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Abstract:

Due to the industrial and technological applications of copper-based shape
memory alloys consist of Cu-25 wt% Zn-4 wt% Al exhibit an interesting
research topic, also having many important characterises and advantages,
including low cost compared to nickel-titanium alloy, easily of manufacture and
the ability to recover its original shape. In this work, study the influence of
different amounts of nickel (Ni), boron (B), and boron oxide (B¢O) additions to
the alloy on its mechanical and chemical behaviore . This present study is divide
in two parts. In the first part, the microstructure, phase characteristics,
transformation temperatures, shape memory effect, and electrochemical
properties of Cu —Zn — Al SMAs with Ni and B alloying additions has been
investigated. Cu-25Zn—-4Al SMAs were produced by powder metallurgy
technique with and without the additions of 0.5, 0.7, and 1 wt.% of Ni or B.
After mixing the powders for 4hr, the alloys were prepared using 675MPa
compact pressure. The alloys were subjected to sintering process in tube furnace
under “controlled atmosphere of argon with three steps. The first step at 350°C
for 2hr; the second step at 550°C for 2hr; the third step at 900°C for 4hr. After
that, many tests were carried out such as, X-ray diffraction, , DSC, SME,

corrosion test For alloy before and after addition the elements (Ni) and (B).

The XRD and the microstructure analysis showed that all alloys compositions
consisted of the predominating of two phases which phase CuZn(a) represent
martensite and [ phase (Cu5Zn8) represent the austenite. The results of
transformation temperatures DSC test showed that the transformation
temperatures (Af,As) for unmodified Cu — Zn — Al alloy is (0228.32 °C,
0326.93 °C),while the highest transformation temperature for modified Cu — Zn
— Al-1% Ni alloy and modified Cu — Zn — Al-1% B are (274.64 °C, 335.38 °C)
and (273.88 °C, 343.68 °C) respectively. The results of shape memory effect
showed that modified Cu — Zn — Al-1% Ni and Cu — Zn — Al-1% B alloy



composition was higher than the unmodified Cu — Zn — Al SMA , where the
results of SME were 29.1% at 1% wt.(Ni) and 23.65% at 1% wt.(B).

The corrosion test was carried out for the prepared alloys before and after
addition with potentiodynamic polarization technique , and the results showed
that the corrosion resistance improved by 36% at 1 wt% Ni and 25% at 1 wt%
B. The corrosion rate was (0. 033 mpy) and (0.039 mpy), respectively, knowing
that the corrosion rate of the base alloy is (0.052 mpy) . The energy dispersal X-
ray spectroscopic examination of the sintered shape-memory alloy before and
after addition of Ni and B was conducted to the surface of the samples after the
corrosion process, in order to obtain the chemical composition of the protective
layer covering the surface, the most important of which are (Al,O3), (Cu,0) and
(NiO).

Cu — Zn — Al SMA The second part studies influence of different amounts (1,3,
and 5 wt. %) of boron oxide (BsO) on the mechanical properties of the samples
prepared modified Cu — Zn — Al — Ni or Cu — Zn — Al — B alloy . The results
showed that the best value of the fine hardness (Hv.) are 176.6 and 165.8 for
samples with the chemical composition of Cu-25Zn-4Al-1Ni- 3%B¢O and
Cu-25Zn-4Al-1B- 3%B¢O alloy respectively. Wet sliding wear process also
investigated for the samples prepared for 1, 3, and 5 wt.% BsO for modified
Cu —2Zn — Al -1Ni or Cu - Zn — Al 1B alloy compositions in tap water at 2, 5,
and 10 N normal load at room temperature, and the results showed that 3%
boron oxide B¢O gives the best wear resistance of the alloys prepared during

this study.
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Chapter One Introduction
Chapter One

Introduction

1.1 General Review

Shape memory materials (SMM) are those category of materials which
have the memorize or retain their previous form when they are subjected to
certain stimulus in terms of thermal, mechanical, electrical, chemical, light
and magnetic variations. Out of these materials SMAs have widely used
due to its relatively higher values of specific strength, corrosion resistance,
wear resistance, fatigue properties and good actuation response [1].

The first reported steps towards the discovery of the shape memory effect
SME) were taken in the 1930s, when a shape memory behavior was
studied in 1932 by " Olander in his study of “rubber like effect” in samples
of gold-cadmium is ok 1938 by Greninger and Mooradian in his study of
brass alloys (copper-zinc). Many years later in 1951 Chang and Read first
reported the term “shape recovery”. Copper, zinc, aluminium alloys are
formed between 60% to 80% copper, 15% to 30% consists of zinc, 3% to
10% of aluminium in various proportions [2] . The prepared shape memory
alloys based on copper, zinc and aluminum provides a scope for dense,
compact articles having good mechanical properties and other properties
associated with the shape-memory effect [3]. In such processes the
prepared powder is encapsulated, cold compacted, hot pressed and extruded.
However, these ‘methods are not adapted to all practical requirements and
the finished articles often leave something to be desired in their mechanical
properties. The necessary characteristics of these alloys is to ensure the
long-time operation of a shape memory alloy. Cu-Zn-Al alloy has been
considered for many applications as a consequence of low density, high
thermal conductivity, high specific modulus, good creep and fatigue

resistance [3] .
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1.2. Types of Shape Memory Alloys (SMAS)

SMA can be categorized based on a wide-ranging variety of

classifications:

Mode of actuation

(thermal,

magnetic) operating

temperature and primary alloying elements. Table (1-1) also shows some of
the important SMAs [4].
Table (1-1) The properties of different types of SMAs [ 5,6].

Characteristics Ni-Ti Cu-Al-Ni | Cu-Zn-Al
Yield strength(MPa) 580 400 80-200
Ultimate tensile strength (MPa) 830 800 500 -600
Ductility (%) 54 7-5 15
Specific heat(J/K-m3) 2.980x10° | 3.52x10° | 3.06 x 10°
Thermal conductivity (J/K.M.S) 10 75 120
Electrical Conductivity (1/Q.m) 2 x 10° 9 x10° 14.2 x10°
One-way effect(%) 8 7 4.5
Two-way effect(%) 5 1.6 1
Melting point (°C) 1250 1050 1020
Corrosion Resistance Excellent Good Fair
Biological Compatibility Excellent Bad Bad
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1.3. Applications of Shape Memory Alloys

Over the past the development in material science was determined by
the discovery of new material properties. Today shape memory alloys
(SMAs) are already commercially applied in several technical fields such
as automotive, aerospace, medicine and they can be very successfully used
as actuators or connectors in electronic devices[7] . SMAs are gaining
special attention particularly in the aerospace and biomedical applications.
A recent well-known project in the aerospace applications of the shape
memory alloys involves bending in the variable-geometry chevron (VGC)
[8]. The alloys have also been exploited in the mechanical and
electromechanical control systems, for example a precise mechanical
response to the small and repeated temperature changes. Shape memory
alloys are also used in a wide range of the medical and dental applications

(healing broken bones, misaligned teeth)[9].

1.3.1. Fluid connectors and Safety valves

Cu-Zn-Al shape memory alloy used for the application of fluid line
connectors are essential to liquid cooling loops . CuzZnAl alloy consider
selection, installation, and maintenance of a system’s fluid connections to
prevent leaks and ensure system longevity. Fluid connectors can be
considered either fittings or couplings, which are common hardware
components in a liquid cooling system. Both connect cooling loop
components such as valves, pumps, liquid cold plates, heat exchangers,
hoses, etc. A coupling enables quick connection and disconnection a line
without fluid loss or introducing air into a system[10]. A coupling is a
better fluid connector for systems that require fast assembly or routine
maintenance , while a safety valve is a valve that acts as a fail-safe. An
example of safety valve is a pressure relief valve (PRV), which
automatically releases a substance from a boiler, pressure vessel, or other

system, when the pressure or temperature exceeds preset limits. Pilot-
3



Chapter One Introduction

operated relief valves are a specialized type of pressure safety valve, a leak
tight, lower cost [10]. Figure (1-1) shows applications SMAs in the fluid

connectors and safety valves .

Figure (1-1) Applications of SMAs in the fluid connectors and safety
valves[10, 11]

1.3.2. Aerospace applications of SMAs

SMAs are being explored as vibration dampers for launch vehicles and
commercial jet engines. The large amount of hysteresis observed during the
superelastic effect allow SMAs to dissipate energy and dampen vibrations
Designers and other Engineers in various fields ,they have worked on the
ways to develop the convert thermal energy into mechanical work via the
crystallographic phase variant of SMAs[10]. Designers have utilized both
the pseudo elastic effects and shape memory effect of shape memory alloys
in finding solutions to the engineering problems of the aerospace industry
[10]. SMA beams force chevrons to change shape and move in to aspecific
direction in which the noise of the engine will be reduced. At higher
altitudes where the temperature decreases, SMA beams become colder and

force the chevrons to return to their original shape to increase the fuel
4
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efficiency. There is also strong interest in using SMAs for a variety of
actuator applications in commercial jet engines, which would significantly
reduce their weight and boost efficiency [11]. Figure (1-2) showns
application of SMAs in the configuration of the Boeing VGC variable-

geometry chevron

IShape memory alloy Notched bolt

(actuator)

Separation plane
~

__Broken bolt
in tension

IHeater and insulation —/

Actuator elongated —J

Figure (1-2) :Configuration of the use of shape memory alloys (SMAS) in

aerospace engineering[11]

1.3.3. Cellulars phone Industry

The major applications for these alloys are in the field of cellular phone
antennas .The cellular phone is now ubiquitous being in view in almost
every public arena. The cellular phone area, formerly of stainless steel, is
now universally manufactured from superelastic NiTi alloy due to the
great resistance to permanent set on bending and accidental damage.
Significant cold work is often used to enhance the low temperature
superelasticity. Ni-rich chemistry or ternary addition is also used to achieve
this desired property [13] . Figure (1.3) represent application , of SMASs in

the cellulars phone .
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Figure (1.3): Superelastic antenna for a cellular phone [14].

1.4. Objectives of The Present Study

The aim of this study is to investigate Cu-25Zn-4Al shape memory
alloys prepared by powder metallurgy route. Several parameters have been
taken in to consideration such as:

1. To systematically investigate the effect of the Ni and B addition on the
microstructures shape memory properties and corrosion behaviour of
unmodified Cu- Zn- Al shape memory alloy .

2. To systematically investigate the effect of the BgO addition on the
mechanical and wear resistance of Ni and B modified Cu- Zn- Al shape
memory alloy .

3. Study the effect of addition alloying elements on the transformation

temperature of martensite .
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Theoretical Part & Literature Review

2.1. Introduction

This chapter deals with metals and alloys selected in fabrication of the
shape memory alloys (SMAs) , namely with copper zinc aluminum (CuZnAl)
alloy and thermal equilibrium phase diagram of the alloy . In addition, there is a
clear overview on the characteristics of shape memory alloys,
thermomechanical behavior, wet wear resistance and corrosion of shape
memory alloys. Powder metallurgy and its basic steps will be presented.
Furthermore, theoretical considerations of powder metallurgy technique for
copper base alloys taking into consideration types of compaction and sintering
processes have been presented also the type of corrosion occurs in metallic

materials .

2.2. Shape Memory Alloys (SMAS)

A wide variety of SMAs have been investigated over the last seven
decades. New composition have been fabricated by adding different
alloying elements to existing alloys, providing a catalog of SMAs with a
variety of properties [15] . Such a wide selection give designers a great
flexibility in tailoring SMA properties to match the constraints of a given
commercial applications [16]. Shape memory alloys can be classified
based on a wide variety of categories including primary alloying
elements, mode of actuation (magnetic, thermal) operating temperature,
and desired behavior. In the following section will briefly discuss the
types of shape memory alloys , and we will focuse on CuzZnAl, the alloy

of this work.
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2.2.1 Ti-Ni Shape Memory Alloy

In the early 1960s, Buehler and co-workers first explored the shape
memory effect an (SME) in equiatomic NiTi alloy [17]. This alloy |,
commonly referred as "Nitinol", has been investigated extensively [17].
Nitinol is an alloy of nickel and titanium in approximately 50:50 ratios
[18]. It is superelastic and can tolerate large strains without being
irreversibly deformed[19]. The major physical properties of the basic
binary NiTi system and some of the mechanical properties of the alloy in
the annealed condition are listed in Table (2.1) [20].

