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Abstract

The Copper-Aluminium-Manganese (Cu-Al-Mn) shape memory alloys (SMAS)
have several industrial applications, such as seismicdampersin buildings and
bridges. As a result of the nature of their work, these alloys suffer from

corrosion dueto the saline media, thereby leading to failures in machine parts.

In this context, the aim of the current study is to improved Cu - 8% Al - 9%
Mn, produce by using powder metallurgy, which has the ability to resist
corrosion andabsorb vibrations. Accordingly, powders thathave the ability to
improve corrosion resistance were added to the alloy, such as Indium (In),
Tantalum (Ta)and Yttrium Oxide (Y2O3) ceramic particles in proportions of
1%, 2% and 3% respectively, and Zirconium (Zr) in proportions 0of 0.6%, 1%
and 2%.

Linear Polarization Test, Erosion-Corrosion, X-ray Diffraction (XRD),
Differential Scanning Calorimetric (DSC) and Microstructural analysis were
used to study the effects of these quaternary additionson the microstructures.
The effect of aging heat treatment at 300°C on previous tests was also
considered. The damping behavior of the alloys was studied using a vibration

instrument (Accelerometers National Instrument).

The purity and particle size were measured for all powders. Subsequently, the
compacted samples Cu—8%AIl-9%Mn-X (Ta, Zr, and Y,03) were heat-treated,
through two stages of sintering in a vacuum atmosphere with 10-4torrat 550°C

for 2 hr., and then at 950°C for 4 hr., respectively.

For Cu—8%AIl-9%Mn-X In was heat-treated through three stages of sintering in
a vacuum atmosphere with 10-4torr at 109.5 °C for 1 hr., followed by heatingto
550°C and stay for 2 hr., and the third stage heating to 950°C for 4 hr.,

respectively.



The lowest porosity achieved after sinteringwas 8.98% and 8.96% for 2 wt.%
Taand 1 wt.% In respectively, whereas the highest density of 8.26 g/cm3 was
achieved, upontheaddition of 3% Y ,03;ceramic particles. From SEM and XRD
observations it can be observed thatthekinds of martensitic phases were 1
from the DO3 parent phase. Furthermore, the addition 0of 3%Ta, 2%In, and 3
%Y ,03can enhance the SME of ternaryalloy, by about 103% with 3% Ta, by
80% with addition 0of 2% In, and by 35% with addition of 3% Y,0s. The highest
improvements in shape memory effect were achieved by the addition of 2% Zr
wt. with 119%. The addition of Tantalum decreases the transformation
temperature, Austenite finish (As). The best addition for Vickers hardness after

sintering and after aging heat treatmentbelongs to 3% Y ,0:s.

The corrosion rate was found to be 3.12*10-3 mm/y, upon adding 2% Ta, as
compared with base alloy with corrosion rate 3.58 mm/y after sintering, while
after aging, the corrosion rate was 2.6 mm/y for base alloy, and the lower
corrosion rate corresponded to 2% Zr with 8.303*10”-4 mm/y. The maximum
improvement in erosion resistance after sintering belong to Cu-8AI-9Mn-
1%Y,03; with erosion rate (0.023 g. cm-2.hr1) and improvement % (192) but
after Aging heat treatment the minimumerosionrate belongto Cu-8 Al-9Mn-3%
Y203 with erosionrate (0.0074g. cm-2.hr-1) and improvement reach (1548) %.

The damping capacity logarithmic decrement (8) of the alloys increases with the
addition of alloying element. The maximum damping ratio corresponded to
0.6% Zr, with logarithmic decrement & equalto 0.162, as compared to the base

alloy with 6 equal to 0.066.
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Chapter One Introduction

1.1 General View

The technical importance of most engineering materials is based on their
mechanical, electrical, or magnetic properties, which should normally be as
independent as possible from environmental influences. Besides these
conventional materials there is another group of materials thatare not interesting
so much for their properties under certain conditions, but much more for howthey
react to changes in these conditions. This group of materials is known as
functional materials. Characteristic for shape-memory materials is an
unconventional, unique correlation of strain, stress and temperature, which is

based on crystallographic reversible thermoelastic martensitic transformation [1].

The basis for the shape memory and superelastic properties of SMASs is a
martensitic phase transformation in the microstructure. Martensitic
transformations are diffusionless solid-to-solid phase transformations. The parent
phase, called austenite, is stable at higher temperatures and small strains, and the
product martensite, is stable at lower temperatures and high strains. The two
phases have different crystal structures. The austenite crystal structure has higher
symmetry, whereas the martensite structure has lower symmetry. The following

phenomenacan distinguishinto [2,3]:

» One-way shape memory effect (OWSME).
» Two way shape memory effect (TWSME).
» Pseudoelasticity (PE) or superelasticity (SE).

1.2. Shape Memory Alloy System

Shape memory alloys (SMAs) or “smart alloys” are a unique class of materials

that can change their form (shape or size), and can return back to their original
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form with applied heat, stress, or magnetic field. Shape memory materials range
from metals (alloys), polymers, ceramics, composites and even hybrid systems.

Shape memory alloys can be categorized into [4, 5]:

> Bulk Shape Memory Alloys.
> Shape Memory Material Thin Film (SMMTF).

1.3. Copper Based Shape Memory Alloys

Copper-based SMAs are commercially attractive mainly for their low cost
as compared withthe Ni—Tibased alloys. The alloy systems with potential for SM
behavior can be grouped into three categories, the Cu—Zn, Cu-Al, and Cu-
Sn[6,7].

However, the base alloys suffer from bad cold workability and martensite
stabilization; hence ternary quaternary additions in various amounts have been
tried by different investigators to improve upon the properties and remove the
drawbacks. (i) Cu—Al-Ni: Improved mechanical properties (i) Cu—Al-Mn: For
high ductility (iii) Cu—Zn—Al: Good or high transformation temperatures (iv) Cu—

Sn: Increased transformation temperatures [8,9].

Cu-Al-Mn material systems are a class of Cu-based SMAs, highly explored
because of their good mechanical behaviour (strength, ductility or cold
workability). Several works have been published on the potential for utilization of
Cu-Al-Mn SMA:s in aerospace, industrial safety, medical, electrical devices and
civil engineering applications. Extensive research into Cu-Al-Mn SMA systems
haverevealed that the alloys exhibit one -way and two-way SME, Superelasticity,

low thermal expansion, and high damping characteristics [10].
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Thereare several reasons behind adding the alloying elements to Cu-based shape
memory alloys, including to (1) refine the grain size, (2) accommodate the
transformation temperature, (3) improve the workability of these alloys, since they
are difficult to process, due to a large grain size having formed during the
solidification process,and (4) to enhance the service life of copper shape memory

alloys inapplications [11-16].
1.4. Shape Memory Applications

Shape memory alloy have found their unique roles in all fields of industrial
operations in the last few years. In comparison to rival technologies, the most
important characteristic of their shapes memory actuation technicality can be as
follows [17,18]:

a. Shapes memoryactuators, usingthe one or two way memory effect.

Shape memoryalloys (SMA) are currently used in a variety of industries,
including valves for cooling circuit, fire detections, clamp systems, and many
othersas show in Figure 1.1. The following are the main reasons for using SMA

as an actuation mechanism:

»  creation ofclean, silent, spark-free and zero-gravity working conditions.

> High Power/weight (or power/volume’s ratios).

b. Shape memory alloysembedded in smart materials.

Smart materials or adaptive composites like proposed by Rogers, perform
generally three important functions: controller, sensor and actuator. Those
functions can be obtained by combining different types of functional materials in

one structure. Shape memory alloys can contribute very effectively in the
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development of those smart materials. Three kinds of applications based
specifically on shape memory alloysare now being developed[19]:

»  Active Strain Energy Tuning (ASET)

> Active Modal Modification (AMM)

»  Active Shape Control (ASC)

C. Biomedical applications

i

(a)
1

d g
L |
5

Figure (1.1): Applications of shape memory alloys: (a) Hydraulic tube-couplings
(b) Electric circuit breaker, (c) thermal actuator, (d) Simon filter, (e) eye glass
frame, (f) spacer and (g) robotic arm [19].

1.5 Implementation of Cu —Al -Mn Based SMAs

CuAlMn alloys have been used in medical and electrical devices, micromachines,
and energy-storage technical implementations because of their high thermal and
electrical conductivities [24]. The following implementation was the main
implementation of CuAIMn alloys:

» Medical-grade guidewire [24].

» Concrete beam reinforcementelement [22].

» Absorbent dampening material [20, 21].

» Automotive partsand actuators [19].
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Figure (1-2) Application of CUAIMn SMAs[23].
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Figures (1.2): Application of CuAIMn system of (A) Concrete beam reinforcement
element (B)Medical-grade guidewire,(C) Absorbent dampening material
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1.6 Aim of the work

The current study aims to improved alloy (Copper - 8% Aluminum - 9%
Manganese) shape memory produce by powder technology that can resist
corrosion and absorb vibrations (used as a seismic damper in buildings and
bridges). This aim can achieve by usingthe following procedures:
1. Addition Tantalum, Indium, Zirconium, and Yttrium oxide with three
different ratios.
2. Inspect the influence of alloying elements addition (Tantalum, Indium,
Zirconium) and Yttrium oxide ceramic particle in different amounts on the
Mechanical properties, damping capacity, and corrosion resistance of Cu-

Al-Mn shape memoryalloys.
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1.7 Layout of Thesis

The material contained in this thesis is presented as five chapters. They are the

following:
Chapterl

Chapter 2

Chapter 3

Chapter4

Chapter5

Introduction

Presentsthe introduction to the topic, statestheaims and objectives

and outlines the method of this research project.
Theoretical backgroundand Literature Review

Highlights the theoretical background where the concept and the
details related to this subject have been explained and Highlights a

review of previous literature published on the behaviour of CuAIMn

shape memory alloys and the effect of alloy additives on behaviour
Experimental procedure

This chapter describe the detailed of experimental procedure, the
procedure of manufacture the sample by powder metallurgy and heat

treatment and the methods of investigation.

