepared from them to find out the effect of adding silicon.
These alloys included the base alloy to which silicon was added in proportions of 0%, 3%,
6%, and 9% wt. of Si as their weight ratios. The results showed that increasing the
percentage of silicon resulted in improved mechanical properties while 9.0 wt.% Si showed
better shape memory properties.

1. INTRODUCTION

Recently, Shape Memory Alloys (SMA) have received
significant attention in many commercial applications because
of their specific and superior properties for remembering their
original shape, (SMAs) are essentially different from other
materials owing to pseudo elasticity (PE) and shape memory
effect (SME) which are related to the particular way in which
(phase transformation) occurs, wear and fatigue resistance,
high power to weight ratio and biocompatibility. In the early
1960s, Buehler as well as his coworkers at the U.S. Naval
Ordnance Laboratory (NOL) exposed a Shape Memory Effect
(SME) for Ni and Ti Equi atomic alloy that may be considered
an advance in the field of Shape Memory Materials (SMMs).
This SMA was called Nitinol, where (NiTi) means Nickel and
Titanium, while (NOL) means Naval Ordnance Laboratory.

Intensive studies have been conducted since then to
elucidate the mechanisms of its basic behavior [1, 2]. NiTi-
based, Fe-based, and Cu-based SMAs are the three main types
of shape-memory alloys that are used. Most of the time, (NiTi-
based) alloys are used because of their Super elasticity (SE)
and Shape Memory Effect (SME) [3, 4]. Fe-based and Cu-
based SMAs, like (CuZnAl), (CuAINi), and (FeMnSi), are
cheap and available commercially, but their use is limited
because they don't have good thermal cycle properties and
have low yield stresses [5, 6]. Metallic alloys (NiTi) have a
Shape Memory Effect (SME) property, which makes them an
interesting material. NiTi SMA is used widely in a variety of
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applications, such as robotics, telecommunication, medicine,
and electronics. Nitinol alloy is the most excellent material for
binary alloys. But SMAs have many disadvantages which
make them unappreciated in many applications. The possible
solution is to modify these alloys' amalgamation, or else the
chemical composition of the manufacturing method [7, 8].
Depending on the temperature, Nitinol can exist in the
martensite phase (B19), the austenite phase (B2), or a mixture
of both phases. SMA often transforms the austenite phase,
which occurs at high temperatures, and the martensite phase at
low temperatures. SMA phase changes can be influenced by
many variables, including processing methods, nickel
concentration  variations, heat cycling, combined
thermomechanical treatment, and ternary alloying components
[9, 10]. Zeng et al. [11] reported that superelastic and SME
have a high amount of Ni. The bending and actuation of a
device are obtained by resistivity heat, which activates the
shape memory effect of variant laser-processed points. The
findings of this study demonstrated that electrical-thermo-
mechanical processing of a laser-processed area may be done
at a variable current depending on the temperature. Shelyakov
et al. [12] reported the effect of cooling rate on the thickness
of non-crystalline Ti-Ni-Cu two-way SMA at about 40pum of
thickness, and the separating of crystalline and non-crystalline
phases into the layers was prepared using a melting spinning
route. The findings of this study show that, concerning the
mechanical 3D manipulator, the microgripper can move with
an accuracy of around 2 um. Omran et al. [13] studied the
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effect of adding elements Sn, Cu, and Co on the properties of
the SMA by casting method (VIM furnace). The thermal
treatment of the specimens prepared for 15 minutes was
carried out at (865°C) in normal conditions, after which it was
cooled with ice water. The tests of Vickers microhardness for
(NiTi) SMA showed an improvement through adding Cu and
Co before and after thermal treatment. Ahmed Adnan [14]
looks at what happens when Sn is added to a shape-memory
alloy made of Cu-14% and Al- 4.5% Ni. There were three
different amounts of Sn addition 0.3%, 1%, and 3%.
Compression tests and microhardness tests were used to
determine the mechanical properties of the alloys. Mechanical
properties showed the best results, while the 3% Sn showed
better Shape Memory Properties that were close to super-
elastic.