Table (2.1): Properties of Binary Ni - Ti Shape Memory Alloys [21]

Properties Value of properties | Austenite | Martensite
Melting Temperature deg.°C [1300 | e | e
Density g/cu.em | 645 | e | e
Resistivity micro-ohms*cm | - ~ 100 ~70
Thermal conductivity W/cm*deg.°C | = - 18 8.5
Corrosion Resistance Similarto @ | - | e
300series Steel or
titanium alloy
Shape memory strain 8.5% maximum |  eeeeme= | e
Young Modulus GPa | @ - 83 28 -41
Yield Strength MPa | = - 195-690 70-140
Ultimate Tensile Strength Mpa 895 | e | e
Transformation Temperatures °C -200 to 110 @ | e | e

Ti - rich NiTi and Ni-rich NiTi differs from equiatomic NiTi the

additional Ti increases the transformation temperatures of alloy . While ,
increasing Ni content decreases the transformation temperatures of alloy .
These alloys exhibit pseudoelasticity over a wide range due to the effect

of precipitation, which increase the hardness of the matrix [21].

2.2.2. Iron-base Shape Memory Alloy
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Iron based shape memory alloys have been largely investigated
during the last years. They are known to exhibit less SME than many
other alloys types. Fe Mn Si alloy is a example of iron based SMAs that
widely studied [23]. It was recently found that the SME in Fe Mn Si
based alloys can be greatly improved by addition of small amounts of Nb
and C [24].

2.3 Copper Based Shape Memory Alloys

Copper-based shape memory alloys have some advantages, such as
low cost and simple fabrication procedure, compared to Ti-Ni alloys. The
ternary Cu-Zn-Al and Cu-Al-Ni alloys have been extensively studied and
they are also now commercially available [25].There are other
commercial alloys include Cu-Al-Mn and Cu-Al-Be alloys. However, the
applications of these alloys have been much limited mainly for two
reasons: the first reason , the poor ductility and workability of the
polycrystalline alloys resulting from the coarse grains [25] .

Cu-Al-Ni alloys have a good thermal stability and higher
operating temperatures than the Cu-Zn-Al alloys, they may become one
candidate for practical high-temperature shape-memory alloys[26].
Indeed, the workability of the Cu-Al-Ni alloys can be significantly
improved by adding small amounts of alloying elements to the alloys
[25].

It is well known that many copper alloys such as CuAl, Cu-Zn-Al,
Cu-Al-Ni and Cu-Al-Mn exhibit shape memory properties [27]. Cu-based
SMAs have attracted much attention due to their good shape memory
capacity, narrow temperature region of transformation, ease of fabrication
and low production cost [27]. For the alloys of the ternary Cu-Zn-Al
system, the shape memory effect is only observed within a certain range

of composition which generally contains 16 to 30% of Zn and 4 to 8% of

9
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Al . Depending on alloy composition and temperature, three equilibrium
phases (o, B and y) may occur[28]. However, B phase is the only phase
that exhibits the shape memory effect of practical importance. The
phase in the Cu-Zn-Al alloys is disordered at high temperatures and has a
Bcc lattice[26,27]. During the cooling process and depending on the alloy
composition the parent f-phase can order in two different superlattice
structures B2 and B3 [28]. By stress-induced or thermally, the B2 or 3

austenite phases transform into the 2 ' or B3 ' martensitic phases[28].

Cu-Zn-Al alloys are usually quenched to retain the  phase for
further transformation to martensite .Figure (2.1) Effect of alloying

elements on Cu—Zn—Al characterization [28].

0 20 40 60 80 100
Cu w%(Zn) Zn

Figure: (2.1) Effect of alloying elements on Cu—Zn-Al
characterization[28].

Cu-Zn—Al alloys are the most studied Cu-based alloys and have
been explored for use in applications such as fasteners, springs, couplings

and thermal actuators where the use of other alloys would be technically

10
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and economically ineffective [26,27]. Cu—Zn-Al alloys have relatively
higher strain recovery compared to other Cu-based alloys. However,
similar to other Cu-based alloy grades [28]. Grain refinement has been
proffered as a technique for the improvement of mechanical and shape
memory properties of Cu-based SMAs . The use of micro-alloying
elements such as B, Ti, V, Ce, Fe, Co, Be and Zr have been the most
reported of these approaches; and many of the investigations show that
their presence has influence on the microstructure, transformation and
shape memory properties of Cu-based SMAs [31]. B and Fe are the least
expensive of these micro-alloying elements and have been reported to be
very efficient grain modifiers [31]. However there have been divergent
opinions on the optimum concentrations of these micro-alloying elements
and the mechanisms for effecting grain modification in Cu-based SMAs
in general and Cu-Zn-Al SMAs in particular. For instance, Wang et al.
[31] reported that 0.01% B was the optimum concentration required to
achieve grain refinement in Cu—Zn-Al alloy [32] stated that B
concentration within the range of 0.05-0.08% was sufficient for effective
grain refinement. Fe concentration for effective grain modification and
enhanced mechanical properties has also been subject of research discuss
recently [33].

2. 4 Shape Memory Property and Superelasticity

The phenomenon of shape memory property was observed in 1920
by Johnson from observations of a copper and zinc alloys. In 1938
Greninger and Mooradian published a comprehensive article of the
properties of SMAs [34]. The first attempt to explain the shape memory
effect on NiTi is attributed to Zijdervled and associates, who established
in 1966 that the unique properties were due to a crystalline transition

induced by temperature change or application of stress [35].

11
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Several alloys have been discovered that exhibit the shape memory
effect, as listed in Table (2.2). The majority of these alloys can be
generalized into three major categories: Ni-Ti-based, Cu-based, and those
containing precious metals. Only the Cu-Zn-Al, Cu-Al-Ni, and Ni-Ti

alloys are presently of commercial importance[36].

Table (2.2) :Alloys exhibiting the shape memory effect [36].

Alloy Austenite Structure
Au-Cd B2
Cu-Zn B2
In-Ti FCC
Ni-Ti B2
Cu-Zn-Al B2, DO3
Ti-Nb BCC (disordered)
Au-Cu-Zn No data
Cu-Zn-Sn B2
Cu-Zn-Si B2
Cu-Al-Ni DO3
Ag-Cd No data
Cu-Sn B2
Cu-Zn-Ga B2
Ni-Al B2
Fe-Pt LI,
U-Nb BCC (disordered)
Ti-Pd-Ni B2
Fe-Mn-Si FCC (disordered

SMA presents two well - defined crystallographic phases, austenite
and martensite. Martensite is a phase that, in the absence of stress, is
stable only at low temperatures. The austenite phase is the parent state of
the metal alloy. The two crystal lattices stable under certain

thermodynamic conditions for a given alloy, characterize the two ultimate

12
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products of the martensitic reaction, so that after its completion, the
whole volume of material is represented only by one or another phase. In
the low temperature (martensite) phase, the alloy can be easily bent and
shaped, as the metal is reheated (austenite), its original shape and

stiffness are restored [37].

2.5 Characteristics of Shape Memory Alloys

2.5.1 Shape Memory Effect(SME)

Shape Memory Effect (SME) is the ability to remember a
predetermined shape even after several deformation. The shape changes
with temperature variation are mainly attributed to martensite phase
trasformation. Shape memory effect is a phenomenon such that even
though a specimen is deformed below austenite start temperature As, it
regains its original shape by virtue of the reverse trasformation upon
heating to a temperature above austenite finish temperature (Af) [36] . In
particular, Ni—Ti alloys exhibits the SME when specimens are deformed
below martensite finish temperature (Mf) or at temperature between (Mf)
and (As), above which the martensite becomes unstable. Depending upon
the temperature range, the SME phenomenon are slightly different, as

schematically shown in Figure. 2.2 supposed, to simplify the model [37].

13
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Figure. 2.2: parent phase, b-self-accomodeted in martensite, c-
deformation in martensite(twenning and detweening), d-upon heating to a

temperature above Af (reverse trasformation) [37].

Consider a single crystal in parent phase (T < Mf)(a). Supposed to
cool the single crystal to a temperature below Mf (b). Then, martensite
are formed in a self-accommodation manner(c). Thus, if an external stress
is applied, and if the stress is high enough, it will become a single variant
of martensite under stress. Such a high mobility of the twin boundary, in
which a single variant of martensite change into the twin orientation by
shear. When the speciemen is heated to a temperature above Af, reverse
trasformation occurs [38]. Figure (2.3) that shown shape memory effect

microscopically

14
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Twinned
martensite

Heating

Austenite X

Deformed
martensite

Figure (2.3): Shape memory effect shown microscopically[39].

Austenite is cooled to form twinned Martensite without
undergoing a shape change, when is deformed by moving twin
boundaries. Heating either state will return the originally austenitic
structure and shape [39].

The reverse transformation induced by heating recovers the inelastic
strain; since martensite variants have been reoriented by stress, the
reversion to austenite produces a large transformation strain having the
same amplitude but the opposite direction with the inelastic strain and the
SMA returns to its original shape of the austenitic phase (d) [39] .

This is the mechanism of SME. In particular, the above described
phenomenon is called One-Way Shape Memory Effect (OWSME). One
Way Shape Memory Effect is an intrinsic property of SMASs[39], the
macroscopically behavior is schematically of OWSME is explained in
Figure(2.4) [39].
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(c) ) )

(d) ) )

Figure (2.4): Macroscopically mechanism of one way shape
memory effect: (a) Martensite, (b) Loaded and Deformed in martensite
phase T< Mf, (c) Heated above T G As (austenite),(d) Cooling to
martensite T< M [39].

2.5.1.1 Two Way Shape Memory Effect (TWSME)

The mechanism of SME describe above, only the shape of the
austenitic phase is remembered. However, it is possible to remember the
shape of the martensitic phase under certain condition. This behavior is a
common property of SMA, it is called Two Way Shape Memory Effect
(TWSME), in contrast to One Way Shape Memory Effect (OWSME)
[40,41].

TWSME is not intrinsic property as the (OWSME) to SMA, but it
can be exhibited after specific thermomechanical treatments .TWSME
refers to the reversible and spontaneous shape change of materials with
thermal cycling, in other words, this property permetted to SMA a

spontaneous shape change on both heating and cooling[46] .
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Once that the material has learned the behavior, it is possible to
modify the shape of the material, in a reversible way between two
different ones and without applied stress or load, only by changing of
temperature across Af and Mf. The first report of Two—-Way shape
memory effect is done by Delay ,then by Wang and Buehler for a Ti-Ni
alloy; a schematic representation of the macroscopic observed behavior
of TWSME is shown in Figure (2.5) [46] .

Fig. 2.5: Macroscopically Mechanism of Two Way Shape Memory
Effect: (a) Martensite state, (b) Several deformation with an irreversible
amount, (c) Heated, (d) Cooled [42] .

At microscopic level, the reason for which a specimen remembers
the shape is explanetion as follows. Upon heavy deformation in
martensitic phase, dislocations are introduced so as to stabilezed the
configuration of martensitic phase. These dislocation exist even in the
parent phase after reverse martensite upon heating [42] .

In particular, there are three key microstructural forms for SMA
The first is austenite, the second is martensite. The third is a stress—biased

martensite, is created either by stressing martensite below Mf, or by
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stressing austenite near but above Af. This key microstructure is preferred
in which becomes learned by the alloy during training process. Therefore,
this structure promotes the TWSME[42].

At low temperature, a SMA can be seemingly "plastically"
deformed, but this "plastic” strain can be recovered by increasing the
temperature. This is called the shape memory effect (SME), Fig. 2.6 (a).
At a high temperature , a large deformation can be recovered simply by
releasing the applied force, and this behaviour is called Superelasticity,
Figure (2.6 b) [43].

Stress Stress
\O
L2
S
\0°
A0
Shape memory effect strain Superelasticity effect "]

Figure: (2.6) Shape memory behaviour. (a) Shape memory effect;
(b) superelasticit[43]

The shape memory effect in metals is a very interesting
phenomenon. Just imagine taking a piece of metal and deform it
completely and then restore it to its original shape with the application of
heat. Taking a shape memory alloy spring and hanging a weight on one
end of the spring can easily illustrate this[43]. After the spring has been
stretched, heat the spring with a hot air gun and watch it return to its
original length with the weight still attached. These materials undergo a
thermomechanical change as they pass from one phase to another . In
addition to the family of nickel-titanium alloys , there are other alloys

that exhibit the shape memory effect. These alloys are silver—cadmium,
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gold— cadmium, copper—aluminum-nickel, copper—tin, copper-zinc,
combinations of copper-zinc with silicon or tin or aluminum, indium—
thallium, nickel-aluminum, iron—platinum, manganese—copper, and iron—

manganese-silicon[44].

When a SMA is in austenite phase, it exhibits a highly elastic
behavior. This allows the alloy to deform up to 7% and then fully recover
the resulting strain by simply removing the load. This behavior is known
as the pseudoelastic effect or pseudoelasticity; though pseudoelasticity is
an important characteristics of SMAs, typical applications of these
materials require use of the shape memory effect, which is a result of
temperature induced transformation .The value of this transformation
temperature depends on the composition of the alloy [45] .