Results and Discussions

The results of effects of Tantalum, Zirconium, yttrium oxide and

Indium on mechanical and physical and corrosion behaviour of Cu-

based alloy shape memory alloy.

Conclusionsand Recommendations
Highlights the major resultsand the main contributions of this

research and makes some recommendations for further research.
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2.1 Introduction

The shape memory effects was discovered first in 1932 by a Swedish
physicist, Arne Olander, namely, the pseudoplastic behavior of the Au-Cd
alloys. The alloys was plastically distorted once it was cooled and returned to
its original shapes once it was heated. Laterin1938, Greninger and Mooradian
spotted the same effect also in Cu-Zn and Cu-Al. The basic phenomenon of the
memory effects governed by the thermoelastice performances of the martensite
phase was reported a decade later by Kurdjumov and Khandros and later, Chang
and Read detected memory effect in AuCd alloys. In 1961, Muldaver and Feder
used an AgCd alloys ina thermally actuated, electrical and took the first patent

for a shapesmemoryalloy.

in 1962 William J. Buehler and his co—workers at the Naval Ordnance
Laboratory discovered shapes memory effects in an alloy of Nickels and
Titanium, which can be considered the major breakthrough in the field of shapes
memory materials. This metal later became known as Nitinol, an acronym for

Nickel-Titanium Naval Ordnances Laboratory [25,26].

2.2 The Shape Memory Alloys Definition
Shape memory alloy (SMASs) are a type of alloy that display many unique
properties, including shapes memory and super elastic effects. In its low

temperature phase, SMAs exhibitthe shapes memory effect (SME) [27].

Generally, these material can be plastically deformed at some relatively low
temperature and upon exposure to some higher temperature will go back to their
shapes prior to the deformation. A material that shows shapes memory only
upon heating s referred to as having a one-way shapes memory. Some materials
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also undergo a shape change upon cooling. This is called two-way shapes

memory [28, 29].

However, when that material is heated to above its transitions temperature, it
undergoes a change in crystalline structures, which causes it to go back to its un
deformed shapes. SMAs in the super-elastic state are capable of recovering their
previous shapes after the removal of even relatively high applied strains. In this
effect, the deformation froman applied load is not plastic and shapes recovery

is achieved isothermally on unloading [25, 30].

2.2.1 Crystallographic Aspects of SMAs

The crystalline structure of a material dictates the material overall behavior. For
this reason, it is important to have a basic understanding of the crystallographic
and microscopic aspects of shapes memory alloys (SMAS). Thisis true even for
those looking touse them in large scale applications. The SME is typically made
possibleby a SMA’s ability to exist in two distinct crystallographic structures:
the high-temperature phase, called austenite (named after the English
metallurgist Williams Chandler Austen) and the lower-temperatures phases,

called martensite (hamed after the Germane metallographer Adolf Martens).

Particularly, it is the transition from the less-symmetric martensite to the more-
symmetric austenite thatallows the material to returnto its original shapes. The
less-symmetric twinned microstructure of the martensite phase allows the SMA
to form with several rhombus variants, thus accommodating different
macroscopic geometries generated by applied stresses. However, there are no
variants in the austenite phase and, therefore, when returned to austenite the
material must return to its original microstructure, eliminating the geometry

accommodated by the rhombus variants of the martensite [30].
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In general, the martensite is a relatively soft and easily deformed phases, stable
at lower temperatures and under higher stresses, while the austenite is the
stronger phase, stable at high temperatures and low stresses. The unique
abilities of SMAs to recover their formsis in partdueto the ordered crystalline
structure between the austenitic and martensitic phases and involves
rearranging of atoms within the crystal lattice. Themartensitic transition is
associated with an inelastic distortion of the crystal lattice with no diffusive
processinvolved. The phase transition results from a cooperative and collective

motions of atoms on distances lesser than the lattice parameters [31].

The martensitic transition can occur at low temperatures with very limited
atomic mobility. This fact leads to the lack of diffusion within the transitional
time scale of the martensitic transition. Without diffusion, they almost
immediately make martensitic transition (a first-order transition). When a
memory alloy forms a martensitic phase change, it changes from its high
symmetry phaseto its low symmetry martensitic phase (usually cubic) (highly
twinned monoclinic structure). This order allows a displacement of the material
(without diffusion) through martensitic phases, either through stress or
temperature changes (thermal induced martensite) rather than the diffusion of
solid-state metal transitions. This means that not only thermal input but also
mechanical inputis supplied with energy required for the martensitic transition
can. If only one crystal of the origin phase is cooled down below Mf, the
martensite variations are generally generated with a total of 24 crystallographic
habits. However, there is only one possible origin (austenite) orientation, with
the single defined structure and forms reverting to all martensitic configuration
on heatingabove AF [32,33].

10
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Twinning is the mechanisms by which single martensite variants deform, and
it is defined as a mirrors symmetry displacement of atoms across a specific atom
plane, thetwinning plane. Most metals deformed due to slip or dislocation, but
shapes memory alloys react to stress by simply shifting the crystal structure's
orientationthrough twin boundary movement. Deformations, on the other hand,
would result in classic plastic deformations by slip, which is irreversible and
thus has no memory. Figure (2.1) gives an overview of the martensitic phase

transition in shapes-memory alloyseffects [1,35].
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Figure (2.1): Schematic illustration of the mechanism of the shape-
memory effect: (a) atomic configuration on {110}- type planes of parent
austenite phase, (b) twinned martensite phase occurring thermally on
cooling, (c) detwinned martensite occurring with deformation [35]

Duringthe deformation fromaustenite phase to martensite phase at temperature
below the martensitic finish temperature (Mf), the alloys start in the twinned
martensite condition. When the alloys are cooled back down to below Mf the
twinned martensite, structure are restored. It should be notedthat the transition
between origin phase and self-accommodating martensite results in no
macroscopic shapes different. Thus, a one-way shapes memory is achieved.
Figure (2.1) can also explain the origin of the super elastic effect. In this case,
the alloys is deformed at a temperature above Af and the martensite transition

Is entirely stress-induced. The symmetrical origin phase is changed into the

11
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lower symmetry, deformed martensite phase directly. Upon unloading, the
decreasing stresses and surrounding elasticity of the matrix results in the
martensite plates shrinking back and the origin phase structurebeing restored
[32,35].

The driving force for phase transition inshapes memory alloy is the chemical
free energy between the phases. When the difference in chemicals free energies
Is enough to nucleate the other phase, transition will start and continue as the
energy for growing is supplied by further rise in chemical energy differences.
Ordinary metals are unable to reverse deformation caused by dislocation motion
and atomic planes rolling over one another, resulting in a new crystal position
and a permanent change in crystalline order. SMAs deform by detwinning,
which adjusts the tilt orientation of twins and does not induce dislocation

movement, unlike normal metals [32].

2.2.2 Martensitic Transformation

Shape memory comes from a particular kind of phase transition that produces
the structure known as martensite. Martensite comes from the solid-state
procedure of displacive transition. Solid-state transition are typically of two

kinds: diffusional and displacive [36].

Thenew phase can be created by randomly moving atoms over long distances
in a diffusional transition. Since the new phase that is formed has a different
chemical compositions than the matrix from which it is formed, long-range
diffusion is needed. The diffusional transition is dependent on both time and

temperature since this type of transition necessitates atomic migration [36].

Displacive transition, otherwise, do not need great atomic migration; in this

status the atomis rearranged into a new and more stable atomic structure. This

12
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rearranging, is done without change the chemical nature of the matrix. These
transitions are also referred to as a thermal transition. The martensite phase in
SMA is not the typical martensite phase found in steel. The martensite phase
hereis a comparatively ductile and soft phase, but thisterm was usedto refer to

steels [36, 37]. The origin and martensite phases are shown in Figure (2-2).

Figure (2-2): Parent and martensite phase [38]

The phase transition from Austenite to Martensite is occur in two parts: The
Bain strain and the lattice invariantshear (LIS) or latticeaccommodation. The
Bain strain, referred to as lattice deformation, consists of all atomic movements

that are required to form the new phase fromthe old (Figure 2-3a).

Martensitic transition is defined as a lattice deformation involving shearing
deformation andresulting cooperative atomic movement. In order to minimize
the strain through nucleation and growth two types of LIS technique could

occur dislocationslip (Figure 2-3c) or twinning (Fig. 2-3d) [38].

13
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Figure (2-3): Transformation from austenite to martensite in two-dimensions; (a)
being completely austenitic, (b) Bain strain, (c) LIS, accommodation by slip and (d)
LIS, accommodation by twinning [38].