Shihab et al. [15] studied nanoparticles of Ag (which are
insoluble in the Ni-Ti matrix), which are added to the Ni-Ti
alloy using powder technology to form a Ni-Ti-Ag alloy.
Nanoparticles of the element Ag are added at concentrations
of 3, 5, 7, and 10 wt.% to form four alloy specimens with
distinct compositions. The findings of this study demonstrated
that Nano-Ag injected at 7 and 10 wt.% was distributed
uniformly throughout the Ni-Ti matrix and that Ag marginally
lowered hardness and increased the wear rate. Salman et al.
[16] studied samples of Ni-Ti shape-memory alloy with
different amounts of Ag nanoparticles are made and their
density, porosity, and ability to conduct electricity are studied.
Utilizing the powder technique, the specimens are created.
There were no noticeable differences in the distribution of the
Ag nanoparticles in the Ni-Ti matrix, and the austenite and
martensite phases developed as a result of these tests. A strong
SME was also demonstrated by the researchers 89.9% for the
10 wt.% percentage of Ag nanoparticles). Stachowiak and
Kurzawa [17] studied the combination of experiment and the
computational of designing two different springs, composed of
steel and SMA. The results of this work show that the
mathematical model for stroke and temperature of SMA spring
has been successfully applied. Hattori et al. [18] studied the
impact of the Pd element on the shape memory properties of
NiTi SMA. The findings of this study revealed that the
martensitic transition temperature reduced as Ti content
increased or decreased (with constant stress). During the
thermal cycling Pd and Ti2Pd phase, the shape memory
properties, stability of dimensions, and large work output are
improved under constant stress.

Copaci et al. [19] reported the comparison between
conventional actuators and actuators based on the SMAs.
These actuators are widely used in medical applications,
automation, and robots. During the first stage, operating, its
temperature is obtained from the Joule effect and then the
electrical energy will transform to mechanical work. During
the second stage, thermal energy will transform into
mechanical work. The results of this work show that the best
model depends on the two stages mentioned above. Abdullah
et al. [20] aimed to enhance the performance of SMA-based
soft grippers for diverse applications. Soft robotics uses
flexible materials instead of rigid ones. This study explores
using SMA wires as artificial muscles embedded in silicone
for soft grippers. Simulation and experimental studies were
conducted on various SMA wire configurations to assess their
performance regarding tip displacement, tip force, and
bending angle.

SMAs possess unique properties like shape memory effect
(SME) and pseudoelasticity (PE), making them suitable for
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various applications. However, SMAs face limitations such as
wear and fatigue resistance, high power-to-weight ratio, and
biocompatibility issues. The primary SMA types include NiTi-
based, Fe-based, and Cu-based alloys. NiTi-based alloys are
preferred due to their superelasticity and SME, while Fe-based
and Cu-based alloys are cheaper but have lower thermal cycle
properties and yield stress. Modifying the alloy composition
or manufacturing methods can address these issues. Various
factors, such as processing methods and nickel concentration
variations, can influence the transformation between the
martensite (low temperature) and austenite (high temperature)
phases in SMAs.

Recent studies focus on improving the mechanical
properties, shape memory properties, and superelasticity of
SMAs through various treatments and alloy compositions.
Applications range from robotics, telecommunications,
medicine to electronics and more. Hence, this paper uses
powder technology to add three different percentages of Si to
study the effects of Si addition on the mechanical and shape
memory properties of Nitinol SMA, investigate density,
porosity, compression force, shape effect (strain recovery),
and micro-hardness, and estimate the Si effect.

After presenting the applications of this alloy, the
experimental procedures are carried out in terms of
preliminary examinations of chemical analysis and
mechanical properties, the mold is manufactured, and the ingot
is produced from powder to prepare samples and conduct other
mechanical and physical examinations and tests.

2. APPLICATIONS OF NITINOL SMA

The main applications of Nitinol SMA are aerospace,
actuators, shock absorbers, pipe coupling, automotive
applications, human devices, window frames, eyeglasses,
antennae of cellular phones, and SMA springs in water mixers
and other applications thereof [21].

2.1 Biomedical applications

For many decades, there has been an effort between
engineering, scientific, and medical to manufacture materials
that can be used to prevent a certain disease. For example, in
implants, most of these materials proved hazardous to human
health.

a. Orthodontics

b. Neurosurgery

c¢. Ophthalmology

2.2 Industrial applications

Owing to their novel properties, SMA can be used in
different industrial applications. Especially, applications in
robots, aeronautics, and tube coupling.
3. EXPERIMENTAL WORK
3.1 Description of materials

Ni-Ti-Si particle powders were used to manufacture SMA.
Tables 1 and 2 show the properties of the powders used in this

thesis. The test specimens are produced using the powder
metallurgy method (PM) from Ni, Ti, and Si, which consists



of mixing, blending, compacting, and sintering processes.
SMAs are created with high-quality titanium metal with 99.84
wt.%, nickel with 99.84 wt.%, and silicon with 99.85 wt.%.
which have been utilized as an additional eclement at
concentrations of 3, 6, and 9 wt.% of Si.