The basis for the shape memory effect is that the materials can
easily transform to martensite phase. Shape memory effect is associated
with the crystallographically reversible nature of the martensitic
transformation which appears in shape memory alloys. The shape
memory and super elasticity effects are characteristic of thermo elastic

transformation [46].

2.5.2 Phase Transformation

Phase transformation in crystallike materials can be classified into
two groups; one is diffusional transformation and the other, diffusionless
or displacive transformation[46]. In the case of diffusional
transformation, atoms leave one crystal structure to form another
structure by diffusion[47]. For this reason, a high temperature is generally
necessary to ensure that the mobility of atoms is high, otherwise the
transformation is too sluggish[46]. Meanwhile, it is possible for the atoms

to alter the crystal structure without leaving the original crystal by their
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coordinated displacive movements. This does not require long range
diffusion of atoms and takes place in a relatively short time. Martensitic
transformation belongs to this second category of diffusionless
transformation and is characterized by well-coordinated shear dominant

atomic displacement, as shown in Figure (2.7) [46].

. O O

Cooling

=/

Heating

O O O 0

Austenite Martensite

Figure : (2.7) Schematic illustration of change in unit cell shape on
martensitic transformation [46] .

The characteristic properties of shape memory alloys are all due to
the phase transformations in the alloy from martensite to austensite due to
the change in the temperature. When the alloy is heated to higher
temperatures, martensite transforms to austensite The starting temperature
of austenite formation is As and finish temperature is Af. Similarly the
starting and finishing martensite temperatures are Ms and Mf
respectively. The transformations are characterized by these four
temperatures (Figure 2.8) which are composition dependent. The different
between the heating transition and the cooling transition gives rise to the
hysteresis effect where some of the mechanical energy is lost in the

process [47] .
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Figure 2.8 Martensite-Austenite transformation temperature[47]

2.5.3 Super Elasticity (Pseudo Elasticity)

The superelasticity (SE) pseudoelastic material may return to its
previous shape (hence, shape memory) after the removal of even
relatively high applied strains [48].A superelastic alloy deforms reversibly
to very high strains (up to 10%) by the creation of a stress-induced phase.
When the load is removed, the new phase becomes unstable and the
material recovers its original shape [47]. Unlike shape-memory alloys, no
change in temperature is needed for the alloy to recover its initial shape.
Is characterized by the closed loop hysteresis in the stress-strain diagram
and is explained by the mechanism of stress-induced martensitic
transformation SE, which occurs at a temperature above Af, which is
caused by a stress-induced martensitic transformation upon loading and
by the subsequent reverse transformation upon unloading[47]. It is
observed that due to the associated strain energy which they are used as
damping material and energy storage devices. The crystalline structure of
martensite has two forms, twinned and detwinned, which give the SMA

its pseudoelastic property [48] .

2. 5. 4 Martensitic Transformations:
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The martensitic transformation is one of the maximum pervasive
phase modifications found to arise in some of material systems inclusive
of metallic, polymeric and ceramic structures[49]. This transformation is
a diffusionless solid to solid shear transformation from a better
temperature phase which ends within side the formation of martensite[49].
Martensitic  modifications may be thermoelastic (nucleation
independent)or non-thermoelastic (nucleation dependent modifications
in ferrous alloys)[47]. Diffusion transformation provide an explanation
for wherein a information phases can simplest be created through shifting
atoms at random over lengthy range .Long rang diffusions is perfect due
to the fact the information phases is in various chemical synthesis as
compared to the matrix from which it's miles created. Since then atomics
migrations is desired , the proceed of this form of variations is depend on
each instances and temperatures. In disparity , diffusionless
transformation the atoms are cooperatively rearranged into a new greater
stables crystals systems however with out changing the chemical
substances natures of the matrix ,and the atomics migrations is now no
longer needing[48]. Diffusionless transformation usually continue in a
time—in dependents models due to the fact its rely simplest on
temperature so the known as thermals transformation[48] .Martenesitic
transformation is shaped upon cooling from a highs temperatures phases
named the parents phases or austenitic phases to the rooms temperatures
segment that is the martensites segment. The expressions "Martensite”
and "austenite " are initially supposed to refers simplest metal phases
however the greater generalized definition relating to the type of
transformation product and now no longer the particular material. In
bodily metallurgy, the time period martensite is used to explain any
diffusionless transformation product. [48]. Martensitics transformation

are firsts orders transformation which imply that heats release while
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martensites is created .The transformation from determine section to
martensites may be looked after in parts, the lattices invariants shear and
Bain strains. The Bain strains or lattices deformations encompass all of
the atomics actions essential to create the information systems from the
antique structure [48]. As the interface progresses one atomics layers,
each atoms had to actions in little quantities as proven in Figure (2.9) .
The ends effects of a majority of these small organized motions are the
information martensites systems .The motions essential to create the
information systems are named as Bain strains[49].Martensitic

transformation may be defined in Figure(2.9) [49].

atom

space
between

(A)Austenite (B) Martensite interface is

shown

C)Martensite D)Martensite

Figure(2.9): The Transformation from Austenite to Martensite .A.
Austenitic Phase ,B. and C. Interface Advance and D. Completely
Martensitic Phase[49].

2. 5. 5. Martensite Structure and Morphology

The formation of martensite as shown in micrographs to be a
random operation and that is shown clearly in Figure (2.10) . It has been
shown that the martensitic phase is more often looks like lens and
extending for the whole grain diameter [50].
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\ N

A B

Figure(2. 10): (A), (B) Growth of martensite with increasing cooling
below Ms [51].

2.6 Thermomechanical Behavior

The mechanical properties of shape memory alloys vary greatly within
the temperature range where the transformation occurs [52]. As you can
see in Figure (2.11), this Figure shows a simple stress-strain curve for
Nitinol alloys tested under loads below and above the transformation
temperature range [53]. Martensite is prone to different degrees of
deformation under lower stress, while the yield strength and vyield
strength of austenite (high temperature phase) are much higher. After the
stress is relieved, the sample "remembers" its undeformed shape and
returns to its original shape when the material becomes austenite. This
shape recovery is not observed in the austenite phase under stress and
heating, because no phase transformation has occurred. The stress-strain
behavior is shown in Figure (2.11c), where the material is tested at a
temperature just above the transition temperature. At this temperature,
martensite can be induced by stress. It then deforms immediately and
shows an increasing deformation under constant stress, as shown by AB.
However, after the discharge, the material returns to austenite under

lower stress, as shown by the line CD, the shape recovery is not due to
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heating, but due to reduced stress. This effect makes the material

extremely elastic. It is called pseudo-elasticity [54].

—

Ty Austenite Ty =T AaM >T,

Ty Pseudoelastic

T, Martensite

e —————— ———— ————

Figure (2.11) Typical stress-strain curves at different temperatures
relative to the transformation, showing (a) Austenite. (b) Martensite. (c)

Pseudoelastic behavior[55].

2.7.Commercial Shape Memory Alloys

Commercial copper-based alloys with shape memory function include
ternary alloys Cu-Zn-Al and Cu-Al-Ni or their manganese-containing
quadruple variants [56]. Elements such as boron, cerium, cobalt, iron,
titanium, vanadium, etc. and zirconium is also added for abrasive
particles. The melting of copper-based shape memory alloys is similar to
that of aluminum bronze [43]. Most alloys on the market are induction
cast. In order to avoid zinc evaporation and aluminum oxidation, it is
necessary to use protective flux on the melt, and use nitrogen or inert gas
for protection during the casting process [43]. Powder metallurgy and
rapid crystallization are also used to produce fine-grained alloys without

additives [43].Conventional substances have tended to have their homes
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dictated with the aid of using the product design and on this recognize the
layout can be idea of because the belongings driver. This is a greater
reactive method that concentrates on marketplace wishes and highlights
the want for application relevant research. The simplest alloy structures
which have completed a degree of industrial exploitation are the NiTi
alloys and the copper-base alloys[43]. Properties of the 2 structures are
quite different .The NiTi alloys have extra form memory strain as much
as 8% as opposed to 4 to 5% for the copper-base alloys have a tendency
to be a great deal greater thermally strong and feature tremendous
corrosion resistance as compared to the copper-base alloys. Medium the
corrosion resistance and susceptibility to stress-corrosion cracking, and
feature a great deal better ductility. On the other hand, the copper-base
alloys are a great deal much less expensive, and may be melted and
extruded and feature a much broader variety of capacity transformation

temperatures[54].

Cu-Zn-Al Alloys, while quenched rapidly and directly into the
martensitic phase, are susceptible to the martensite stabilization
impact[57].This effect reasons the opposite transformation to shift
towards better temperatures. Therefor delays and might absolutely inhibit
the form recovery. For alloys with Ms temperatures above the ambient,
slow cooling or step quenching with intermediate aging withinside the
parent Beta-phase state ought to be adopted [57].The Ni-Ti and Cu-Zn-Al
alloys all found technical applications. Nitinol is extensively used for the
manufacture of surgical devices and implants due to its
biocompatibility[59]. Cu-Zn-Al alloys are frequently used in a extensive
variety of engineering applications nonmedical applications due to their
wonderful thermal and electric conductivity and their higher ductility[59].

Cu-Al-Ni in addition to iron primarily based totally alloys inclusive of
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Fe-Mn-Si, Fe-Cr-Ni-Si-Co,Fe-Ni-Mn, orFe-Ni-C alloys have additionally

been investigated in regard to their shape-memory properties [59].

2.8. Method of Powder-Metallurgy

Powder metallurgy is the production of metals powder and converting
them to useful shape. It is material processing technique in which
particulate materials are consolidating to semi-finished and finished
product [34]. This technology is producing a parts by mixing |,
compacting and sintering metal powders. The performance of metal
powders during processing and the properties of the products are
dependent upon the characteristics of the metal powders that are used,
including particle shape, particle size, compressibility of powders,
density, particle size distribution, flow rate of powder and purity of
powders[34]. Also, it depends upon compacting pressure , sintering

temperature and soaking time of sintering [34].

2.8.1 Mixing and Blending of Powders

Blending is an operation of intermingling of powders having the
same composition, while mixing is defined as intermingling of powders
having several or more different materials . Mixing is extremely desirable
in the preparation of alloys from elemental powders. Additives such as
binders or lubricate are usually included in both types of processes to
facilitate pressing and achieve the required green strength and controlled
porosity in the final product[61]. Mixing of powders is a more complex
process which relies on the movement of mass of one powder component
into that of another powder component. This movement is dependent
upon powder material , particle size , shape and surface conditions[38].
The main purpose of mixing is to produce a uniform distribution of

powder and to control the powder characteristics. It must produce a
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homogenous mixture in the least possible time[38]. The time of mixing
may vary from a few minutes to 24 hours or more depending upon the

results desired. Mixing may be either dry or wet. Wet mixing is used
to produce a uniform mixture of powder particles[38]. It may be obtained
by the addition of alcohol or acetone as a liquid medium,after completion
of mixing, the liquid medium is removed by drying the mixture in air or

in an a suitable able temperature [61].
2.8.2 Compacting The Powders

The main purpose of the compacting process is the forming of metal
powders into compacts of the desired shape with sufficient strength to
withstand ejection from the dies and subsequent handling up to the
completion of sintering, without breakage or damage [47] . The pressure
used for producing green compact of the component depends upon the
material , the characteristics of the powders used and the product. The

compacting process must be designed so as the pressure will be uniformly

distributed in the affected area [47].
2.8.3 Sintering The Compacts

Sintering is the process of transforming the powder into a solid body
by using heat, the idea of sintering is to join particles together for the
purpose of increasing strength by bonding the particles together. Bonding
the particles together implies the formation of bonds in the areas where
neighboring particles are deformed at their points of contact by applying
pressure[63]. During sintering these areas of metallurgical contact grow
and the strength of the sintered body progressively increases [63].
Sintering processes can be divided into; solid state sintering and liquid
phase sintering. Solid state sintering occurs when the powder compact
condensed wholly in a solid state at the sintering temperature, while
liquid phase sintering occurs when a liquid phase is present in the powder
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compact during sintering. Sintering of solid-state can be divided into four
stages as shown in Figure (2.12) [64].

First stage; at the contact point between particles necks formed which
continues to grow. Second stage; with enough neck growth, the pore
channel becomes more cylindrical in nature, small neck size has a high
curvature gradient leading to fast sintering. Third stage; the pores
between particles are reduced in size; final stage: grain boundaries are

developed between particles in place of necked regions [65].

Point Grain
Necks t Pores g
bonding boundary

‘ ‘ ‘ ‘ Pore
(1) (2) (3) (4)

Figure (2.1 2) : Changes during Sintering of Metallic Powders [65].

The driving force of solid state sintering is the difference in free
energy or chemical potential between the free surface of the particles and
contact points of linked particles. In general, density, mechanical
strength, ductility, electrical and thermal conductivity of the depends

upon sintering process [51].