Martensite transition can be also categorized in two categories: non
thermoelastic and thermoelastic [39]. What differentiate shapes memory alloys
from conventional materials is their ability to form thermoelastic martensite.
For thermoelastic martensite transition, the transition temperature hysterias are
little, the interface between origin and martensite is animated and the transition

Is crystallo-graphically reversible dueto a much minimal driving force [40].
2.3 Copper Based Shapes Memory Alloy

2.3.1 Metallurgical Properties of CUAIMn Alloys

The most popular Copper-based are Cu-Zn-Al, Cu-Al-Ni, and Cu-Al-Mn

shape memoryalloys.

The major benefit of these alloys over NiTi is that they are comparatively cheap
and can be formed using traditional metallurgical methods. Actuators, safety
valves, and pipe couplings may all benefit from copper-based SMAs. Copper-

based SM has good rigidity and a high damping capability [41].

14
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The transformation from a body centered cubic ordered origin phase to a
mixture of monoclinicand orthorhombic martensitic phases is seen in many Cu-
based SMAs. To enhance the characteristic features of synthesized alloys,
different elements such as (Al, Zn, Cr, Ni, Sn, Pb, Nb, Be) can be applied to the

elemental copper [42].

Aluminum bronzeis a kind of bronze in which aluminumis applied to copper
as the primary alloying element. It can be used in a wide range of engineering
systems, with a number ofalloys finding use in various industries. Many forms
of Aluminum bronze, as per ISO 428, contain 4-10% Wt.% Aluminum, as well
as many other alloying elements such as Iron, Nickel, Manganese, and Silicon

In varyingamounts [42].

Aluminum bronze has a chemo-mechanical combination that outperforms
many other alloy sequences, making it the material of choice for essential
applications. Aluminum enhances the mechanical characteristics of copper by
maintaining a face center cubic (FCC), thus improvingthe casting and heating
characteristics of the base metal. Other alloying components, such as
magnesium, iron, and tantalum, strengthen mechanical properties and alter
microstructure. Nickel and Manganese help to avoid rust, while iron helps to

refine grain [43].

Figure (2.4) shows the recovery of forms by heating the pre-bound 17%

specimen, in which recovery of forms is nearly perfect [44].

15
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Figure (2.4): Shape memory effect of Cu-Al-Mn alloy, where the
bent sheet regains the original straight shape by heating.
When the Al content is 14wt%, the Ms temperature of CuAl alloys is a little
above room temperature. Alloys containing more than 14 wt.% Al are
suspectable tothe precipitation of a second phase y, that does not undergo phase
transition. Good electrical and thermal conductivity along makes Cu-based

shapes memories alloys an attractive alternative to NiTialloys [45].

Figure (2.5) shows the Cu-Al binary phase diagram [phase B,]in which both
systems performed their shapes memory structuresin the domain of p-phases,
moreover, the third elemental additionto the binary and/or ternary is aimed to
modify and control the transition temperatures in comprehensive range in meet
the applications necessities, i.e., T = 100-370°C. From above, it was proven
that the transitions temperatures are highly sensitive to the composition of
alloys[46]

16
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Figure (2.5): Phase diagram of Cu-Alsystem with A, B, and B, < Dos
order disorder transition temperatures and Ms temperature

Because of the composition of the alloys in Cu—A1l-based alloys, the presence
of different martensitic structures, likea) o’ b) B°, and ¢) y', has increased the
interest in working with these alloys. In the presence of CusAl, two ordering
mechanisms are possible in these alloys. The metastable B-phases undergoes a
two-stage disorder <~ order transition: A, <~ B, and B ; <> L (DO3) once
rapidly cooled [47]. The a-phase and the B-phase have some crystal structure
differences that are significant for the thermal activation of the driving force
[48].

17
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2.3.2 Characteristic of CUAIMn Based Shapes Memory

Alloys and Their Application

Because of the crystallographic reversible thermoelastic martensitic
transformation, shapes memory alloys (SMAS) exhibit peculiar properties as a
thermal memory effect, super elasticity (SE). Cu based SMAs, such as Cu-Al-
Ni, Cu-Zn-Al and Cu-Al-Mn, are commonly studied systems, because of their
ease of fabrication and lower manufacturing costs. Cu-Al-Niand Cu-Zn-Al, on
the other hand, have some drawbacks in technical applications, which can be
explained by their brittle existence, and cold workability due to the high degree

oforder, and even high elasticanisotropy in the p-phase [49].

Cu-Al-Mn SMAs show extra ductility due to their origin phase with an Ly,
structure that show low degree of order witha low Al concentration of less than
18 wt.%. For the Cu—Al-Mn SMAs, the disordered-phase is stable at high
temperatures, but during a quenching cycle, the disordered-phase transforms
into the B(Az) — B2(B2) — B1(L21) ordered phase. Moreover, Cu-Al-Mn alloys
exhibit a shapes memory effect (SME) based on Bi(Lz;) to monoclinic
martensitic transition abovel6 at% Al [50]. Variant’s kind of martensite & (3
R), 1 (18 R) and y; (2H) depended on the amount of Aluminum and
Manganese present, formin the various composition ranges of the alloy. a (3R)
martensite is predominant at lower Aluminum contents, whereas at higher
amounts of it, y 1(2H) martensite is formed. In the intermediate concentration
range, both and B; (18R) martensite co-exist [51,52].

The additions of manganese to binary CuAl alloys stabilizes the BCC process
by lowering the temperature range of stability of the phase and expanding the
composition range over which it occurs. It increases the ductility of alloys by

lowering the degree of order in the initial process[53,54].

18
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These alloy transition temperatures are extremely sensitive to variations in Al
and Mn concentrations. The transition temperatures of the alloys reduction as
the Al and Mn contents rise. Because of the shapes memory effect, Cu—Al-Mn

alloys have good strain recovery and super elasticity [24, 55].

Cu-Al-Mn shapes memory alloys (SMA) have good strength and very high
dampingand shapes memory effects as compared to common metals. Cu - Al -
Mn shapes memory alloys are less expensive to manufacture than TiNi shapes
memory alloyssince vacuum casting is not needed [57]. CuAIMn properties are

shown in Table (2-1) [24].
Table (2-1): Shape memory characteristics for CUAIMn, NiTi, CuZnAl and

CuAlINi
Alloys Transformation Temp. SE% OWSME | TWSME
CuAlMn -200 to 150 7.5 10 3.2
NiTi -40 to 100 8 8 5
CuznAl -200 to 120 2 5 2
CuAlINi -200to 170 2 5 2

In recent times, the need for materials with high damping capacity, in such fields
as automotive, aerospace and structure, has spurred the research and
development of high damping materials. Damping occurs in materials when
there is a loss of energy in the process of converting one form of energy into
another. Among the different means available to achieve damping, much
Importance has been attached to the use of shape memory alloys (SMAs)
because of their unique microstructure, leading to good damping capacity.
Shape memory alloys exhibit high damping capacity or internal friction due to
thermoelastic martensitic transformation, which is related to the hysteretic

movement of interfaces, i.e., martensitic variant interfaces and twin boundaries.
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The high density of mobile twins in the martensitic phase and mobile interfaces
between the parent phase and martensite leads to internal friction. considerable
amountofenergy is absorbed due to internal friction, which gives rise to high

dampingin shape memory alloys [58].

In recent years, the addition element method for grains refinement has gotten a
lot of attention because it has the advantage of a slight quantity of addition, high
refining efficiency, and a simple synthetic process. B, V, Cr, Mg, and Ti
elements were found to effectively refine the grains of Cu-Al-Mn SMAs and

enhance their various properties [59].
2.3.3 Phase diagram of (Cu-Al-Mn)

Traditional Cu-based shapes-memory alloys as Cu-Al-Be or Cu-Zn-Al are
identical to this alloy framework (Cu-Al-Mn). Cu-Al-Mn is characterized by
its magnetic properties, which are a significant feature. Cu-Al-Mn is para-
magnetic at high temperatures and converts to a magnetic glassy phase at
temperatures well below the martensitic transition, whereas most shapes-
memory alloys are diamagnetic. The relative stability of the bcc and close-
packed phases in Cu-Al-Mn could be influenced by such a distinct magnetic
action [60]. Its pseudo elastic strain is significantly greater, and its energy
dissipation behaviors are significantly stronger, over a significantly larger

number of cycles than as compared to the Cu-Al-Bealloy [ 61].
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Figure (2.6): Ternary phase diagram of CuAIMn at 20°C [62]

The disoriented B-phased is a stable at high temperatures in these types of
memory alloy and after quenching it turns into the martensitic phase. However,
changing the alloying elements fraction can significantly alter phase stability;
for example, raising the Aland Mn content in Cu-Al-Mn SMAs, the prevalent
martensite phase, can significantly alter the phase's stability temperature range
and transition temperatures. Thatis, in these alloying systems, careful chemical

composition control is critical, and more attention is needed during the

processing routes [63].

Figure (2.7a and b) shows an isothermal part diagram at 800°C and a vertical
partdiagram ofthe Cu-Al-10 wt.-%Mn section respectively. It can be seen that
the single phase B region is expanded by the supplement of Mn and that the
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transition temperatures associated with two types of order—disorder transitions,
A,to Bz and B, to Ly, inthe  phase region drastically decrease with decreasing

Al content.