Table 1. Chemical composition and physical properties as
metal matrix [22]

Metal Matrix Ni Ti
% Fe 0.05 0.05
% S 0.01 0.02
% C 0.05 0.05
%O 0.05 0.04
Density (g/cm?) 8.908 4.506
Particle size (um) 40 50
Mesh 58 58
Purity 99.84 99.84

Nitinol is known for its shape memory effect along with
good kink resistance, thermomechanical properties of
superplasticity, and portability [23, 24]. Ni-Ti SMA alloy may
contain two phases for the final products as shown in Figure 1.

Table 2. Chemical and physical properties of si particles

metal [22]
Material Practical Purity Density (g/cm?)
Si powder 63 99.85 2.33

Table 3. Different weight percentages of Ni, Ti, and Si

Specimens  Ni (wt.%) Ti (wt.%) Si (wt.%)

Base 50 50 0
S1 47 50 3
S2 44 50 6
S3 41 50 9

Table 4. Physical and mechanical properties of nitinol SMA

[18]
Properties of Nitinol SMA Values Unit
Modulus of Elasticity 75 (austenite) GPa
40 (martensite) GPa
Yield Strength 195-690 MPa
(austenite) MPa
70-140
(martensite)
Ultimate Tensile Strength 895-1000 MPa
Poisson Ratio 0.30 -
Shear Modulus 28.8 GPa
Shape Memory Strain 8.5 %
maximum
Density 6.45 g/cm’
Melting Temperature 1310 °C
Electrical Resistivity 100 uQ.cm
(austenite)
Electrical Resistivity 80 uQ.cm
Thermal Conductivity 18 W/em. °C
(austenite)
Thermal Conductivity 8.5 W/em. °C
(martensite)
Transformation Temperature -200-100 °C
Transformation Hysteresis 30-50 °C

The varied weight percentages of the matrix element
(Nitinol) and silicon element as additive materials are
displayed in Table 3.

Table 4 shows the Characteristics of Nitinol SMA which are
extremely dependent on the composition and phase of this
alloy. Equi atomic Nitinol contains 50 wt.% Ni and 50 wt.%
Ti; this alloy is considered an intermetallic compound.

Martensite

Austensite

Figure 1. A right austenite (B2) and left martensitic (B19)
(23]

3.2 Powder metallurgy method

In this method, various techniques can be used to produce
NiTi alloy by using Ni and Ti powders. This method involves
three stages as follows: the first stage is the mixing process to
prepare a uniform and good distribution of starting powders in
a proper concentration. The second stage is a compacting
process using high pressure to obtain a green compact. In this
process, the products are prepared for handling to afford the
applied loads. The third stage is a sintering process to obtain
the required density, this process was done using a sintering
furnace at a temperature below the melting point to promote
the diffusion of each particle to take place. Increasing the
sintering temperature leads to form necks with less surface
energy compared with other spherical particles. In this stage,
the pores are almost uniform, and Kirkendall's porosity may
be greater [22]. Commonly, the main advantage of this method
involves a good homogeneous composition of the product
compared with the vacuum remitting method (VAR), and the
products with high porosity, which restricts them to use for
biomedical applications.

3.3 Compacting process

@»— Upper Punch

Die

@T
—

Metal powder

e Lower Punch

Sample after compacting h‘* -ﬁ

—

Figure 2. Sketch of single-action tool steel mold [24]

The cold compacting process was carried out by the Tinius
Olsen test at a pressure of 500 and 700 MPa using uniaxial
force for the tool steel mold [23]. The tool steel mold consists



of an upper punch and a lower punch with a diameter of about
12 mm. The mold was filled with the powder mixture and then
pressed in the uniaxial direction. Holding the time for pressing
6 min to obtain the desired dimensions of the compacted
specimens. After that, the specimens were ejected by
removing the lower punch and pressing the upper punch into
the mold cavity. Figure 2 shows the steps of the compacting
process to obtain the green [24].