2.9. Wear Resistance of Shape Memory Alloys

The wear studies on shape memory alloys achieved until these days
have nearly absolutely centered at the form memory alloy NiTi. The work
achieved on cu-primarily based totally form memory alloys is the via way
of means of wang et al. in 1992 [70].In this work , the authors studied the
wear and tear of a Cu-25Zn-4Al alloy. It has been found that the alloy

with martensitic microstructure gives a higher wear resistance than that of
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the B segment [70]. Studies on bulk TiNi suggest that the high put on
resistance of TiNi is attributed to its superelastic behaviour. Unlike
traditional materials, superelastic TiNi undergoes a large elastic recovery
after deformation. Thus when a pressure is applied, the austenite segment
transforms to a premartensitic phase after which to martensitic segment,
observed via way of means of large deformation[69]. As the load is
removed, a reverse transformation happens and the initially induced
deformation recovers[69]. Recent studies has shown that TiNi alloy
reveals higher put on resistance in comparison to different traditional
engineering materials which includes steels, Ni-primarily based totally
and Co-primarily based totally tribo-alloys[69].Shape memory alloy
provides the superelasticity when it's far deformed with the aid of using a
determined pressure, in a temperature range wherein thermoelastic
martensitic is formed. When the pressure is removed, the deformation
disappears and spontaneously returns to the unique phase [68] . From a
mechanical factor of view, wear of metal materials, described as the
removal of material from surface because of cyclic mechanical contact
both from sliding touch in adhesive and abrasive wear or particle
impulsion in erosion wear, originates from plastic deformation. Plastic
deformation and accumulation of plastic deformation because of cyclic
loading will provoke microcrackss withinside the surface and finally wear
particles will form. Therefore the wear and tear resistance of a ductile
material may be evaluated with the aid of using its capacity of plastic
deformation under sliding conditions[69]. Under given touch loading
conditions, if plastic deformation is difficult to be generated in a material,

then this material is expected to possess high wear resistance[70].
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2.10 . Corrosion of Shape Memory Alloy

Shape memory alloys (SMASs) have been introduced to biomedical fields
due to its unique functions of shape memory effect and superelasticity.
NiTi- SMAs are now widely wused for practical biomedical
applications[71] . Amongst the maximum interesting medical alloys
evolved withinside the last few years are the NiTi-alloys with almost
equiatomic nickel and titanium distribution. This offers them with several
advantages. The most important are their form memory effect, their
superelasticity and an awesome biocompatibility where , those alloys are
effectively implemented in orthopaedic surgery[72]. This demonstrates
that the form memory alloys have extra corrosion resistance than
conventional alloys because of wonderful elastic behavior of
polycrystalline structure. Since SMAs discover a wide application
withinside the marine, aerospace applications and it is also used
withinside the medical application like stents[73].The corrosion
resistance of the implant alloy is a totally critical determinant of its
biocompatibility. The nature of the surroundings and the surface remedies
have a marked have an effect on corrosion [74]. n sensible applications,
as the alloys are uncovered to different corrosion media for an extended
length of time. They are at risk of corrosion and pitting. Therefore, the
study of corrosion capability and pitting capability of the alloys are
necessary earlier than they are placed into biomedical and industrial

applications.
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2.11. Literature review

A literature review is conducted to addition knowledge about the
copper zinc aluminum (CuZnAl) shape memoryalloy and previous papers

in the area of the shape memory effect.

In (2002), Pena et al. [69] studied the effect of microstructure on sliding
wear in CuZnAl in their different phases .The weight losses for the
different alloys in function of the present phase ,and the Ms of alloy are
studied . After the characterization of wear surface by means of optical
microscopy, scanning electron microscopy and differential scanning
calorimetric. It is observed that wear behavior of this alloy depends on
the shape memory properties . On the other hand, it is observed that 3
alloys with low Ms have the worst wear behavior . We can observe that
the wear behaviour of this alloy depends on the shape memory properties.
For the B shape memory alloys a lineal relation of weight loss with Ms
transformation temperatures are obtained. For the martensitic phase and
[+ martensitic phase the relation weight loss—MSs is not evident.

In (2005), Sampath [77] prepared Cu-11AI-3.82Ni form reminiscence
alloy through melting it to 1050°C .Different quantities of Zr have been
used as grain refining additions to the melt. The consequences confirmed
that Zr lessen grain length to 70%.Zr will increase the martensite
transformation temperatures to 32°C ,however similarly addition of Zr
lower Ms to underneath room temperature . The addition of Zr decreases
the hardness. The consequences unveil discount withinside the grain
length of 89.18% with the improved tensile strength of 667 + 30 MPa and
ductility of 23.95 + 0.86% and great form recuperation ratio of 100%
with the addition of Zr as much as 0.3 wt%. Increase in transformation

temperatures is observed with the addition of Zr.
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In (2006), Kuo et al. [79] Studied the corrosion conduct of Cu—Al and
Cu-Al-Be (0.55-1.0 wt % B) shape-reminiscence alloys in 0.5 M H2S0O4
solution at room temperature. The consequences of anodic polarization
test display that the anodic dissolution rates of alloys reduced barely with
growing the concentrations of aluminum or beryllium. The addition of a
small quantity of beryllium turned into effective to prevent the
intergranular corrosion. The effect of beryllium addition at the prevention
of intergranular corrosion is possibly attributed to the diffusion of
beryllium atoms into grain boundaries, which in turn deactivates the grain
boundaries.

In (2008), Mallik and smapth [80] studied Cu—Al-Mn shape memory
alloys with 10-14.5 wt.% of Al and 0-10 wt.% of Mn, They reported
that the transformation temperatures, shape memory effect and
superelasticity of these alloys are highly sensitive to variations in
composition. It is found that with the increase in the amount of aluminum
the morphology of martensite and its transformation temperatures change.
On the other hand, an increase in the amount of manganese stabilizes the
martensite and enhances the superelasticity of the alloys.

In (2009), Abid Ali [59] studied martensite transformation of porous Cu-
Zn-Al shape memory alloy during direct quenching heat treatment using
X-ray diffraction technique to identify phase transformation . Direct
guenching heat treatment includes heating the sintered samples up to
850°C for 1hour and quenching in iced water. To reveal microstructure of
formed martensite phase for prepared specimens after grinding and
polishing have been examined by optical microscopy and scanning
electron microscopy . Shape memory effect is calculated by measuring of
hardness indentation after quenching and after shape recovery treatment

using image analysis of light optical microscopy .It appears that direct
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guenching heat treatment leads to form fully martensite microstructure in
CuZnAl alloy.

In (2010), Abid Ali & Khulief [82] Studied dry sliding wear and
corrosion conduct of Cu + 13wt% Al +3.8 wt% Ni organized with the aid
of using powder metallurgy. Corrosion conduct in 5 wt% NaOH solution
primarily based totally up on potentiostatic (Tafel) has been presented for
base form reminiscence alloy (Cu + 13% Al + 3.8 % Ni) in instances
austenitic and martensitic phase state. Furthermore, the effect of Fe
additions as (0.4, 0.8 and 1.2 wt%) at the sliding wear and corrosion
conduct of base alloy has additionally been studied. It is obvious that Cu
Al Ni form reminiscence alloy in martensitic state has greater put on
resistance than in austenitic shape . Also, corrosion resistances are higher
than in martensitic shape due to the fact the alloy has corrosion current
density as 336.45 pA/cm2 in martansitic wherein because the corrosion
current density is 633.62 pA/cm?2 in austenitic shape. Furthermore, whilst
the iron content material increases, wear and corrosion price growth too.
In (2010), Zengin and Kayal [81] examined macroscopic, structural and
morphological features of shape memory Cu-Zn-Al alloys Cu—-24.98 Zn—
443 Al and Cu-21.62 Zn-5.68 Al by elongation parameter
measurement, X-ray diffraction and optical metallography. It has been
seen that shape initiating temperature is greater than austenite start
temperature (As). According to the X-ray diffraction, it has been defined
that transformation happened from austenite phase to martensite phase
and martensite crystal lattice has been in monoclinic structure. In
metallographic observations the grain structures were observed, then
plate martensites, V-type martensite structures, twin-like bands,
precipitation phases were found. In addition, it has been observed that -
sediment phase has occurred in specimens with ageing at7h in the phase
cause deterioration of the shape-memory capacity or life.
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In (2014), Huda Abbas et al. [71] n this study , Cu-based shape
memory alloys of Cu-25Zn-4Al alloy as master alloy have been
prepared Dby powder metallurgy technique in different alloying
elements. The addition of alloying elements such as manganese and
titanium with (0.5%wt,0.7%wt and 1%wt respectively ) of each
element added to the master alloy. After mixing of powders
,compaction stresses of (450,550,650 and 750 Mpa) have been used
to compact the master alloy to choose best compress . disc samples
(13mm in diameter) and cylinder samples (10mm in diameter ) have
been prepared by using 650 Mpa as best compress . then sintering
process in vacuum tube furnace has been achieved by three stages ,the
first stage 1s at (350 °C) for 2hr. ,second stage is at (550°C ) for 1hr. and
third stage is at (900 C) for 3hr. all samples are solution treatment by
heating up to (850 C) for (1hr.) then rapid quenched in (ice water +salt ) .
The results obtained from this study have been presented .it found that at
650Mpa the green density is( 6.84g/cm?) and green porosity is 16.88%
,while apparent density and porosity of sintering master sample are
(4.731 g/cm®) and (25.95%) respectively . Corrosion results have
been shown that corrosion rate decrease with addition Mn% and Ti%
addition .The corrosion alloying where the (Cu-25Zn-4Al-1%Mn) alloy
has (10.678 mpy) in sintering state while (Cu-25Zn-4Al-1Ti) alloy has
(1.732 mpy) in quenchingstate.

In (2014), Sathish et al. [84] Studied The microstructure, martensitic
transformation behavior and shape memory effect of Cu-Zn-Ni shape
memory alloy have been studied by X-ray diffraction (XRD), optical
microscopy (OM) and differential scanning calorimetry (DSC). The
results show that the recrystallization occurs in the hot-rolled Cu-Zn-Ni
alloy by annealing at 800°C and alloy is primarily composed of

martensite. A reverse martensite transformation temperature higher than
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100°C upon heating has been detected. The alloys exhibit good ductility
and shape memory effect (SME).The results shown the transformation
temperatures are highly sensitive to the variation in zinc concentrations of
the alloy. As the content of zinc increases, the transformation
temperatures decrease, whereas as the content of nickel increases, the
transformation temperature increase.

In (2017),Zorica. et al. [88] studied Two Cu-Zn-Al alloys with variable
content of Zn (25 and 30 wt%) and constant Al content (4wt%) prepared
by induction melting of pure metals and hot rolled into strips of 0.5 mm
thickness .Then thermally processed by using three different heat
treatments: direct quenching, step-quenching and up quenching with
boiling water and room temperature water as the quenchants. The effects
of composition and different methods of heat treatment on the
microstructure and transformation temperatures of the investigated Cu-
Zn-Al alloys were investigated using SEM-EDS and DSC techniques
.The results of microstructure and thermal analysis investigations
following conclusions can be made: 1) Microstructure of the as-cast Cu-
25%27Zn-4%Al alloy consists of B phase in the base and a considerable
amount of irregular dendritic a particles with an FCC structure distributed
in the f matrix. Cu-30%Zn-4%Al alloy in the as-cast state has single
phase microstructure which includes large polygonal grains of B phase.
Direct quenching and up-quenching produce fully martensitic
microstructure in the Cu-25%Zn-4%Al alloy. Martensite was also
induced by step-quenching, but microstructure of thestep-quenched Cu-
25%2Zn-4%Al sample also includes small precipitate particles of a phase.
In (2017), Abdul Raheem K. Abid Ali et al. [76] studied (Cu-13Al-
4Ni-xCr) shape memory alloys have been prepared by using Powder
metallurgy technique with added Cr element (x=0.3,0.6,0.9) . After

compacted , sintering process has been done in vacuum pressure (10™
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torr) at ( 550°C for 120 minute) and ( 900°C for 60 minute) then cooling
inside furnace .Quenching heat treatment carry out at (8500 C for 60
minute) then cooling in cold water to (3-4°C) . The microstructure has
been studied by optical microscope and scanning electron microscope
(SEM) , porosity , compression behavior(stress-strain) for quenched
specimens also have been studied . The results have been approached that
the hardness increases with percent chrome while the porosity decreases .
The compression stresses to fracture , have been increased with respect to
(0.3% C) had porosity (27%) and decreased for (0.9%) with porosity
(22%) . From the previous results , quenched alloy (Cu-13%AI-4%Ni-
0.3%Cr) is the more compression strength.