This vertical diagramin Figure (2.7b) suggests thatthe grade of order in the 8
origin phase may lower with reduce Al contents. Actually, in the high Al
composition ranges >16 at. %Al, the ordering to the L,; structure cannot be
suppressed by quenching from the disordered A, phase region, and the Ly phase

transforms into a 6M structure with (6) layered modulation.

However, in the low Al composition range, 16 wt.%, the ordering from the A;
to the Ly; structure can be suppressed by fast cooling and the martensitic
transition from the A to the 2 M (disordered F.C.C) structure occurs at low

temperature [56].
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Figure (2.7a and b): isothermal section diagram at 800°C and (b) vertical
section diagram in Cu— Al-10 at. -%Mn ternary system with A,/B; and B,/L2;
order—disorder transformation and martensitic transformation starting Ms

2.3.4 Austenite Phase and Martensite Phase
Shape memory alloys have a solid-state phase transition in which both the

starting phase (austenite, or original phase) and the martensite phase, which has
amonoclinic lattice structure, occur at low temperatures. Under lowto no stress,
martensite is formed by a displacive thermal transition from the higher
temperature austenite process. These two phases consist of a body-centered

cubic structure for austenite, and a face-centered cubic structure for martensite.

The martensitic thermo-plastic transition is the transition between these two

phases. The temperature, applied mechanical load, and thermo-mechanical
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background of the material all influence the stable process at any given time
[ 55].

Temperatures, streses and strain are correlated following the relation depicted

in Figure(2.8), thatalso highlights the shapes memoryeffect of such alloy.

In (0) the materials are kept at lower temperatures in an undeformed and
unstressed state presenting a randomly organized twinned martensite. The
return to an un-stressed condition is associated with a high hysteresis and a
residual strain (2) since the reorientation occurred in (1) is caused by an aporigin
plastic deformation. In (3) the As is reached and martensitc starts moving into
austenitc, while in (4) the process are completed.By continuing growing the

temperature no other effects are gained (5).

If from this point a load is applied again, a different behavior is shown this
time: the higher temperature maintained the alloys in austenitic phase so that
the response is much stiffer and linear (6). An higher stress leads to the
appearance of a plateau that is justified by a stress-induced microstructural
change: austenite is transformed into detwinned martensite (7). But since
martensite is not stable at large temperatures when the load is taken away, the
reverse transition occurs (8) until the alloys is again fully in austenitic phase

9).

Point (10) concludes the transition cycle at large temperatures, thus describe the
SE effect [ 65].
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Figure (2.8): Thermo-mechanical behavior of a SMA showing the dependency among
temperature, T, stress, o, and strain, &, and the related crystal structures.

2.4. The Shapes Memory Effects

The shapes memory effect (SME) is a property which covers two basic
requirements: thermoelastic martensitic transition and twinning as a
deformation mode. The deformation processes that are mainly responsible for
shapes memory effect are deformation of martensite or stress-induced

martensitic transition. As discussed earlier, the deformation of martensite
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should occur by twinning to realize the shapes memory effect, because slip is
an irreversible process. The martensitic transition occurs in self-accommodating
manner to keep the same shapes upon cooling (upontransition) and to minimize
the energy change. Further deformation proceeds with twin boundary motion

which is the reorientation process of one martensite variantto another.

2.4.1. One-Way and Two-Way Shapes Memory Effect

In its martensite phase, a de-twin structures transform into the original phase
structure after heat is supplied in an austinite phase, the One-way SME
(OWSME), is described as an inverted transition process. In other words,
OWSME materials can be remembered only when heat is applied to their
deformation forms [69]. Figure (2-9) show the mechanism of the One-way SME
(OWSME).

(a) Q )
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Figure ( 2.9): Macroscopically Mechanism of One Way Shape Memory Effect: (a)
Martensite, (b) Loaded and Deformed in martensite phase T< Mf, (¢) Heated above T
G As (austenite),(d) Cooling to martensite T< Mf.[68]

However, in the two-way SME (TWSME) response, the material has the
capability to remember both its origin phase (austenite) and deformed phase
(martensite) shapes through a spontaneous form change mechanism. The

primary variation between the OWSME and the TWSME is that the shapes
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variation which occurs in the latest is created without external stresses. Figure
(2-10) show the mechanism of the two-way SME (TWSME) [69,70].

(a) ) )

(b) ( S ? ’

(c) 6: Q?

Figure (2.10): Macroscopically Mechanism of Two Way Shape Memory
Effect: (a) Martensite state, (b) Several deformation with an irreversible
amount, (c) Heated, (d) Cooled.[68]

2.4.2. Superelastic Effect

The superelastic effect is described as the recovery of large strain as a result of
the stress-induced martensitic phase transformations under constant
temperature. SMA is in its austenite phase at relatively high temperatures
(temperatures above As). When a sufficiently high stress is applied to the
material in the austenite phase, the SMA transforms into the detwinned
martensite. When the load is released, a reverse transformation to the austenite
state takes place, which results in complete shape recovery and a substantial
hysteretic loop. A temperature diagram demonstrating the superelastic effect of
SMAs is shown in Figure 2.11. Also, if the temperature is above a critical
temperature termed Md(c-d), the material is stabilized in the austenite phase

and the martensitic transformations cannot be induced by an applied load [71].
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Figure 2.11: Superelastic Effect

Based Shapes Memory Alloys

Fabricated by Powder Metallurgy

It is difficult to control the grains sizes of Cu base SMAs by conventional
casting method and with the desired chemical compositions. Generally, the
change in composition will change the temperature transition of coarse grains

and will weaken alloys mechanical properties.

Mechanical alloying (MA) and powder metallurgy (P/M) with a hot isostatic
press (HIP) has been documented as a method for fabricating Cu-based SMAs.
It's easier to make near-net shapes alloys with P/M, and it gives you more
control over the composition and grain sizes (coarse grains do not favor high

mechanical properties) [73, 74].

Other fabrication methods such as casting, stamping, or machining are several
times more expensive than the P/M process. P/M is the choice when strength,
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wear strength or the high temperatures of the die castingalloys are higher than
their capacity. P/M provides greater accuracy and eliminates mostor all of the
casting finishing operations required. It prevents casting defects like holes,
inclusions of hands. However, the P/M process is economical only when

productionrates are higher, sincethe tooling cost is quite appreciable [ 75].

Powder metallurgy exhibits characteristics such as low costs, a large supply of
raw materials, simpler processing equipment, low energy consumption, and fast

processing[76].
2.5.1 The steps of powder metallurgy PM process

1. Mixing Proses
2. Powder Compaction

3. Sintering of Compacted Powder

2.5.2 Liquid-Phase Sintering: is a process for forming high performance,
multiple-phase components from powders. It involves sintering under
conditions where solid grains coexist with awetting liquid. In systems involving
mixed powders, liquid formation is possible because of the differing melting
ranges of the components. Common systems involving liquid-phase formation
during sintering include copper-cobalt, tungsten-copper, tungsten-nickel-iron,
tungsten-silver, copper-tin, iron-copper, tungsten carbide/cobalt, and copper-
phosphorus. Because of the faster sintering and superior properties, liquid phase
sinteringis applied to 70% of all P/M alloys. Heating of a mixed-phase system
begins with a mixture of elemental powders. When the liquid forms, it flows
and wets the solid particles and begins acting on the solid phase. Melt

penetration between the solid particles can cause swelling of the compact,
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especially if the green density is high, and the particles are coarse. The

mechanism of sintering process is shown in the Figure (2.12) [84,85].
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Figure (2.12) The mechanisms for sintering metal powders: a-solid-state
material transport; b-liquid-phase material transport [ 83].

Sintering in solid state is classified into three stages [72,79]:

» Adhesion out shrinkage: During the sintering processing, when the
powder compact is heated to a certain temperature, initial bonding hand
neck growth occurs quickly.

» Densification and grain growth: This is where the majority of the
shrinkage occurs, as further pore rounding occurs, forming a network of
pores and allowing hand grain growth to continue. VVolume diffusion of
voids from the interior towards the surface results in closed pores with
increasing poresize and less total pores.

» Elimination of the last isolated pores: This is where it happens. In the
vicinity of the gain boundary, the periodization of isolated pores

gradually increases, and pore shrinkage has been occulted more quickly.
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2.6 Corrosion Behavior of Cu Base Alloy
Copper is different from most other metals in that it combines corrosion
resistance with high electrical and heat conductivity, formability, machinability,

and strength when alloyed, except for high temperatures[94].

In a saline sea water system, most metals and alloys behave abnormally.
Corrosionsis one of the most common issues in marine applications, and it has
an effect on the material intrinsic properties. In general, corrosions inhibitor or
copper alloys withother elements are used (Zn, Sn, Ni, Al, Mn, Ag and Tietc.)
and the combinations of both have been practiced to prevent corrosion of Cu.
Aluminum is one of the attractive alloying elements used to inhibit corrosions
of coppers-based alloys, which forms a protective layers on the surfaces of
Copper [86].

In a chloride medium, Copper and its alloys are extremely corrosion resistant.
As a result, these materials are commonly used in industrial applications
including heat exchangers and mobile devices. These materials high corrosion
resistance is due to two factors. To begin with the standard potential of Cu|Cu
in an acidic medium is higher than the hydrogen evolution potential. In the
absence of dissolved oxygen, Copper spontaneous corrosion potential can be
found in the immunity zone. Second, in neutral medium, corrosion products
formauniformandadherent film on the metal surface that serves as a protective
layer againstthe aggressive medium. Despite this self-protective effect, Copper

and Copper alloys can be damaged in a variety of circumstances [87].