3.4 The manufacturing process

The manufacturing process of SMA (NiTi) is very
important and has an impact on the properties of the produced
alloys as well as on homogeneity, uniform distribution, and
microstructure [25]. The manufacturing process is generally
divided into the casting method and powder method, followed
by mechanical processes such as cold working, hot working,
annealing, and surface treatment. The first way to produce
smart alloys is the powder method, which involves several
techniques [26]. The materials used should be pure materials
with high cleanliness, as far as possible from the presence of
non-metallic materials, and non-metallic elements can
seriously affect the homogeneity and unity of the alloy,
creating uneven formation distribution and changing
fundamental properties of the material [27].

Studying the influence of Si % on the physical and
mechanical characteristics of SMA was done using powder
metallurgy. The basic combination (Nitinol) is made with a
ball mill for six hours, while other specimens are prepared with
a sand mill by 3, 6, and 9 wt.% Si. Following mixing, two
different types of powder specimens were created in the same
die, each measuring 15 mm in diameter and 6 mm in thickness,
15 mm in diameter, and 20 mm in length. The specimens were
pressed at 500 and 700 MPa in a computerized uniaxial press
with a 100KN load capacity, Imm/minute displacement rate,
and 5-minute holding time. The machine also had a load-
holding period of 5 minutes. Sintering of the specimens'
compacts took place in a vacuum tube furnace at this stage of
the procedure. The sintering process begins by heating the
material to 850°C for six hours. After that, the sintered
specimen is allowed to cool in the furnace. Throughout the
sintering process, a constant heating rate of 20°C/min is
applied [28].

3.5 Specimen preparation

After being subjected to sintering and quenching treatment,
the specimens are given grinding treatment with paper grits of
180, 400, 800, 1000, and 2000, then they are polished with
alumina at room temperature. All specimens were then dried
using an electric dryer and washed in distilled water. For
imaging of specimen surfaces, a light optical microscope of
the Union ME-3154 type is utilized [29].

3.6 Mechanical tests

Vickers microhardness (VMH) test was used to estimate the
hardness of the sintered SMA [30]. Before testing, the sintered
specimens were ground by emery papers with grit sizes 1000
pm and 2000 pm and then polished by polished cloth with
alumina. After that, the specimens were tested by the Vickers
hardness apparatus type TH-715 for 25 seconds and 20 kg. At
least five readings for each specimen were taken, and then
calculated the average of the indenter diameter [31]. Using a
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uniaxial compression apparatus, a shape memory effect (SME)
test was conducted to examine the SME and the percentage of
maximum strain returned after heating. This was done by
figuring out the length of the specimens before they were
compressed (L0), then compressing them to 6 percent strain
(the maximum strain back for silicon base), and letting them
go. After that, they were measured again to find out how long
they were after being compressed (L1). Using the following
equation, the shape memory effect will be estimated by
measuring these lengths [32]:

Ly
Lo

Strain_Recovery(shape_ef fect) =

_LZ
x100% (1)
_L1

where,

Ly: normal specimen length.

L;: The length of the specimen after 0.06 % of its length was
compressed.

L;: length of the sample after 6 minutes at 200°C.

Using Archimedes' rule and a Hock balance device, the
porosity of a sample was determined by weighing it in air,
placing it in a basket filled with distilled water, soaking it for
20 hours in distilled water, and then weighing it after drying.
The apparent porosity and bulk density were calculated using
Egs. (2)-(3), respectively [33].

Ws = Wa o 100%

arent_Porosity =
pp — y W, —w,

2)

Wq

Bulk_Density = x pd )

Ws — Wy

where wd is the dried specimen's weight, ws is specimen
weight in the basket, w, weight of the sample after 20 hours of
storage in distilled water and pd is the density of distilled water
[34].

4. RESULTS AND DISCUSSION
4.1 Microstructures of the shape memory alloy

After comparing Figures 3(a) and 3(b), it is evident that the
substitution of nickel with silicon alters the microstructure
morphology of Ni-Ti SMA at room temperature, about 25°C.
The lack of martensite variations in SMA, Ni-Ti, and Ni-Ti—
Si may be confirmed. The start and end martensite transition
temperatures (Ms and Mr) in both SMAs are below room
temperature. For alloys with compositions ranging from 0.5 to
9 wt.%. There are no published studies on changes in
microstructural morphology.

Figure 3. Microstructures of the investigated SMA. (a) Ni-Ti
and (b) Ni-Ti-Si



4.2 Effect of silicon addition on the shape memory effect

For 500 MPa and 700 MPa compacting pressures, the shape
memory effect (SME) is depicted in Figure 4 as a function of
silicon content. The retaining length recovery percentage is
shown as a percentage. The shape memory effect (SME)
varied between 96% and 97% for 500 MPa and between 95.5%
and 97.5% for 700 MPa, indicating that this element produced
an excellent martensitic structure, which was subsequently
changed into a good austenite phase.