In (2017), E.S. Al-Hassani and A.H. Ali et al. [99] Studied the alloy
(Cu-(15-40) wt%Zn-6wt.%Al) has been prepared by powder metallurgy
technigue Zn element (15, 20, 25, 30, 35, 40 wt%Zn) and fixed
percentage of Al content which is 6.wt%Al then aluminum replaced by
(Si, Sn, Ni )element at fixed percentage of 6wt.%, in order to study the
effect of these elements on SMA. After samples preparation examination
were done by using XRD, SEM technique, DSC, Vickers hardness,
Archimedes method to measure the porosity percentage and corrosion .
X-ray diffraction showed that all samples alloys consist mainly of two
phases (o+p) biphasic structure; the martensitic phase (a-phase)
orthorhombic structure and the austenitic phase (B-phase) BCC structure
,the centered cubic intermetallic phase B of binary alloy Cu-Zn exhibit a
martensitic transformation but the transformation temperature that can be
obtained by varying the composition are extremely low( practically lower
than -50°C ) the addition third element such as (Al, Si, Sn) to the binary
alloy (Cu-Zn) enables to obtained the martensitic transformation , the
temperature for which can be adjusted by the composition , over a wide
range .The goal of quenching for Cu based shape memory alloys it is
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enough that the quenching process be sufficiently quick to prevent
diffusion reactions. In certain cases, even air quenching may suffice
.From the results of corrosion test can be show the addition element nikel
lead to improve the corrosion resistance. Finally, from the results shown
the addition of element Ni lead to raise the transformation temperature
and the corrosion rate decreases with increase the element Ni in the alloy
(Cu-25%2Zn-4%Al) .

In (2018), Hussain and ali [78In this study Cu-11.9%Al-4.5%Ni based
alloy has been prepared. The alloying element additions such as Titanium
and Silver with (0.4, 0.7, 1, 1.5%wt) and germanium with ( 1, 2, 3%wt)
have been added to the base alloy so that the number of alloys equal to
12 alloys. All the samples are solution treated by heating the samples up
to (900C) for (60 min) followed by rapid quenching in iced water at 3~4C.
X-ray diffraction test for sintered, quenched and aged samples , apparent
density of elemental powders and blended powders, green density and
green porosity for compacted specimen and true porosity of aged samples
have been studied. The highest shape memory effect in Ti addition was
(9.85%)when the addition was (1.5%wt) . Corrosion results have showed
that the highest corrosion resistance in NaCl solution was found in alloy
contain silver with addition amount (1.5%wt) which give the lowest
corrosion rate (0.07mpy) .

In (2018), Deepjyoti Basak. [86] studied the options and substitute of
few Copper based shape memory alloys such as Cu-Zn-Al, Cu-Al-Mn,
and Cu-Al-Be over the other conventional shape memory alloys used as a
reinforcement in metal matrix composite. Results shows that the grain
size is fine which develops a strong bonding between atoms that directly
conclude that its strength requirement can be varied by changing the
composition as per the requirement of application. Corrosion resistance is

also another important factor which makes it useful in moisture condition.
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Addition of Mn and Zr as other alloying material in Cu-Zn-Al shows
good mechanical behavior, with high tensile strength and high ductility.
Boron addition increases the elongation up to 50 % and tensile strength
up to 130%, it also reduce the grain size.

In (2018), Kenneth et al . [89 ] Cu Zn Al shape memory alloy, and
added (0.1- 0.4) wt% Ni added in order to enhance characterizations of
Cu Zn Al shape memory alloy. Optical microscopy, scanning electron-
microscopy and X-ray diffraction analysis were utilized for structural
characterization of the alloys, while hardness measurement was used to
assess the mechanical properties. The results show that, all the alloy
compositions consisted of B (CuZn) phase. Sharp edged elongated grain
structures were observed in the unmodified of Cu Zn Al alloys, while the
0.1, 0.2 and 0.4 %Ni modified Cu Zn Al alloy compositions, had more of
granular/smaller/round grain edges and smaller grain widths. So the
results showed that the grains size decreased from 7.9 £ 0.04 umto 3.8 £
0.02 pm. Also noticed that, the hardness of the unmodified Cu Zn Al
alloy (194.5 + 2 VHN) was lower than that of the Ni modified Cu Zn Al
ones with an increase in hardness ranging between 23.5 and 38.4% .

In (2018) , P. Heresi et al . [90] investigated the fabrication Cu-Zn-Al
shape memory alloy and studied effect of the Boron addition on behavior
of shape memory Cu-Zn-Al alloy. Differential Scanning Calorimeter
(DSC) analysis and optical metallography were performed to samples of
Cu-Zn-Al SMAs to establish the phase transformation temperatures A
& A¢, and measure average grain sizes. The results of study showed that,
average grain size was around 0.5 pm and the transformation
temperatures was about (258 to 280)°C for A, and from (384 to 393) °C
for As . Also noted that, Addition of boron contribution in an increase of
phase transformation temperatures about 8 % and it has an effective role

in reducing the granular size.
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In (2019) Duong Nam Nguyen et al. [85] Microstructure and phase
transformation in shape memory alloy Cu-Al (Fe addition: 9% Al, 4 %
Fe) were investigated in this study. It is a material capable of restoring its
original shape when impacted by a reasonable temperature or cyclic stress
and production cost is not too expensive. In many years, shape memory
alloys (SMA) based on Cu - Fe is considered to be very attractive to
industrial and biomedical applications such as cardiovascular, orthopedic,
surgery and production of spare parts and jigs. Shape memory rate
obtained 6%-24% corresponding to each deformation angle before the
experiment. Phase transformation between these two phases during
deformation as well as the heating cooling process which create the basis
for the unique properties of the alloy.This results observed analyzed and
explained the mechanism of SME of the alloy system based on the
transformation of the martensite phase of this alloy system. When heated
and quenching, this alloy was created a martensite microstructure, but
when it was heated again, the martensite structure decomposed into the
forms: B '; vitmantet and finally return to the initial state with o and 2
phases.The initial restoration of the structure will show the ability to

remember the shape of this alloy system.

In (2020) Linrong Z. et al. [98] Cu-based shape memory alloys are
promising materials for functional or intelligent applications because of
its good shape memory properties and low cost. As an additive
manufacturing technique, selective laser melting (SLM) is easy to
produce such complex intelligent components, moreover, the rapid
solidification rate can obtain fine microstructure and get good properties.
In this study, CuzZnAl shape memory alloys were prepared by SLM for
the first time to study the effect of the process parameters on the relative

density, phase constitution, microstructure, phase transformation behavior,
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microhardness and superelastic response. Results show that the intrinsic
reason for the differences in the microstructure and the macroscopic
properties is the different Zn content in samples fabricated with different
energy densities. The lower energy densities lead to the lower amount of
Zn evaporation and thus the higher remained Zn content in the fabricated
samples. In terms of phase constitution, samples with higher Zn content
mainly consist of martensite (f’) and present needle-like shape
microstructure morphology. On the contrary, samples with lower Zn
content are predominated by a phase and have rod-like or even equiaxed
shape microstructure. In addition, higher amount of martensite in the
samples results in the higher peak intensity in the DSC curves, the higher

microhardness and the lower irrecoverable strain.
2.12. Summary of Literature Review

The following statements summarize the important point of previous

literature review :

1- Shape Memory Alloys is one of the most important and famous alloys
is used in the manufacture of structures that are characterized by high

corrosion resistance .

2- A literature review shows the powder technique method is one of the

most used in manufacturing of shape memory alloys .

3- Many researchers studied the effect of different alloy elements on
properties such as mechanical, chemical, shape memory effect and other

properties.

4- Some researchers have studied the effects of adding element nickel on

the properties of Cu-Zn-Al alloy .
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5- Few researchers have studied the effect element boron on the

properties of Cu-Zn-Al alloy .

6-Few of the published studies have improved hardness, wear resistance

and general mechanical properties by adding boron oxide.
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3.1. Introduction

In this chapter, materials and equipment used in this study are
presented. Experimental procedure used to prepare samples from the
elementals powders by powders mixing , compaction and finally sintering
based onto standard steps of powder metallurgy technique. Several tests
such as apparent density, porosity, hardness, shape memory effect,and
transformation temperature measurement using differential scanning DSC
calorimeter are also explained .Microstructure investigation using optical
microscopy , scanning electron microscopy SEM and X-Ray diffraction

are presented . Corrosion and wear tests are also presented in this chapter .
3.2. Materials and It’s Tests

Powders of copper, aluminum, zinc, nickel , boron and boron oxide
were used to prepare the alloys. The source of all these powders was

Lemandou Ltd. co. China. Basic materials were tested as listed below:

A. Chemical composition analysis for the copper , aluminum zinc , nikel
, Boron and boron oxide powders in order to insure their purity. The tests
were carried out at General Company for Inspection and Engineering
Rehabilitation-Baghdad via spectro analyzer model (SPECTROMAXX)
shown in Figure (3.1).The purity of the powders used are listed in Table
(3.2).
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Figure (3.1): The Spectro Analyzer Type (SPECTROMAXX) .

B. Particle size analysis was carried out to all powders using via laser
particle size analyzer type: Bettersize 2000 shown in Figure (3.2). The tests
were carried out at the University of Babylon/College of Materials Eng.
/Ceramics and Building Materials Labs. The average particle size for each

used powders is listed in Table (3.1). The test report of particle size
analysis is shown in Figure (3.2) .

Table (3.1): The Purity and the Average Particle Size of the Powders

Used
Powder Purity | Average Particles Size (u m)
(%)

Copper 99.87 30.62

Zinc 99.75 25.18

Aluminum 99.52 27.8

Nikel 99. 63 31.0

Boron 96.53 35.12

Boron Oxide 98.34 32.43
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Figure (3.2.): Laser particle size analyzer.

3.3. Apparatuses and Program of Present Study

Figure (3.3) shows the summary of the overall program used in the
present work.

The preparation of mixed powders with different chemical compositions
requires many equipments and instruments which are used not only in
preparation of powder mixture but also in compaction and sintering stages.
These equipments and instruments use in this study include the following:

1. Polyethylene zip-lock bags

2. Electric tube furnace up to 1200°C with alumina tube and type K
thermocouple and digital thermostat controller with accuracy +2.0°C .

3. Quartz type (2cm in diameter with 30cm length).

4. - Electric hydraulic press ,model CARVER . made in USA with 120-ton
capacity

5. Graphite lubricant

6. Cube and cylinder compression machines , type CT340-CT440
manufactured by china, max load 1800 KN.

7. Balance with 0.0001g accuracy

8. Ethyl alcohol 95%.

9. Alumina balls.

10. Diamond paste, size 6 quantity 5 gr. (soluble in every lubricants).
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- Powders A

(Cu, Zn, Al, Ni, B and BgO)
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Mixing of powders for 4hrs (Cu+25 wt % Zn+4 wt % Al), all
additions (0.5, 0.7 &1 wt %) of Ni, B and 1,3,5 wt % of BgO)

Cold compaction 675 MPa.

v

Sintering by three steps as following:
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Figure (3.3): Program of the Present Study.
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3.4. Samples Preparation

All samples were prepared at the laboratories of Metallurgical
Engineering Department / college of Materials Engineering / University
of Babylon. Samples are made using powder metallurgy method. The

procedure involved mixing, compacting and sintering practices.

3.4.1. Mixing of Powders

Wet mixing for constituents of the mixtures has been done by using a
ball mill, original Local. the mixing process was achieved by ball mill,
type STGQM-15/-2 for 4 hours in order to get the perfect and
homogenous distribution of powder particles. Medical alcohol (ethyl
alcohol 96%) has been used in wet mixing. The mixture was dried at 60 °C
for 30 min. Chemical Compositions of prepared alloys from elemental

powders used in this study have been listed in Table (3.2).
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Table (3.2) : Mixtures and their Compositions Prepared in this Study

Allovs Sample Alloy Compositions wt .%
Y | Coding [9%Cu | %zn | %Al | %Ni | %B |%B.0
A Alloy A Bal. 25 4 ---- ---- ----
Alloy B1 | Bal. 25 4 ---- 0.5 ----
B Alloy B2 | Bal. 25 4 ---- 0.7 ----
Alloy B3 | Bal. 25 4 ---- 1.0 ----
Alloy C1 | Bal. 25 4 0.5 ---- ----
C Alloy C2 | Bal. 25 4 0.7 ---- ----
Alloy C3 | Bal. 25 4 1.0 ---- -—--
Alloy D1 | Bal. 25 4 1.0 -—-- 1
D Alloy D2 | Bal. 25 4 1.0 -—-- 3
Alloy D3 | Bal. 25 4 1.0 -—-- 5
Alloy E1 | Bal. 25 4 1.0 1
E Alloy E2 | Bal. 25 4 1.0 3
Alloy E3 | Bal. 25 4 -—-- 1.0 5
A IUD.T D10=19 31 ) . Diam um Percent
" | pso=3062 o [Lea
0.0 DY0=52 61 10.4 0.00
oo 8.1 o0 0.00
ajs:' 60.0 T8 7 2000 .00
E son B2 :ﬁ 5.000 000
S 400 £ = 000 0.00
0.0 15 0.000 12.33
20.0 28 QU0 :f 8
100 13 5,000 9.54
5 100.000 1001

&1

Size(um)
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Figure (3.4): Test Report of Particle Size Analysis; (A) Copper; (B)
Zn; (C) Al.
3.4.2. Compaction of Powders

In this stage, cold uniaxial pressing dies has been used. Compression
machines with uniaxial pressing is used Various compacting pressure
stresses from(450, 550, 650 and 750 Mpa) to compact green disc samples
Jfinally used compacting pressure 675 Mpa using cold uniaxial pressing in
the compression machines with 1800 KN capacity.