The formation of a protective passive layer of Cu,0 and Al,O3; on the
surface of Cu-Al alloys when exposed to corrosion environment is primarily

responsible for their corrosion resistance. The higher tolerance of Aluminum
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for oxygen in salt solutions than copper leads to the formations of these stable

passive layerson Cu-Alalloys [88].

2.6.2 Factors Affecting Corrosion Mechanisms:

Many of the variables in seawater can affect marines corrosionand the effective
mechanisms directly or indirectly. However, only the main point will be
highlighted [89,90].

2.6.2.1. Oxygen

The oxidation mechanism, which is involved in most corrosions processes, is
dissolving oxygen, due to the high pH of natural seawater. This is valid for all
metals, with the exception of those with a much negative standard potential,

such as magnesium, where water reduction may also be involved [89,90].

2.6.2.2Chloride

The high chloride (Cl-)content is critical in the formations of metal ions
complexes, such as those with copper, iron, and other metals, which influences
the corrosion reaction both qualitatively and quantitatively. Potential outcome
Is an acceleration of the metals oxidation rates, which has been observed
frequently when complex intermediates can be produced. One example is
copper corrosion, where the chloride ion, according to some scholars, is

specifically involved in the oxidation process [89, 91]:
CuZtr+2CI 5 CUCL + 1 & tiriieiniiiiiiieiiiiiieiirrenenen (2.1)

CUCL + HyO>CU0+ ACK+2H weeeeeeeeeeeeeeeeeeeeeenenn. 2.2)
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2.6.2.3 Calcium and magnesium
Seawater has a large pH and this tends to increase locally when oxygen is
reduced at the metal surface of calcium and magnesium oxide, hydroxide, and

salt, giving riseto the formations layer know as calcareous layer [93].

2.6.2.40rganicscompound
Like in the chloride ions case, many organics compound can be involved in the

formations of quite stable metals ions complexed [89].

2.6.2.5. Specific conductivity

Basic conductivity is relatively large. In the case of general corrosions, it is
possible that seawater corrosions will affect general corrosion as well as
localized corrosion incurrent will begin to increases with increased
conductivity, and this is especially true for localized corrosion processes since

thereis a real currents flow through the solution in these cases [92].

2.7 Erosion-corrosion

Erosion corrosion is the acceleration or increase in rate of deterioration or
attack on a metal because of relative movement between a corrosive fluid and
the metal surfaces. Generally, this movement is quite rapid and mechanical
wear effects or abrasionare involved. Metal is removed from the surface as
dissolved ions, or it forms solid corrosion products thatare mechanically swept
from the metal surface. Sometimes movement of the environment
decreases corrosion, particularly when localized attack occurs under stagnant
conditions, but this is not erosion corrosion because deterioration is not
increased.

Erosion corrosion is characterized in appearance by grooves, gullies, waves,

rounded holes, and valleys and usually exhibits a directional pattern [93,94]. In
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many cases, failures because of erosion corrosion occur in a relatively short time
and they are unexpected largely because evaluation corrosion tests were run
under static conditions or because the erosion effects were not considered.
Figures (2.13 Aand B) shows a sketch representing erosion corrosion of a heat-

exchanger tube handling water [94].

flow

Original metal

_ surfoce
[mpingement  /
o corrosion pits  /

Corrosion film 7/ /

/

Figure (2.13): Erosion-corrosion for piping systems (A) Condenser tube wall
(B) Effect of flow direction on erosion-corrosion [94]
Most metals and alloys are susceptible to erosion-corrosion damage. Many
depend upon the development of a surface film of some sort (passivity) for
resistance to corrosion. Examples are aluminum, lead, and stainless steels.
Erosion corrosion results when these protective surfaces are damaged or worn
and the metal and alloy are attacked at a rapid rate. Metals that are soft and
readily damaged or worn mechanically. such as copper and lead, are quite
susceptible to erosion corrosion. Many types of corrosive mediums could cause
erosion corrosion. These include gases, aqueous solutions. organic systems. and
liguid metals. For example, hot gases may oxidize a metal and then at high

velocity blow off an otherwise protective scale [96].

Solids in suspensionin liquids (slurries) are particularly destructive fromthe
standpoint of erosion corrosion. All types of equipment exposed to moving
fluids are subject to erosion corrosion: Some of these are piping systems,
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particularly bends. elbows, and tees: valves: pumps: blowers centrifugal:
impellers: agitators; agitated vessels: heat-exchanger tubing such as heatersand
condensers; measuring devices suchas an orifice: turbine blades: nozzles; ducts
and vapor lines; scrapers; cutters: wear plates: grinders; mills; baffles; and

equipmentsubject to spray [95].

Where the fluid does not contain solidsand in smooth pipes, the tolerable flow
rate will be relatively high but turbulence must usually be expected and flow
limits determined. In addition to reducing flow rates, the introduction of
turbulence sources such as sharp curves and irregularities around joints is very

important as shownin Figure (2.14) below [97].

Flow ) Turbulence induced
direction elosion corragion

Figure (2.14): Hlustrating turbulence induced erosion-
corrosion in steel pipes joint [97]

2.7.1 Factors Influencing Erosion-Corrosion

Since corrosion is involved in the erosion-corrosion process all of the factors
that affect corrosionshould be considered [97,98].

2.7.1.1 Surfacesfilm

The structure and properties of the protective film that form on certain metals
or alloys arecritical in terms of erosion-corrosion resistance. The capability of

these films to protect the metal depends on the speed or the ease of forming
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when exposed to the environment, its mechanical damage or erosion resistance

and its rates of reform when destroyed or damaged.

A film that is hard, thick, adherent, and continuous can provide better
protection than one that is easily removed or worn off by mechanical means.
Under stress, a brittle films that cracks or spalls cannot be protective. The
nature ofthe protective film forming on a certain metal depression sometimes.
Often the quality of the protective film forming on a particular metal will
depend on its particular environment and therefore will decide its erosion-

corrosion resistance by that fluid [96].

2.7.1.2Velocity

Environmental speed plays a major role in erosion-corrosion. The dynamics
of corrosion reactions are often influenced by velocity. It has high erosion
effects and especially if the solution has suspended solids. Increasing in
velocity usually results in increased attack, particularly if there are high
rates of flow. At low velocities, erosion-corrosion can occur on metals and
alloys that are fully resistant to a specific environment. Increased speed can
increase or decrease attack depending on its effect on the mechanism of
corrosion involved. It can increase the attack on steel by increasing its supply
to the metal surface by adding oxygen, carbon dioxide, or sulphide hydrogen or
by increasing its speed by reducing the thickness of the stagnant surface film
[98].The erosion rate is affected by the velocity of the slurry and the Kinetic
energy of the sand particles in the slurry, which increases the impact force of
the particles onthe metal surface. Consequently, increased environmental speed

leads to an increase in solid patientimpact energy [96].

Reactants, intermediate products and corrosion products are either carried to or

away from the metal surface. The shear and compressive stresses produced by
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the flowing medium, as well as the impact of particles or bubble implosion if
the medium contains solid or gaseous phases, harm the surface films at the
metal/medium interface. Corrosion occurs as a result of these acts in the

followingways [96,98].

1. Erosion-corrosions.
2. Cavitation corrosions.
2.7.1.3 Turbulence

Turbulence or unstable flow conditions cause a lot of erosion-corrosion
failures. Turbulence causes a greater liquid turbulence than for laminar flux at
the surface of the metal. The best example of this kind of failure is perhaps at
the inlet ends for tubing in condensers and other similar heat exchangers in
the shell and tube. It is referred to as corrosion inlet tube. Erosion-corrosion
can be caused by ledges, crevices, deposits, sharp changes in cross section,

and other obstructionsthatdisruptthe laminar flow pattern [98].

2.7.1.4 Impingement

Impingement is to blame for a lot of failures. The metal fails when the water
Is forced to change its direction of flow, but the vertical and horizontal runs of
pipeare largely unchanged. Other applications where impingement conditions
occur include steam turbine blades, especially in the exhaust or wet-steam
ends; entrainment separators; bends; external components of aircraft; sections
in front of inlet pipes in tanks; cyclones; and any other application where
impingement conditions exist. Solids in the liquid, as well as gas bubbles,
increase the impingement effect. The presence of air bubbles aids in the

acceleration of impingement attack [96].
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The susceptibility to impingement attack is increased by dissolved (O) or (CI-
) in the water and a low pH. If the liquid contains gas bubbles or solids, or if a

gas flow contains droplets, impingement corrosion may occur in bends.

Droplets or bubbles hammer against the surface of metal and can quickly fail
when conditions are unfavorable. Figure (2.15) show bending impression and
the main flow direction show in Figure (2.16) [99,100].
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Figure (2.15): Cross section of elbow pipe or elbow -joint pipe
(impingement in a bend) [100].

It

Figure (2.16): The pipe (A) shown above is leaking due to erosion-corrosion
A: Indicates the most probable location for leaks.