98
[
L J
’\5\96 .’__=
= /-
[N,
s 94 [ |
v )
92 =—m=-500 Mpa
©—700 Mpa
90 T T T
0 3 6 9

Si wt.% Concentration

Figure 4. Shape memory effect (SME) as a function of Si
content for 500 and 700 MPa

4.3 Effect of Si addition on the Vickers micro hardness

The Vickers microhardness (VMH) test was performed on
each specimen before and after adding Si at various weight
percentages of 0, 3, 6, and 9 of Si. As shown in Figure 5, the
findings of this experiment show that as the weight% of Si
grew, hardness decreased. When the compacting pressure was
500MPa and the amount of silicon went from 0 to 9 wt. The
reduction was about 38%. When the compacting pressure was
700 MPa, the reduction was about 34%. This is because the
shape memory effect (SME) is getting stronger at about 97.5%
for 500 Mpa and 97.5% for 500 Mpa, and the defects in the
resulting SMA, like micro-cracks and porosity, are getting
smaller.

600

=—m=-500 Mpa
=0=-700 Mpa

[
o
o

Vickers mic;ohardness
o
o

9.
.\
300 ~—
200 . . .
0 3 6 9

Si wt.% Concentration

Figure 5. Vickers microhardness as a function of silicon
content at 500 and 700 Mpa compacting pressure

These flaws depend a lot on the pressure used to pack the
material down and the temperature at which it is sintered. They
also have a direct effect on the hardness values. Ni—Ti—Si
alloys have a lower hardness than their NiTi alloy counterparts,
which may be explained by the form of the microstructure.
Also, other physical things, like the binding energy and
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wettability between Si particles and Ni-Ti grains, may affect
the hardness values. Because silicon addition makes the
material more brittle, the decreased hardness in Ni-Ti-Si is
believed to be because it reduces the stress required to induce
or realign martensite variations.

4.4 Effect of Si addition on the compression force

Figure 6 depicts the silicon addition at 500MPa and 700MPa
compacting pressure. It shows an increase in applied force
with (0, 3, 6, and 9 wt. % Si) addition. Figure 6 shows
Compression force as a function of silicon content.

= 100 5
= /
g 80 /./l
I.Io. \
S ././.
g 60 —
3 —m—7500 Mpa —e—700 Mpa
S a0 . . .

0 9

3
Si wt.% Concentration

Figure 6. Compression force as a function of silicon content
for 500 and 700 MPa

For example, it can be seen from the compression force data
in Figure 6 that increasing the compacting pressure from 500
Mpa to 700 Mpa and the silicon percent to 9 wt.% enhances
the master alloy's compression strength. Higher compressive
pressure and the addition of silicon may be to blame for this
behavior. This is because silicon makes the material more
brittle, which improves its compression force and reduces
stress concentration areas, such as pores and microcracks,
which may cause the alloy to fail prematurely.

4.5 Effect of Si addition on the density and porosity

54
e —m=—500 Mpa

75.2 e~
g '\'
~ 5 .\ \
3;0 l\.\'
=438 u
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04.6

4.4 T T T

0 3 6 9
Si wt.% Concentration

Figure 7. The density as a function of the concentration of
silicon for 500 and 700 MPa compacting pressures

Figure 7 depicts the influence of silicon content on master
alloy density. As shown in the Figure, an increase in silicon
percentage from 0, 3, 6, and 9 wt.% Si decreases the density
by a few percentage points up to 4.38 percent at a compacting
pressure of 500 Mpa and 7.54% at a compacting pressure of
700 Mpa, indicating that density increases with decreasing
silicon content. To enhance the powder mass's density, you
must increase the amount of pressure used to compact it. When



a single-level cylindrical compact is punched from one
direction, the compressive stress delivered to the top punch is
not equally distributed in direction and amplitude. It's because
of this friction that there are differences in density throughout
the pressing path. We may lessen this friction by cleaning the
dies with acetone after each compaction stage.

4.6 Effect of silicon addition on the porosity of master alloy

Figure 8 shows the relationship between porosity and
silicon content at 500 MPa and 700 MPa. Increasing the
compacting pressure makes the powder mass denser because
the total number of holes in the mass goes down. When the
compacting pressure was 500 MPa, the porosity went up by
21.20 percent. When the compacting pressure was 700 MPa,
the porosity went up by 24.05%.