Steel die type CT340-CT440,was used for the present study as shown in

Figure (3.5) and Figure (3.6) also shown scheck displays dimensions of

Steel Die .
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Disc samples with (12.8 mm) in diameter and (6mm) in height shown
in Figure (3.7) used for density, porosity, hardness , optical microscopy ,
X-Ray diffraction , SEM , shape memory effect, DSC , electrochemical
and wet-wear and EDS tests. The inside walls of the steel die were

lubricated by graphite .

Figure (3.5): Steel Die Uesed at Present Study.

12.75<H

12.8
35 D

12.8¢5
35 D

Figure (3.6): Dimensions of Steel Die.
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Figure (3. 7): Prepared Samples

3.4.3. Sintering Process

The sintering process of the green compacts was achieved by high
temperature tube furnace under “controlled atmosphere of argon type GSL
1600X shown in Figure (3.8) .The sintering process included the following
as shown in Figure (3.9) [87] :

[HEN

. Heating green compact from room temperature to 350°C.

2. Soaking time 2hr in 350°C.

3. Raising the temperature to 550°C.

4. Soaking time for 2hr at 550°C.

5. Raising the temperature to 900°C with heating rate 6.6°C/ min .
6. Soaking time for 4hr at 900°C.

7

. cooling under argon .
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heating furnac

Figure (3.8): Tube Furnace under argon
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4
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Figure (3.9): The Sintering Program of The Green Samples
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3.5. Experimental Tests

Most tests were carried out at the Materials Eng. Labs. / University

of Babylon.
3.5.1. Sample Preparation

Prior to the microscopy investigation, shape memory properties ,
electrochemical and wear tests sintered .samples were prepared using
grinding , polishing and etching. Sintered were ground using SiC paper
grits as(180, 400, 800, 1000 ,1200 and 2000), then polished using diamond
solution.The specimens were etched by(10mLHCI+5g FeCl3+H,0) at room
temperature agreement with [97]. After etching, the samples were washed

with distilled water and dried by using an electric drier .
3.5.2. X-ray Diffraction Analysis (XRD)

The samples were prepared for X-ray Diffraction Analysis(see 3.5.1).
Sintered samples were tested using XRD instrument type a SHIMADZU
Lab XRD-6000, Japan. X-ray diffraction tests are carried out at Faculty of
Materials Engineering,department ceramic and building materials .The
measure conditions are: Target: Cu, wave length of 1.54060 A°, voltage
and current are 30 KV and 15 mA respectively, Scanning speed 2deg/min,
the scanning range 30°-80°. The X ray diffraction was used in order to
determine the phases produced after the sintering and compare it with

standard charts.
3.5.3. Optical Microscope Analysis

The samples were prepared for optical microscopy analysis(see
3.5.1). An optical microscope type 1280 XEQMM300TUSB shown in
Figure (3.10) with suitable magnification was used to capture the

microstructure of the specimens .
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Figure(3.10): A light optical microscope (LOM).

3.5.4. Scanning Electron Microscopy (SEM) analysis

The samples were prepared for Scanning Electron Microscopy
analysis(see 3.5.1). In this study, SEM images were captured in order to
investigate the microstructure clearly with high accuracy , characterize the
morphology of the surface , porosity, and size of pores. This test was
carried out at University of Babylon/Pharmacy College Labs. using

scanning electron microscope device shown in Figure (3.11) .

Figure (3.11) :The Scanning Electron Microscopy (FEI, Quanta 450)

Analyzer.
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3.5.5. Energy Dispersive X-ray Spectroscopy (EDX)

The samples were preparedfor Energy Dispersive X-ray Spectroscopy
analysis (see 3.5.1).Energy dispersive analysis have been done for corroded
surface of samples in order to estimate the chemical composition of the
corroded film and to see the distribution of alloying elements in the
samples .Two areas have been taken for each sample. the test has been

done in Babylon University/collage of pharmacy.

Figure (3.12) : Scanning Electron Microscope

3.5.6. Micro-Hardness Measurements

The samples were prepared Micro-Hardness Measurements (see 3.5.1).
The test was carried out using at micro Vickers hardness device type
(Digital Micro Vickers Hardness Tester TH 717) using a load of 300g for
10 sec with a square base diamond pyramid. The hardness was recorded as

an average of five readings for each specimen.
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3.5.7. Porosity and Density Measurement

Green density is the weight of unit volume of compacted blended
powder in gram per cubic centimeter .It is calculated from green mass of
the compact and volume of the compact as follows[23]:

m

pg :V_g (31)

g
Where:
p, = green density (g/ cmd). , m, = green mass of the compact (g).

v, = volume of the compact (cmd).

Green porosity is determined from the knowledge of the theoretical
density of mixture which is calculated by the weight percent of elemental

powder multiply by its theoretical density as follows[23]:

Pe = Zth * o +WEG * o, +WE ™ oy 4. +Wt, * p, (32)

i=1
Where:

p = theoretical density of mixture (g/cm®). , n= No. of elemental
powders. W, = weight percent (%). , p,,, ,= density of elemental powder

(g/cm®). So the green porosity is calculated from the equation [23]:

P =( —&jxloO% (3.3)
P

Where:
P, = green porosity (%)., p,= green density (g/ cmd).

p = theoretical density of blended mixture (g/cm®).

3.5.8 True density and Porosity of sintering compacts

These samples were used after sintering process to study the
compression effect on the porosity and density. Density and Porosity are
determined from equations(3-4) and(3-5) [57].According to ASTM B328
[101] .
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P— (ﬁ X IDD)DW (3-4)
o (2o o9

where:
& After drying at 100 °C for 5 hours in vacuum furnace at a pressure
of (10™ torr) the sample was weighted ,and the weight represent
mass A..
¢ At room temperature, the sample is completely immersed in oil with
a density of 0.8 g/cmé for 30 min.
+* Weighting the fully impregnated sample in air, to get the mass B.
¢ Weighting the fully impregnated specimen in water, to get the mass
C.
Where:
D, = density of oil (0.8 g/cmd) .
Dy = density of water (1 g/cmg3) .
3.5.9 Shape memory properties

3.5.9.1DifferentialScanningCalorimeter(DSC) Analysis

Differential Scanning Calorimeter (DSC) analysis has been done in
order to estimate the transformation temperatures for samples for the
forward transformations to determine the Ag (austenite start temp.) and As
(austenite finish temp.) and use these temperatures for shape memory effect
test. DSC tests are carried out at Faculty of Materials Engineering,
department polymer . The test has been done using DSC type Series shown
in Figure (3.13) for all samples. The range used for the DSC test is form
the range 20 - 360 °C and heating rate 5 °C/min.
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Figure (3.13) : Differential Scanning Calorimeter (DSC) Type | Series.
3.5.9.2 Shape Memory Effect
The samples were prepared for the Shape Memory Effect (see 3.5.1).

Shape memory effect can be determined form the brinell impression by
using brinell macrohardness test with load of 31.25kg and holding time of
10 sec, the test has been done for all samples , the heat treatment
temperature was done depending the results from DSC test of all samples.
After the heat treatment completed ,carried out the cooling process for
samples inside the furnace under control argon gas carried out . The
diameter of the ball impression before and after the heat treatment has
been measurement using light optical microscope with X100 as
magnification then the shape memory effect can be calculated from the

equation below[53].

Shape memory effect (SME %) = dbd;

b

Where: dy,=diameter of impression in um before heat treatment.
d.= diameter of impression in um after heat treatment.

3.5.10 Corrosion Test

The samples were prepared for corrosion test (see 3.5.1). Corrosion

behavior was conducted using the Tafel-Extrapolation .The test was carried
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out in solution of (3.5gm NaCl +96.5ml distillated water) at room

temperature. A platinum wire was used as counter-electrode, the working
electrodes were made of cylindrical pieces fastened with appropriate nut
and reference electrode. The process has been programmed in computer to
draw potential (mv) and log current (LAmM) to obtain corrosion current by
intersection of the tangents to the two curves. The corrosion behavior of all
alloys has been investigated by Tafel potentiostatic type WENKING M lap
shown in figure (3.14) that is used to estimate corrosion current and
corrosion potential. Corrosion rate may be determined by (mdd) and give

the value expressed in (mpy) according to the equation (4.1) [57] :

Figure (3.14) : Tafel Instrument for Polarization Test.

3.5.11 Wet Sliding Wear Test

The samples were prepared for wet sliding wear test (see 3.5.1).Wet
sliding wear was investigated using pin on disk concept using the wet
sliding wear device (250 rpm) and constant sliding distance(5mm) with
(2,5,10 N) normal load . The lubricants used in the wet-sliding wear tests
was tap water . Shown in Figure (3.15) the sample is weight before the

test using digital electronic balance with four digits . After a period of
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sliding time (5,10,15, 20, 25 min) , The samples were weight again and the
weight loss during sliding wear was measured according toG99-04 ASTM.
The relation between weight loss and time is plotted for all alloy to

compare the wear behaviour of alloys.

Figure(3. 15): The Wet Sliding Wear device.
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Chapter Four Results and Discussion

Chapter Four

Results and Discussion

4.1. Introduction

Chapter four records all results of experimental tests that carried
out in this study. In this chapter discussed green density and porosity , X—
Ray Diffraction (XRD) and Microstructure Observation such as Optical
Microstructure and Scanning Electron Microscopy(SEM) , (EDS). These
results are scientifically discussed the affecting of elements addition (Ni)
,(B) for Cu +25 wt.% Zn+4 wt.% Al alloy for results differential scanning
calorimeter test , shape memory effect and corrosion test . Also discussed
the affecting of element (B¢O) for Cu +25 wt.% Zn + 4 wt.% Al-1% wt
Ni alloy and Cu +25 wt.% Zn + 4 wt.% Al-1% wt B alloy for hardness

and wet-sliding wear test.
4.2. Green Density and Green Porosity of Compacts

Figure(4.1) illustrates the effect of compacting pressure on the green
density of the prepared samples. As it is obvious there is an increase in
the green density with the increase of the compacting pressure applied
for unmodified Cu-25Zn-4Al alloy prepared. The increase in density
gradient decreases with increase of compacting pressure till the density
reaches a constant value of (6.8 g/cm® ) and up on these results the
pressure (675 MPa) is used as a favorable pressure and used to prepare all
of the specimens .

The reason for that was first, the green density is progressively increased
with the increase of compacting pressure because in compacting stage
powder particles joined together and rearranged themself , therefore when
the compacting pressure increases this will cause an increase in plastic

deformation for the particles and eventually increase in green density.
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Figure (4.2) shows the effect of compacting pressure on green porosity.
The results indicate that the green porosity decreases with the increase of
compacting pressure. This is due to an increase in deformation resulting
from the contact between particles which reduces the voids between the
particles [93].
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Compacting Pressure (Mpa)

Figure (4.1) the green density with compacting pressure for unmodified
Cu-25Zn-4Al alloy
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Figure (4.2) : Porosity with compacting pressure for unmodified Cu-
25Zn-4Al alloy

4.3 Density and Porosity of Sintered Sample

Density has been decided after the samples of reference alloy with
distinct compacting stress had been sintered .It increase whilst
compacting stress will increase as proven in Figure (4.3) . that was due to
the distance among particles fills with small particles because of the
difference withinside the granular size used for the powders, it found
that the small-sized particles take a seat down among the large-sized
particles and that leads increase the density and reduce the porosity
Apparent density depends on factors such as particles size and
distribution , surface area and particle shape [42]. Apparent porosity of
sintered unmodified alloy is determined after alloy compressed under
different pressures as shown in Figure (4.4).
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Figure (4.3) Density after sintering for unmodified Cu-25Zn-4Al alloy

VS. compact pressure.
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Figure (4.4) Porosity after sintering against compact pressure for
unmodified Cu-25Zn-4Al alloy.
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4.4 X-Ray Diffraction (XRD)

X-ray diffraction tests were done for samples after the sintering
process. Figure (4.5) shows the XRD pattern of the reference alloy after
sintering , were the phases that established because of sintering process
could be distinguished . The phase analysis of (Cu-Zn-Al) alloys with and
without addition was carried out by X-ray diffraction (XRD). At this
attempt the resulting peaks which indicated after comparing it with
standard charts in appendix A .