B: This is one example of a way to redesign the pipe to eliminate or minimize
erosions-corrosion [100]
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There are some methods used to prevent or minimize corrosion in the metals
and alloys [92]:

1 - Material selection.
2 -Alteration of environment.
3-Coatings.
4-Suitable Design.
5-Anodicand cathodic protection inhibitors.
Methods for Calculation of Corrosion Rate may be determined by (mdd) and
give the value expressed in (mpy and verse vesa according to the equation (2-
4):

R (mpy) = % $ R (A vvvveeeeeerrreeeeeisireeeseeessenseen, 2.4)

Also determine in electrochemical methods by (corrosion current density) and

translate to other expression by the equation (2-4):

C.R (Mmpy) = L eeeeeeeeeeeeeeeernees @.5)

AXp

Where: weight of corroded material in (mg).

p = density in (g/cm83).

A=area of corrosion in (in2) in (mpy) while in (mm/yr.) the area expressed in
(cm2) where (1 mil =0.001 in).

E.W = equivalent weight.
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fi= mass fraction, ni=valence electron and ai= atomic weight.
2.8 Damping

Damping is the capacity of a mechanical system to reduce intensity of a
vibratory process. The damping capacity can be dueto interactions without side
systems, or due to internal performance-related interactions. The damping
effect for a vibratory process is achieved by transforming (dissipating)
mechanical energy of the vibratory motion in toother types of energy, most

frequently heat, which can be evacuated from the system.
2.8.1 Damping Parameters

The damping parameters like damping capacity, loss factor, damping ratio and
quality factor provides an insight about the damping behavior of material or
systems. Modelling the damping behavior requires identification of appropriate
damping parameters relevant for the model under consideration. However, the
contribution of individual types of damping like material, structural and fluid
damping is difficult to estimate from the overall measurement due to the

resulting interacting effects of various damping types.

The measurement approaches used to estimate the damping parameters are
broadly classified according to time and frequency based response of the

system[161].
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Displacement

x(t)

Figure 2.17: The response of the system under impact loading

Logarithmic decrement is a commonly used time-based response method to
estimate the damping parameters of a single degree-of-freedom oscillatory

system with low damping.

The logarithmic decrement ¢ is the natural logarithm of the ratio of the

amplitudes of two successive cycles of the damped free vibration;
8= In (AlA+)
2.8.2 Internal friction in the thermoelastic martensitic phase

The high damping capacity of the thermoelastic martensitic phase is related to
the hysteretic movement of particular behaviour has been related to a decrease
in the interfaces (martensite variant interfaces, twin boundaries). Many alloy
systems exhibit such a thermoelastic martenresitic transformation. The most
studied and well-known systems are Cu—Zn—Al, Cu—Al-Ni and Ni—Ti alloys.
Thesesystemsare designed to eliminate or at least to reduce structural damage
on buildings and infrastructure by limiting the transmitted displacement
(Seismic Isolation techniques) or by absorbing the energy of the seismic event
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(Energy Dissipationtechniques). One energy dissipation technique consistson

using dampers based on Shape Memory Alloy (SMA).

Shape memory alloys have many interesting properties that can be exploited in
these applications, namely their Superelasticity, high fatigue resistance, near
strain-rate independence (in certain conditions related to temperature control).
The damping capacity comes from two mechanisms: martensite variations
reorientation which exhibit the SME and stress-induced Martensitic

transformation of the austenite phase which exhibit the superelasticity [161].

Superelasticity is the main property explored in this type of devices and
represents the material’s capability to change between metallurgical phases
(austenitic and martensitic phases) due to stress application cycles. This
property allows SMA based dampers to withstand very large strains (when
compared to dampers based on other metallic materials) without any residual
deformation upon unloading, while dissipating energy during the
loading/unloading cycles. Using SMAs for passive structure control relies on
the SMA’sdamping capacity ,which represents its ability to dissipate vibration

energy of structuressubject to dynamic loading[162].

2. 9 Literature Survey

In 2001 Sutou et. al. [56] Studied the effect of grains refinmen on the
mechanical and shapes memory (SM) properties of alloy was investigated "By
using a special induction melting technique, single-phase  alloys of the Cu-
Al17%-Mn 10%-V (0.1,0.5, 1) or Cu-Al-Mn-Cr (0.5, 1, 2) quaternary systems
were prepared. Added V or Cr to the Cu-Al-Mn ternary alloys in excess of 0.5
at. % V or | at. % Cr were effective in this case "Refining the grain phase 8" to

under 200 um. With the increasing content of V or Cr, the Ms. temperature

42



Chapter Two Theoretical part and literature review

decreased, but the grain refinement did not improve the SM and pseudo elastic
properties. The temperature of the Cu-Al-Mn Alloys martensitic transitions

decrease with the size of grain.

In 2008 Mallik and Sampath [109] Investigated the effect of Aluminum
and Manganeseconcentrations on the shapes memory properties of Cu—AHMn
shapes memory alloys. Variationsin Aluminumsand Manganese content have
a significant effect on the transition temperatures, shapes memory and super
elastic behavior of these SMAs. The Martensite morphology changes as the
Aluminum and Manganese concentrations in the alloys rise, and the transition
temperatures fall. In the composition spectrum of the alloys chosen, the
Martensitic phase is dominant. These alloys contain two types of martensite,
namely (18R)and (2H), both of which have a high density of twins. Alloys with
a lower Aluminums content and a higher manganese content have a higher

manganese content show good super elasticity.

In 2008 Mallik and Sampath [110]: Studied Cu-Al-Mn shapes memory
alloy with 10-15wt.% Al and 0—10 wt.% Mn prepared by ingot metallurgy.
When the Cu/Alratio or the volume of Aluminumsis kept constant, the alloys
damping ability reductions with a rise in manganese . Although ageing the
alloys at 300°C raises their transition temperatures, it lowers their damping
ability due to the formation of precipitates. Owing to the formations of
aluminums-rich precipitates, the alloys aged at 500°C do not exhibit the
Austenite to Martensite transitions and thus have low damping ability. The
transition temperatures decrease with an increases in either Aluminums or

Manganes concentrations of the alloys.

In 2009 Mallik and Sampath [51]: Studied transition temperatures,

shapes memory effects, and super-elasticity of Cu—Al-Mn shapes memory
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alloys. These alloys are extremely sensitives to composition changes. Ternary
alloys are memory alloys with a ternary form. The quaternary element such as
“Zn, Si, Fe, Pb, Ni, Mg, Cr, and Ti” were added to the ternary (base) alloys in
various quantities (1, 2 and 3 wt.%) for the current analysis. Transition
temperatures were found to be increased by quaternary additions of Zn and Ni,
but decreased by “Fe, Cr, Ti, Si, and Mg”. With the addition of quaternary
elements, the super-elasticity of Cu—Al-Mn SMAs decreases by around 2-3%.
Due to solid solution or precipitation hardening in the origin phase matrix, a

higher stress is required to form stress induced martensite leading to decrease

super-elasticity.

In 2009 Faisel, et. al [156]: Studied corrosion-erosion of (Cu-9.5%Al)
prepare by powder metallurgy technique. They found an increase in weight loss
for corrosion-erosion tests with phase transition before and after heat treatment
using simple immersion method and erosion-corrosion of (Cu-9.5%Al)
prepared by powder metallurgy technique. The findings showthat adding alloy
elements (Ni, Mn, Fe, Si) to alloys increases corrosion resistance, wear
resistance, and corrosion resistance. The shift in weight over time indicates a
stable case after exposure to corrosion media. Alloys (Cu-Al-Ni-Mn-Fe-Si) also

have a low rate of corrosionin seawater, strong wear resistance, and a high

compressive pressure.

In 2010 Jiao et. al. [107]: Studied the effects of solution temperatures
on martensite transitions temp erature, damping capacity and shapes memory’s
effects of a Cu-7.66AI1-9.52Mn alloys was investigation by resistivity
temperature method, reversal torsions pendulum methods and bend test. The
results showed the shapes memory effects of Cu-7.66Al-9.52Mn improved
with increasing the solution temperaturesup to 1073K, over which it increased
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slowly with the temperatures. Its damping capacity also increased with
Increasing temperatures upto 1098 K, but it decreases with further increasing
temperatures. The shapes memory effect in Cu based alloys was mainly
determined by theamount of the martensite, while their damping capacity was

affected by the amount and the thickness of the martensite p lates.

In 2011 Montecinos and Simison [93]: Investigated the corrosion
behavior of a shape memory Cu—11.40Al-0.55Be (wt.%) polycrystalline alloy
in 3.5% NaCl has been characterized in view of its application in bridges as
seismic dampers. Samples with two different microstructures were emp loyed:
single phasef and f matrix with y, dendritic precipitates. They were found that
the Chloride environment could produce a de-aluminization attack on the
studied alloy. The corrosion behavior was affected by the alloy microstructural
conditions. The single-phase microstructure suffered matrix dealloying
(aluminum preferential dissolution) on the whole surface. In the two-phase
microstructure, preferential dissolution of y, dendritic precipitates occurred,

which seems to protect matrix from dealloying.