35
./l
30 ./ .
§ ./ /'/
=~ 25 /'
‘@ ®
g 20 —=m=500 Mpa
a
15 =0=700 Mpa
10 T T T
0 3 6 9

Si wt.% Concentration

Figure 8. The porosity as a function of silicon concentration
at 500 and 700 MPa compacting pressures

As shown in Figure 9, the density after sintering changes
with silicon content at compacting pressures of 500 and 700
MPa. After sintering, the density is greater than the density at
all compacting pressure levels. This increase is most likely the
result of the initial pros contracting during the sintering
process. The increase in density was around 7.33 percent at a
compacting pressure of 500 MPa and 7.55 percent at a pressure
of 700 MPa. With increased sintering time, the initial pores
decrease in size.

5.8
— 5.6 o
s 5.4 \'-——.
w > .\.\ \'
>
-:,;; 5.2 .\.
c
g —@=-500 Mpa =e=700 Mpa

5
4.8 T T T

0 3 6 9
Si wt.% Concentration

Figure 9. The density after sintered as a function of silicon
concentration for 500 and 700 MPa compacting pressures

As can be seen in Figure 10, sintering for six hours at 850°C
results in a significant drop in density for all of the
compositions tested. After sintering, a decrease in density is
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strongly associated with an increase in porosity. It is because
silicon atom diffusion in titanium is several times more than
nickel atom diffusion in titanium that this rise occurs.
Furthermore, compared to silicon or nickel, titanium has a
greater silicon-to-nickel or titanium-to-silicon atom diffusion
ratio. Since silicon and nickel initially diffuse into an alloy,
titanium particles are essential as building blocks. Pore size
increases as a result of this process. Using this method, smaller
pores can be made where the titanium particles meet the
silicon/nickel. As the sintering temperature goes up, the
diffusion gets faster, and the pores get bigger on average.

As can be seen in Figure 10, sintering for six hours at 850°C
results in a significant drop in density for all of the
compositions tested. After sintering, a decrease in density is
strongly associated with an increase in porosity. It is because
silicon atom diffusion in titanium is several times more than
nickel atom diffusion in titanium that this rise occurs.
Furthermore, compared to silicon or nickel, titanium has a
greater silicon-to-nickel or titanium-to-silicon atom diffusion
ratio. Since silicon and nickel initially diffuse into an alloy,
titanium particles are essential as building blocks. Pore size
increases as a result of this process. Using this method, smaller
pores can be made where the titanium particles meet the
silicon/nickel. As the sintering temperature goes up, the
diffusion gets faster, and the pores get bigger on average.

30

X
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Figure 10. The Porosity after sintering as a function of
silicon content at 500 and 700 MPa compaction pressures

5. CONCLUSION

The conclusions obtained from the experimental procedures
were:

*Preparing SMA Ni-Ti-Si by using the powder technology
(PT) method with different percentages of 0, 3, 6, and 9 wt.%
of Si. Powder compacting requires a pressure force of 700
MPa. This is found by using pressure forces of 500 MPa and
700 MPa to compact samples.

*Scanning Electron Microscopy (SEM) images revealed a
homogenous distribution of Si in the Ni-Ti matrix. The results
of the shape memory effect (SEM) showed that the best value
of the shape memory effect was 97.5% for 500 MPa, and 97 %
for 700 MPa at the highest percentage of 9 wt. % Si.

*VMH values decreased with increasing the percentage of
Si, Si reduces the SFE in these alloys enhancing the nucleation
of stress-induced martensite and consequently the amount of
shape recovery.

Increasing silicon content decreases hardness whereas
increasing silicon content increases compression force; also,



700 MPa of compacting pressure produces a greater
compression force than 500 MPa.

*The density increased with increasing the amount of Si,
while the porosity decreased with increasing the amount of Si.
Also, the volumetric percentage of porosity decreases as the
compacting stress increases.

*The shape memory effect test reveals that all silicon
content levels of 3, 6, and 9 wt. % have an excellent
martensitic structure, which is later changed into a good
austenite phase.

For further studies in the same line of the paper, it is
recommended to look into the temperature effect on the
existence of Nitinol in the martensite phase (B19), the
austenite phase (B2), and the R-phase. Also, Smart alloys are
the powder method and involve several techniques. Other
techniques are recommended to be investigated.
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