It has been shown that the initial stages of sintering process (low
temperatures (350 °C and 550 °C) first and two stages of sintering)
proceed by forming the complete range of compositions from copper and
zinc. This is the appearance of the initial interdiffusion across the copper-
zinc interparticle boundaries. At later stage of sintering process (high
temperature 900 °C for 4 hours is the third stage of sintering) result in (B
CusZng) internetallic compound.X-ray diffraction showed that all samples
alloys consist mainly of two phases (a+p) biphasic structure; the
martensitic phase (a-phase) orthorhombic structure and the austenitic

phase (B-phase) BCC structure.
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A CusZng
O A|7CU

Figure(4.5) XRD Pattern for Sintered unmodified Cu-25Zn-
4Al alloy.

X (O Cuzn
b : A CusZng

¢ A|2CU
e CuNi
+ Bao

Figure(4.6) XRD Pattern for 1wt. % Ni modified Cu-25Zn-4Al alloy and
5wt. % BgO .
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Figure(4.7) XRD Pattern for 1wt. % B modified Cu-25Zn-4Al alloy and 5

4.5. Microstructure Observation

4.5.1. Optical Microstructure

Optical microstructures image of the (Cu-Zn-Al) alloy with and without
addition are shown in Figure (4.8) though to (4.14) . Figure(4.8) shows
the optical microstructures image of the base alloy . Observed from
Images that, the samples after sintering process have a microstructure
composed of two regions, light (bright) which represents a-phase
represent martensite structure, and the other region is dark which refers
to B-phase the austenite structure. So, the composition of the Cu-25%Zn-
4%A1 alloy has o phase + B two-phase region. Also, it is seen in Figure
(4.9) though to (4.14) show optical microstructures image present in
samples the grain size is small with Ni addition because this alloying
element has been great contribution on finest size grain structure. This

improved the mechanical properties. The microstructure results are in

67



Chapter Four Results and Discussion

good agreement with X-ray data chart in this present study and

specifically matches the structural features reported in [99] [100] .

B TR W

a3
0

<
-
s .
L N, e
» :

v 9 " 4 (2.
.y 2 %7 4 X5
FIs. Ry TN

& ) 4

T g
’
* «
Y

Figure(4.8) : Optical Microscope Image (600 X): for Sintered
unmodified Cu-25Zn-4Al alloy

Figure(4.9) : Optical Microscope Image (600 X): For 0.5 w % Ni
modified Cu-25Zn-4Al alloy .
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Fig(4.10) : Optical Microscope Image (600 X) For 0.7 wt. % Ni modified
Cu-25Zn-4Al alloy .

Figure (4.12) : Optical Microscope Image (600 X): For 0.5 wt. % B
modified Cu-25Zn-4Al alloy .
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Figure (4.13) : Optical Microscope Image (600 X)For 0.7 wt. % B
modified Cu-25Zn-4Al alloy .
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Figure (4.14) : Optical Microscope Image (600 X) For 1wt. % B modified
Cu-25Zn-4Al alloy .

4.5.2 Scanning Electron Microscopy (SEM)and(EDS)

The characterizations of Cu-25Zn-4Al SMAs alloy are significantly
affected by the microstructure. So, used Scanning electron microscope
(SEM) and energy dispersive spectroscopy (EDS) in order to examined
and identified the microstructures of reference sample (Cu-25Zn-4Al
SMA) and samples with addition .

Scanning electron microscope images for etched sintering specimens

of alloys are shown in Figure (4.15), (4.18) and (4.21). Etching reveal
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grain boundaries which are easily confused with the particle boundaries
that also appear as thin gray or black lines.

Through the SEM images, these samples were polished with smooth
cloth. It insures the success of the manufacturing process and appearance
of martensite phases in the form layers of a alpha phase and beta phase f.
It is worth noting that, the intermetallic compounds (some of which didn’t
appear in the X-ray due to their relatively small percentages) are
responsible for an increase and improving of the mechanical properties
such as micro-hardness and wear-resistance .

While results of Energy dispersive spectroscopy (EDS) that studied and
analyzed used to illustrate the chemical composition of the phases of the
reference specimen and the specimens with/without of addition elements
show in the figure (4.16) to (4. 23).

P— () M

&2 1
11:18:43 AM

Figure (4.15) SEM Image for Etched unmodified Cu-25Zn-4Al alloy after
Sintering Process.
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Figure (4. 16) EDS analysis for unmodified Cu-25Zn-4Al alloy for
Spectrum 1 region.
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Figure (4. 17) EDS analysis for unmodified Cu-25Zn-4Al alloy for

Spectrum 2 region.

72



Chapter Four Results and Discussion

6292021
11:18:13 AM

Figure (4.18): SEM image for 1%Ni modified Cu-25Zn-4Al alloy and 5
wt % wt B60.
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Figure (4.19) : EDS analysis for 1 wt % Ni modified Cu-25Zn-4Al alloy
and 5%BgO0 alloy for Spectrum 1 region .
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Figure (4.20) : EDS analysis for 1 wt %Ni modified Cu-25Zn-4Al alloy
and 5 wt %B60 alloy for Spectrum 2 region .

Figure. (4.21): SEM image for 1wt %B modified Cu-25Zn-4Al alloy and
5% wt B6O.
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Figure. (4. 22) EDS analysis for 1 wt% B modified Cu-25Zn-4Al alloy
and 5wt%B60 alloy for Spectrum 1 region .
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Figure (4.23) EDS analysis for 1 wt% B modified Cu-25Zn-4Al alloy and

5 wt %B60 alloy for Spectrum 2 region .

4.6.Differential Scanning Calorimeter (DSC) Analysis

This test is done using DSC series at heating rate of 5 °C.min™, from

20°C to 360 °C in order to calculate the As and Af which is the austenite

finish temperature that used in the shape memory effect test as heat
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treatment temperature. This test has been done for unmodified Cu-Zn-Al
alloy and Ni,B modified Cu-Zn-Al alloy after sintering process as shown
in the figures from ( 4.24) to ( 4.30) .It was found that the As (onset
temp. ) is 228.32 °C and Ar(endset temp.) is 326.26 °C for the base
alloy(Cu-Zn-Al). When we add 0.5 and 0.7 wt % Ni note that,the
transformation temperature is changes , but the maximum of
transformation temperature at 1 wt % Ni where the beginning of the
transformation temperature from Ag(onset temp. ) is 274.64 °C to
Ar(endset temp.) is 335.38 °C as shown in figure (4.27) .This results
agreement with [84] [99].

Notice that, maximum increase of the transformation temperature at the
addition of B in the amount 1%wt , so the As and Ar of (onset temp.) is
273.88 °C and (endset temp.) is 343.68 °C respectively as shown in
Figure (4.30).

It was found that the addition of Ni and B in the amount 1%wt increase
the As and Ar of the base alloy which make the alloy more stable at high
temperatures. The type and amount of the precipitates and intermetallic
compounds which are CusZng, Al,Cu, CuNi , Al,O3 B,0; NiO, CuO
and might have influence on the transformation temperatures of the alloy.
This results agreement with [90,100]. It was observed from the DSC
curve for alloy from (A) to (C3) the sites for phase transformations
depends upon the exothermic or endothermic reaction that shown in the
Table (4.1) .
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Figure (4.24) : DSC Analysis of unmodified Cu-25Zn-4Al alloy.
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Figure (4.25) : DSC Analysis For 0.5 wt % Ni modifiedCu-25Zn-4Al
alloy .
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DSC
mW
0.00- \
H ‘..\.,/
-10.00+
Peak 297.50C
Onset  242.20C
-20.00+ Endset  320.03C
\\. Heat 4274
\”\\/‘ 847.32Jig
40.00 80?00 126.00 160.00 200.0C 240.00 280.00 320.0C 360.00
Temp [C]

Figure (4. 26) : DSC Analysis For 0.7 wt % Ni modified Cu-25Zn-4Al

alloy .
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Figure (4.27) : DSC Analysis For 1 wt% Ni modifiedCu-25Zn-4Al alloy.
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Figure (4.28): DSC Analysis For 0.5wt % B modifiedCu-25Zn-4Al
alloy.
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Figure (4.29) : DSC Analysis For 0.7 wt % B alloy modified Cu-25Zn-
4Al alloy .
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Figure (4.30) : DSC Analysis For 1 wt % B modifiedCu-25Zn-4Al alloy.

Table (4.1) Results from DSC experimental ( Figure 4.26through to 4.32)

Performed in this study .

Alloy No. Alloy composition As°C | Af°C
A Cu-25n-4Al 228.32 | 326.93
Bl Cu-25Zn-4Al-0.5 B 237.44 | 324.30
B2 Cu-25Zn-4Al-0.7 B 239.05 | 322.66
B3 Cu-25Zn-4Al-1 B 273.88 | 343.68
C1 Cu-25Zn-4Al-0.5 Ni | 233.68 | 326.37
C2 Cu-25Zn-4Al- 0.7 Ni | 242.30 | 330.03
C3 Cu-25Zn-4Al-1 Ni 274.64 | 335.38
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4.7 Shape Memory Effect

The shape memory effect (SME%) all specimens after heat treatment
in temperature at more than Ar (endset temp.) with 5 °C of all specimens.
SME% was determined by using brinell hardness via measuring the
diameter of ball indenter after d,(um) and before dy(um) the heat
treatment.The highest shape memory effect by Ni and B was achieved

when the addition was 1 wt% of Ni and B respectively .

The shape memory effect (SME%) of the alloys more than 1 wt% of Ni
was slight-decrease in SME% because the changes in shape memory
effect take place due to appearance the different types and the amount
of the precipitates and intermetallic compounds . This results in good

agreement with [84].

Table (4.2) Shape memory effect for alloys .

Alloy No. Alloy composition da(um) | dy (nm) | SME%
A Cu-25n-4Al 485 538 9.85
B1 Cu-25Zn-4Al-0.5B 549 627 12.44
B2 Cu-25Zn-4Al-0.7 B 425 514 18.25
B3 Cu-25Zn-4Al-1 B 390 510 23.65
Cl Cu-25Zn-4Al-0.5 Ni 430 515 16.41
C2 Cu-25Zn-4Al- 0.7 Ni 420 500 24.88
C3 Cu-25Zn-4Al-1 Ni 350 495 29.1

4.8 Potentiodynamic Polarization Test Results
The result of electrochemical curves for all specimens in 3.5%NaCl
were shown in Figures (4.31) through to (4.37).Two areas has been

observed . cathodic area, the current decreased reaction and corrosion
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potential increased , then the film tends to stable. In the anodic area ,the

corrosion potential decreases and dissolve of the metals .

Figure (4.31) : Potentiodynamic Polarization curve for unmodified Cu-
25Zn-4Al alloy

Figure(4.32) : Potentiodynamic Polarization curve For 0.5 wt % Ni
modified Cu-25Zn-4Al alloy .
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Figure (4.33) : Potentiodynamic Polarization curve For 0.7 wt % Ni
modified Cu-25Zn-4Al alloy .

Figure(4.34) : Potentiodynamic Polarization curve For 1 wt % Ni
modified Cu-25Zn-4Al alloy .
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Figure(4.35) : Potentiodynamic Polarization curve For 0.5 wt % B
modified Cu-25Zn-4Al alloy .

Figure(4.36) : Potentiodynamic Polarization curve For 0.7 wt % B
modified Cu-25Zn-4Al alloy .
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.
e

Figure(4.37) : Potentiodynamic Polarization curve For 1 wt % B modified
Cu-25Zn-4Al alloy.

4.9 Corrosion Test Results

Electrochemical test for all specimens in 3.5 % NaCl has been done in
order to estimate the corrosion rate (mpy) and to investigates the
influence of Ni and B on the corrosion resistance of Cu-Zn-Al SMAs.

The corrosion rate (mpy) ,corrosion potential (E.,;) and corrosion
current density (l.,) of samples calculated from the polarizations curves
presented in table (4.3). The corrosion current (l.) IS associated with
corrosions rate (mpy) through the following experiential equations [91].

0.13 X lgorr X EW
CR(mpy) = —mmm— Eq. (4-1)
Where : AXp

mpy=mil inch per year.
A= area of the surface (cm?).

p = density of the sample (g/cm®).
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lcor= corrosion current density (LA/cm).
E.w = equivalent weight (g/eq.).