In 2013 Canbayand Karagoz [112] Prepared Cu-based shapes memory
alloys by arc melting. The Cu-based polycrystalline quaternary alloys
CuAlMn- X (X = Mg, Fe) were produced in this study. The characteristic
transition temperature can be controlled by the variations in the Aluminumand
Manganese content. Additionally, the effect of magnesium and iron on the
transition temperatures and thermodynamic parameters was investigated in the
Cu—Al-Mn ternary system. The additions of the magnesium decrease the
characteristic transition temperatures of the Cu—Al-Mn system, but that of the
iron increases. Duetothe low solubility of the magnesium, it forms precipitates

in the matrix.
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In 2013 Takhakhet. Al [123]: Studied the effects of Ta addition to Cu-
Al-Ni shape memory alloy. Cu-Al-Ni specimens using powder metallurgy
technique with vacuum sintering environment, three rang of Ta powder weight
percentage (0.3,0.6,0.9) % has been added. Micro hardness and sliding wear
resist have been tested followed by X-ray diffraction, SEM and EDX for micro
structure observation. Using different Ta powder weight percentage will not
affect on X-ray diffraction results or the shape memory effect. There is a
nonlinear increment in HV (85 to 168) with the increasing the weight
percentage of Ta that result to alloy enhancement with the addition of Ta
particleto thestructure.

In 2014 Canbay and Keskin [104]: Studied Cu-Al-Mn, Cu-AF-Mn-V
and Cu-Al-Mn-Cdshape memory alloys were produced by arc melting. They
have investigated the effects of the alloying elements on the characteristic
transformation temperatures, variations in structure and microstructure. The
characterization of the transformation temperatures was studied by the
differential scanning calorimetry. It was observed that the addition of the
vanadium and cadmium decreases the characteristic transformation
temperatures. The structural changes of the samples were studied by X-ray
diffraction measurements and optical microscope observations. The crystal
structure of the martensite shape memory alloys was identified as M18 at room
temperature. The crystallite sizes of the alloys were determined. V-type
martensite with different orientations were detected. Microhardness value of
thealloys were found between 194 and 211 Hv.

In 2014 Xiaoet. al. [105]: Mechanical alloyingand powder metallurgy
were used to create ductile Cu—Al-Mn-Ti—B shapes memory’s alloys with high
fatigue strength. The composition of the mixture (wt.%) was (81.9% Cu, 8.0 %
Al, 9.6% Mn, 0.33% Ti, 0.17 % B). The size of the crystallite grains decreases
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as millingtime increases. At roomtemperature, the aged alloys had a martensite

structures and a shapes memory recovery of 92%.

In 2015 Kumaret. al. [108]: Studied Cu-12.5wt.% Al-5wt.% Mn-2wt.%
X [X=2Zn, Si, Mg, Cr]. Liquid metallurgy was used to prepare the samples. All
of the alloys have a grains structures with (o+ ) phases in the homogenized
state, which is a requirement for Martensite formations on quenching,
suggesting that all of the alloys have the ability to exhibit shape memory
behavior. The formation of martensite can be seen in the majority of quenched
samples, but with varying morphologies. The plate- or spear-like martensite
process [the zig-zag phase] is observed in the precipitated martensite. The
martensitic phases of Al,Cus [B ] and Al.Cus [y] have been clearly identified in

the XRD of the quenched samples.

In 2017 Yang et. al. [106]: Investigated the effects of VVanadium and
Manganese content on Cu—Al-Mn. The findings show that during deformation,
stress-induced 2H martensite from Ly origin stabilizes in all Cu-Al-Mn-V
alloys. The super-elasticity and shape memory effect can be broken downinto
three categories. Situation 1 alloys (wt.%) with excellent super-elasticity strains
of up to 5.4 % and 3.9 % respectively include (Cu 63.7, A1 25.3,V 1.9,Mn 9.1)
and (Cu 63.7, Al 25.8,V 2.2, Mn 8.3) alloys (wt.%). (Cu 63.8, Al 25.4,V 4.2,
Mn 6.6 and Cu63.0, Al26.2,V 4.7, Mn 6.1) alloys are situation 2, and exhibit
good shapes memory effects being up to 3.5% and 3.9% respectively. The
super-elasticity and shape memory effect of (62.8%Cu, 26.2%Al, 2.6%V,
8.4%Mn)alloys, which are in situation 3, are in the middle of the two. The SE
properties of the Cu—Al-Mn-V alloys vary. With increasing V material, the SE

strainand relative recovery rate gradually decreases.
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In 2018 Kozuh et. al. [130]: Prepared bars of Cu-8.3%AI-9.4%Mn shape
memory alloys by continuous casting technique. The samples were
characterized using optical microscopy and scanning electron microscopy along
with EDX analysis. The continuous castalloy revealed some martensitic phase,
which, after quenching, led to the microstructure that is comp letely martensite.
Quenching of samples had an effect on several mechanical properties and
change in morphology of fracture. Hardness in cast and quenched state gives
similar values (235HV and 223 HV). In ageing condition, the value of hardness
in all samplesincreases. After ageing at 100 °C, hardness was 274 HV, while
after ageing at 200 °C and 300 °C, hardness values significantly increase (432
HV and 332 HV). Increase in hardness values can be caused by the second
phase particle presence. These changes in mechanical properties can be due to
change in grain size and microstructure.

2.9.1 Summary of literatures

From the review of literatures, it is clear that many researchers have studied
about CuAIMn shapes memory alloys,someresearchers studied the effect of
alloying elements addition on the mechanical properties, electrochemical,
corrosion behavior and shape memory effects, also others studied the erosion-
corrosion of these alloys show in Table (2.2) comparison between some

researches andthis study.
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Table (2.2) comparison between some researches and this study.

Reference Alloy Addition Results
composition alloying
[104] Cu - 21%Al-| (0.45, 0.37) | The martensites occurred in the samples
3.7%Mn v are V-type and needle-type martensites.
and (0.6, Hv increase from (149 to 21land 256
0.43) when addition Cd and V respectively
Cd
[105] Cu,8.0% 0.71% B, | As and As after aging about 45 and 55
Al, 9.6% 0.33%Ti respectively. martensite 18R after aging.
Mn, x Ti, xB shape memory recovery reach 92%
[106] Cu-12.8% (1.9-4.5)% | The SME gradually increase with the
v increase of V content.V-4.0andV - 45
Al-9.1Mn alloys exhibitgood SMEs, being up to the
largest value of 3.5% and 3.9%
respectively
[ 107] Cu-7.66% |....... Maximum Logarithmic decrement of
Samplesreach 0.16 at solution treatment
_ 0
Al-9.5%Mn 1098K
[56] Cu-All7%—- [(0.1,0.5,1) |Microstructure contain (B  and
Mn 10% recipitate), As and As about (81, 97
o v, (05,1, 2) | PreciPIAte). As f (81, 97)
c respectively and decrease with addition
;
CrandV
[108] Cu-12.5wt% | 2.%(Zn, Si, | Grain structure with (a+f) phases is
Al-5wt.% Mn visible in the homogenized condition of
Mg, Cr)

all the alloys. The martensitic phases of
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CusAland AlsCug. Hv. hardness increase
from 250 to 475 when addition Mg

element.
[109] Cu—(10-15)% | -------- transition temperatures As and Af about
Al- (0-5)%Mn 95 and 117 respectively. lath type
martensite §';. SE about (3-8)%.
[110] Cu-(10-15) % As and As about (58 and 80)C
Al-(0-5) % respectively. damping capacity IF about
Mn 0.16.
[51] Cu-12.5%Al| Zn, Si, Fe, | Transition temperatures As and As about
5%Mn Pb, Ni, Mg, | 50and 56 °C respectively. An increase of
CrandTi 4-8% in strain recovery by SME was
observed in the alloys with the
quaternary alloying additions.
[112] Cu-12%Al- | (1.69 and |transition temperatures As and Af
5%Mn 1.1) %Mg, (1 | (382.41 and405.51) K respectively and
and 1.3) %Fe | decrease with alloy addition
[113] Cu, Cu-Al 4.3% Al, electrochemical behaviors
and 4.7% Ag
Cu-Al-Ag
[156] Cu-9.5%All 3%Si, 5%Ni, | increase in corrosion resistance about

1%Mn, 4%Fe

(113.3 — 566.6%). Also high resistance in

corrosion/erosion of two alloys are
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calculated. When the heat treatment are
carried out, the
(488.9%),and the hardness have (185HV)

value.

improvement ratio is

[130] Cu-8.3%Al- | ageing at Hv increase after aging in 300C from

9.4%Mn 300°C 235t0 332. The V-shape martensite.

[123] Cu-Al-Ni (0.3,0.6, Micro hardness increase from (85-

168)Hv with increase Ta form (0.3 to

0.9)%Ta .
0.9)%wit.. no effect of Ta addition to the
martensitic phase.

[93] Cu-11.40Al- corrosion behavior in 3.5% NacCl

0.55Be (electrochemical tests)

The Cu-8%Al- (1, 2, and 3) | Shape memory effects, linear
Current | 9%Mn wt. % Ta, | polarization, density, porosity, erosion
research In, Y,0; | corrosion, damping capacity,

and (0.6, 1, |transformation temperatures, Micro-
2)% Zr structures, hardness before and after

aging heat treatments at 300°C

The originality of present work is:

1. The alloy Cu8%AI9%Mn shape memory used as industrial application

(a seismic damper in buildings and bridges).