0.13 = metric and time conversion factor.

1
E.w = weight equivalent= — .............. Eq.(4 - 2) [91].
NEQ
>fi.n
NEQ= ——— ... Eq.(4- 3)
al

Where: fi= weight fraction for each element.
ni= electron exchange for each element.
ai= atomic weight for each element.

The corrosion routine starts with dissolution of copper to soluble
cuprous chlorides ion complex’s (CuCl*” and its diffusions to the bulk
solutions. At more potentials the currents density reduced to some extents
due to the formations of corrosions products on the electrodes surfaces,
which have some protective effects and minimize the actives dissolutions.
This decrease come from the decreases of electrode potential for
oxidation and lowering in currents density is usually clarified by
formations of cuprous chlorides (CuCl) , cuprous oxides (Cu,O)and
aluminum oxides.

Notice from the table(4.3) that, the corrosion rate decreases with
increases the percentage weight content of the nickel additions to the
base alloy from 0. 052 to 0. 03 mpy. So the addition of nickel from 0. 5
to 1 % wt has developed and improved the corrosion resistance of Cu-
25Zn-4Al alloy by 36% . The reason for that the nickel element addition
greatly contributed to the reduction of the grain size .This lead to the
grain boundaries area. which in turn-act as fast passages for the transfer
of aluminum ions, which made to form the protective oxides layers and

isolates the alloy from the corrosive medium and this decrease in the
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corrosion rate is attributed to the formation of aluminum oxide (Al,O3),
cuprous oxides (Cu,0O) and nikel oxides (NiO) layers (as shown in the
XRD patterns after corrosion) which act as protective layers on the
surface .This agreement with [78].

Also from the Table (4.3) notes that, the effect of boron-addition on
the corrosion resistance of the base alloy, as the corrosion resistance
improved by 25% percentage. While the corrosion resistance of the base
alloy has improved significantly, but at a lower rate than in the case of
adding nickel. Also note that the highest corrosion resistance was at 1 wt
of boron because of boron element has effective contributions in reducing
the grains size too, so the grains boundaries increase and act as passages
for aluminum ions that form a protective oxide layer efficiently but less
than state of nickel addition. Finally, concluded from the results that the
Nickel element addition at 1 wt considered very effective in improving
corrosion resistance .Figure (4.38) Show the Corrosion rate (mpy) of Cu—
Zn— Al SMA After and Before the Alloying Element Additions in 3.5%
NaCl Solution .

Table (4.3) : Show the Polarization Parameters of Cu-Zn— Al SMA After
and Before the Alloying Element Additions in 3.5% NaCl Solution

Corrosion Current Corrosion Corrosion
Alloy No. | Alloy composition rate density potential resistance
C.R(mpy) | lcorr (nA/cm2) Ecorr (MV) Percentage
A Cu-25Zn-4Al 0.052 9.629 -6174 | -
Bl Cu-25Zn-4Al-0.5 B 0.047 8.324 -1023.8 %09
B2 Cu-25Zn-4Al-0.7 B 0.043 7.592 -599. 0 %17
B3 Cu-25Zn-4Al-1 B 0.039 7.213 -558. 6 25%
Cl Cu-25Zn-4Al-0.5 Ni 0. 045 8.703 -1012.9 13%
C2 Cu-25Zn-4Al- 0.7 Ni 0. 041 7.962 -1073 21%
C3 Cu-25Zn-4Al-1 Ni 0.033 6.157 -1038.4 36%
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Figure (4.38): Show the Corrosion rate (mpy) of Cu-Zn— Al alloy After
and Before the Alloying Element Additions in 3.5% NaCl Solution.

4.9.1. X-Ray Diffraction After Corrosion

In this test X-Ray diffraction for specimens after corrosion test in 3.5%
NaCl solution has been done for alloy B3,C3. In Figure (4.39) is the XRD
result of alloy B3, showed that the formation of corrosion products on
the specimens surface in 3.5% NaCl solution , the corrosion products
were Al,Oz;, NiO, CuO , ZnO and CuCl. While in the figure (4.4 0)
which is for alloy C3 ,the corrosion products were Al,O; , CuO , ZnO
CuCl and B,0Os.
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Figure (4.39) : XRD Analysis For 1 wt % Ni modified Cu-25Zn-4Al
alloy in 3.5%NacCl solution.
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Figure (4.40) : XRD Analysis For 1 wt % B modified Cu-25Zn-4Al alloy
in 3.5%NacCl solution.
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4.10 Vickers of Micro-Hardness Results

The micro-hardness values for unmodified Cu-Zn-Al alloy and boron
oxide modified Cu-Zn-Al alloy are presented in Figure (4.41). It is
observed that the hardness values of the unmodified Cu-Zn-Al alloy are
basically increase with increase the boron oxide additions .However, the
value of micro hardness slightly decrease with increase the amount of
boron oxide up to 5% of both type spacemens with Ni and B .This could
be related to the increases in boron oxide addition cause decreases on

efficiently of sintering processe.

& with Ni

HwithB

1

boron oxide wt.%

Figure (4.41) : Hardness for all samples after sintering

Also, it is seen in Figure (4.41) most value of the micro-hardness
present in samples with Ni addition because this alloying element has
been great contribution on finest size grain structure .This improved

hardness due to inhibit of motion dislocations.
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4.11. Wet-Sliding Wear Test Results

Disk specimens with (12.8 mm) in diameter and (6 mm) in height
have been performed on the spacemens of Cu +25 wt% Zn+ 4 wt% Al
alloy with and without elements-additions for wet-sliding wear test. The
actual mechanisms include material removal due to rubbing action at the
interfaces.Loss amount of martial removal identified of the effect alloying
elements in improvement material resistance. The curve of volume loss
against time for unmodified Cu-Zn-Al alloy and boron oxide modified
Cu-Zn-Al alloy under (2N, 5N and 10N) loads have been presented in
Figures (4.42), through to (4.48).

0.7
0.6
0.5

4

Volume loss 0.
(mm’) g3

0.2
0.1

0
10 20

Time (min).

Figure (4.42) : Volume Loss Vs. Sliding Time of the unmodified
Cu-25Zn-4Al alloy.
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Figure (4.43) : Volume Loss Vs. Sliding Time Forl wt.% Ni modified
Cu-25Zn-4Al alloy and 1wt.% B60O
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Figure (4.44) : Volume Loss Vs. Sliding Time Forl wt.% Ni modified
Cu-25Zn-4Al alloy and 3wt.% B60
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Figure (4.45) : Volume Loss Vs. Sliding Time Forl wt.% Ni modified
Cu-25Zn-4Al alloy and 5wt.% B60O
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Figure (4.46) Volume Loss Vs. Sliding Time For 1 wt.% B modified
Cu-25Zn-4Al alloy and 1wt.% B6O
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Figure (4.47) : Volume Loss Vs. Sliding Time For 1wt.% B
modified Cu-25Zn-4Al alloy and 3wt.% B6O
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Figure (4.48) : Volume Loss Vs. Sliding Time For 1wt.% B
modified Cu-25Zn-4Al alloy and 5wt.% B60 .
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It is clear from the Figures that, the values of volume loss increased with
an increasing the time for all normal loads . The reason is due to the
increase in the plastic deformation on the surface of sample exposed to
wear , then the removal of material from the surface of this sample. This
occurs as a result of overcoming the forces of cohesion and crystalline
bonds subjected to friction force between surface of the disc and surface
of the specimen caused increased temperature due to an increase in the
period of time of the dominated applied load.

Furthermore, from the curves, it is identified that wear rate decreases
with an increase of the boron oxide content and above 3%(B¢O) decrease
wear rate . This could be related to the boron oxide act as the handle and
holder of the network-structure of substrate specimens [69].

However wear rate slightly increased at 5 wt.% boron oxide

(BgO) .Thus might be related to may be when increase of the oxide
content made decreases in efficiency of the sintering process . So, the
additive of boron-oxide (3 wt.%) gives the alloy structure more
resistance to volume loss due to friction and sliding effect and more
protected and adhered with substrate of the alloy surface. The curves of
wet wear rate against sliding time for modified Cu-Zn-Al alloy with 1
wt.% Ni , B and boron oxide under (5N) loads have been presented in
Figures (4.49) through to (4.50)

95



Chapter Four

Results and Discussion

=4=base alloy

(o]
ol

=f=1wt % boron oxide

[l
o

3wt % boron oxide

—_
(=]
|

[¥g]
|

0
o
i
*
-~
=
=
e
g
E 15
]
(1]
St
]
(5]
(5]
=
=)
(5]
=

(=]

====5wt % boron oxide

Time (min.)

Figure (4.49) : Wet wear rate with Sliding Time For 1wt.%Ni modified

Cu-25Zn-4Al alloy and all addition of boron oxide under 5KN normal

load.
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Figure (4.50) : Wet wear rate with Sliding Time For 1wt.% B

modified Cu-25Zn-4Al alloy and all addition of boron oxide under 5KN

normal load .
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4.11.1 Topography Examination after Wear Test

Microstructure examination has been investigated by light optical
microscope for worn surface of unmodified Cu-Zn-Al alloy and boron
oxide modified Cu-Zn-Al alloy as shown in Figure 4.51 through to 4.53 .

Figure (4.51) : Optical Microscope Image of Sample Surface (100 X) for
unmodified Cu-25Zn-4Al alloy.

“Wear liness

B

Figure (4.52) : Optical Microscope Image of Sample Surface (100 X) for
1% wt Ni modified Cu-25Zn-4Al alloy and 3wt% BgO .
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Figure (4.53) . Optical Microscope Image of Sample Surface (100 X)
for 1% wt B modified Cu-25Zn-4Al alloy and 3wt% BgO .

As shown in the figures it is observed that wear lines on worn
surface and cavity are in the direction of line wear, and debris has been
observed. The Figure (4.51) for 250 rpm and load 10N reveals cavities
and debris of reference alloy .In addition that, as time and load are

gradually increased, initially small scratches are formed on the surface.
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Chapter five
Conclusions and Suggestions
For Future Works.

5.1. Conclusions

The main conclusions from the experimental study of the examined

Cu-25Zn-4Al SMA in this research are included as follows :

1-

2-

3-

All the samples with and without additives consist of the two main phases (-
phase and(a-phase) , this is obtained from XRD and microstructure observation.
The Ni and B with modified Cu-25Zn-4Al alloy had austenite transformation
temperature value higher than that of the unmodified Cu-25Zn-4Al alloy.
Addition of 1wt% B to the unmodified Cu-25Zn-4Al alloy reduce the corrosion
rate by 25% with respect to reference sample in the 3.5 NaCl .

Addition of 1wt% Ni to the unmodified Cu-25Zn-4Al alloy reduce the
corrosion rate by 36% with respect to reference sample in the 3.5 NaCl .

The XRD results of the corrosion products on the structure of Ni and B
modified Cu-25Zn-4Al alloy indicate the position contribution of the Ni and B
addition that lead to a denser thicker passive layer of NiO , B,O, , Al,0; ,CuO,
Zn0.

The 3wt.% boron-oxide modified Cu-25Zn-4Al-1Ni or Cu-25Zn-4Al-1B alloy
had an average hardness value higher than that of unmodified Cu-25Zn-4Al
alloy and to other amount of boron oxide used in this study .

The 3wt.% boron-oxide modified Cu-25Zn-4AIl-1Ni or Cu-25Zn-4Al-1B alloy
show relatively lower volume loss in wet wear test compared that of
unmodified Cu-25Zn-4Al alloy and to other amount of boron oxide used in this

study .

100



Chapter Five Conclusion and Recommendations
5.2. Suggestions For Future Work

The following suggestions should be taken into consideration for future work
of copper-based shape memory alloys prepared by powder metallurgy technique.
1- Investigate the effects of element such as Al , Ni and B to the binary alloy
(CuZn) on the martensite transformation temperatures .

2- Transmission electron microscopy (TEM) should be used to reveal the structure
of another intermetallic compound.

3- To obtain of mechanical properties good recommended used double action
press or hot isostatic pressing should be used.

4- Study the resistance for Cu-Zn-Al alloy with Ti ,Ag and Ge against erosion
corrosion.

5- Study the corrosion resistance of Cu-Zn-Al prepared by casting with rare earth
metals as alloying element additions.

6- Study the properties for Cu-Zn-Al alloy after performing the quenching process

with the same element additions .
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Figure (A-1): XRD Card for Compound (CuZn) .
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Figure (A-2): XRD Card for Compound (CuZn) .
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Figure (A-6): XRD Card for Compound (Al,O,) .
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Figure (A-10): XRD Card for Compound (CuCl) .
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Figure (A-11): XRD Card for Compound (B,05) .
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Appendix B

Figure (B): Planetary Balls Mill.
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