2. Addition Tantalum, Indium, Zirconium, and Yttrium oxide with three

different ratios.
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Chapter Three Experimental Part

3. 1. Introduction

This chapter deals with the materialsand devices used in the current study as
well as the practical method applied for the manufacturing of shape memory
alloys and the main components of the powders (Copper, Aluminium,
Manganese, and the additional powder), using powder technology. Heat
treatment (including quenchingand aging) was used for shape memory alloys.
The microstructure was explored using an optical microscope, scanning
electron microscope (SEM), and energy dispersive x-ray spectroscopy (ED X).
X-ray diffraction (XRD) was employed to detect the phases. A differential
scanning calorimeter (DSC) was utilised for the transformationtemperature of
martensite and austenite. The shape memory effect was obtained by Vickers
hardness. The corrosion testing was done in 3.5% NaCl. Most steps of the
sample preparation and specimens testwere performed at the laboratories of
the Metallurgical Engineering and Ceramic and Building Materials

Department/Faculty of the Materials Engineering-University of Babylon.

3.2. Materials

The powders, i.e., Cu, Al, Mn, Zr, In, Ta, and Y03 used in this research to
prepare shape memory alloy with an average particlesize origin are shown in
Table 3.1. Chemical compositionanalysis was done for all powders used in this
thesis in order to ensure their purity. Figure 3.Ishows the summary of all the

programs used in the presentwork.
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Powder characterization

r (Purity and particle size)

Compaction of mixtures 600,650,700,750,

800 MPa

— |

Mixing
—
Procedure
Aging heat Solution heat
treatment (at500 |¢al treatment (at 900
°C forlhr) °C for 30 min)
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Figure 3.1: The summary of the overall procedure
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3.3. Particle Size

Particle size analyzer type (“Bettersize2000” LASER PARTICLE SIZE
ANALYZER), as shownin Figure (3.2), was used to determine the particle size
of Cu, Al, Mn, In, Zr, Ta, and Y,03 powders. Half gram (0.5 gm) of each
element powder was poured inside the device chamber along with distilled
water (free of minerals/solids). The water was used as a mediumto keep these
particles of element powder in a suspension state. The device separated these
particles according to their size. Thetests were carried out at the University of
Babylon/College of Materials Engineering/Ceramic and Building Materials
labs. Table 3. | shows the average particle size of the used powdersapproved in

the preparation of the samples.

Table 3.1: Powders Specifications

Powders Average particle Supplier
size (um)
Copper 4.827 India/CDH/Centra Drug
House (P) Itd.

Aluminium 19.38 =
Manganese 19.09 =
Tantalum I1.74 =
Zirconium 14.23 =
Indium 18.46 =
Yttrium oxide 8.55 =
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Figure 3.2: Laser particle size analyzer

Figure 3.3 shows theresults of the particle size analysis.
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Figure 3.3: Particle size analyzer
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3.4. Chemical Composition

This test has been demonstrated to investigate the purity of elemental powders

asshown in Tables 3.2. Thetestswere carried out at the Ministry of Science

and Technology/Department of Materials Research via a spectro- analyzer

model (SPECTROMAXX).

Table 3. 2: Purity for base powder of the alloy

Element Cu S Fe Sn Pb Zn
Percent% 99.95 0.003 0.016 0.004 0.023 0.001
Element Al Fe Zn w S Ni
Percent% 99.967 0.004 0.002 0.001 0.007 0.02
Element Mn Fe W Cu Sn Ni
Percent% 99.964 0.001 0.006 0.024 0.001 0.004
Element Ta Pb S c Si

Percent% 99.88 0.04 0.02 0.01 0.05

Element Zr Cr Si C Fe S
Percent% 99.97 0.006 0.004 0.003 0.002 0.015
Element In © Mn Fe S Sn
Percent% 99.987 0.002 0.001 0.003 0.006 0.001
Element Y203 Pb Mn c \Y Zn
Percent% 99.93 0.001 0.004 0.056 0.001 0.005
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3.5. Preparation of Samples

The preparation of the base alloy (Cu-Al-Mn) SMAs with 8 wt.% of
Aluminium and 9 wt.% of Manganese through mixing, compacting, and

sintering process. The experimentwas doneto study the effects of the added

elements, i.e., (Ta, Zr, In), and Y03 ceramic particles on the mechanical and

corrosion behaviour ofthe basealloy. Table 3. 3 shows the samples used for

the Cu-Al-Mn experimentand the added elements’ percentages.

Table 3. 3: Chemical composition of alloys under study

Synthesized Code | Cu Al Mn Ta In Zr | Y203

Composition wt% | wt% | wt% |[wt% | wt% | wt% | wt%
Cu-8Al-9Mn A 83 8 9 - - - -
Cu-8Al-9Mn-1%Ta Bl 82 8 9 1 - - -
Cu-8Al-9Mn-2%Ta B2 8l 8 9 2 - - -
Cu-8Al-9Mn-3%Ta B3 80 8 9 3 - - -
Cu-8Al-9Mn-1%In C1 82 8 9 - 1 - -
Cu-8Al-9Mn-2%lIn C2 81 8 - 2 - -
Cu-8Al-9Mn-3%lIn C3 80 8 - 3 - -
Cu-8Al-9Mn-0.6%Zr D1 82.4 8 9 - - 0.6 -
Cu-8Al-9Mn-1%Zr D2 82 8 9 - - | -
Cu-8Al-9Mn-2%Zr D3 8l 8 9 - - 2 -
Cu-8Al-9Mn-1%Y,04 El 82 8 - - - 1
Cu-8Al-9Mn-2%Y ,04 E2 8l 8 - - - 2
Cu-8Al-9Mn-3%Y ;03 E3 80 8 9 - - - 3
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3.5.1. Mixing Procedure

The mixing of element powders of base alloy and additional powders was done
using Planetary Automatic Ball Mill type (FRITSCH Pulaeristte Germany) as
shown in Figure 3.4. Stainless-steel balls with different diameters (10 mm & 5
mm) was used. These balls are used to grind and mix element powders for 4
hours at 300 rpm. The wet mixingwas doneusing0.5 cc of ethyl alcohol to
every 25 g of the powder mixture. The wetting mixingwas used to minimize
the temperature generated by friction between the balls with the walls and

powder.

Figure 3. 4: Bench-Top Planetary Automatic

3.5.2. Compaction of Mixed Powder

The compaction of the mixed powder (base alloy element and addition
powders) was done usingan electrical uniaxial hydraulic press type (Soil Test,
Inc. USA)as shownin Figure 3.5A & C.
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Die fill step (a)

Sample removal step

Figure 3.5: A) Schematic representation of the uniaxial pressing; B) Stainless
steel dies; C) Uniaxial hydraulic press.

The device was used to create a green sample of mixed powder with specific
dimensions, i.e., D =12mm, t =5 mm. The device consistsofa single action

die made fromtool steel as shown in Figure 3.5B.

The graphiteis used as a lubricantin order to minimize the friction between the
punch andthedie wall as well as the friction between the green compact and
thedie wall and also to avoid the cracks formed from the ejection of the green

compact.

Various compressionstresses, (600, 650, 700, 750,800 MPa) with loading rate
1 ton/min and hold time 2 min have been used in order to determine the
optimum compression stress that causes the highest green density and lowest
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green porosity [123,160]. Between these limits, samples were defect-free and

had sufficient green strength for handling.

3.5.3. Sintering of green sample

The final step of preparing experiment samples was the sintering: Sinteringis a
heat treatment process applied to the compact sample to get the optimum
strengthand integrity. The apparatus (furnace) used for sintering consists of
Quartz Tubeand Argon gas stream supply as shownin Figure 3.11. Argon gas
was supplied to thetubeto avoid the oxidation of samples (inert gas ambient

surrounding the test sample). The heat rate was 20 °C/min.

1-  First sintering attempt: Heating green compacts from room temperature
(25 t0 550 °C). Soaked for 2 hrs and heated from 550 to 950 °C. Soaked for
2hrs at 950 °C and slow cooled in a furnace. Crushing and breaking of

specimens, incomplete sintering process, as shownin Figure 3.6.

Figure 3.6: CuAIMn after first attempt of sintering crushing and breaking of
specimens

2-  Second attempt: Heating green compactsfromroom temperature (25
°C) to 550 °C. Soaked for 2hrsat 550 °C and heated at 550 t0 950 °C. Soaked
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for 3hrsat 950 °C and slow cooled in a furnace [158,160]. X-ray diffraction

peaks show incomplete phase transformation.

All specimens sintered were preserved and kept inside the furnace for the

cooling process, which was set to room temperature (25 °C).

3 ¥ -
o
]

Al

Mn

Il

"""WW MJW

Figure 3.7: XRD after second attempt

3. Third attempt sintering: The sintering process for CuAIMn and CuAIMn-

X (Ta, Zr and Y;03), as shown in Figure 3.8, was performed as follows:

1. Heated from room temperatureto 550 °C and soaked for 2 hrs.

2. Heated from 550 °Cto 950 °C and soaked for 4 hrs.

3. Slow cooling in the furnace with continuous vacuum to room temperature
(25 °C). The heat rate was 20 °C/min.
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Figure 3.8: Sintering time Vs temperature for CUAIMn-X (Ta, Zr and Y;03)

1-  Firstsinteringattempt for CuAIMn-In: Green compacts (CuAIMn- x%
In) were heated from room temperature (25 °C) to 550 °C, soaked for 2hrs at
550 °C and heated from 550 °C to 950 °C, and soaked for 3 hrsat 950 °C and
slow cooled in furnace. The exit of molten metal from the specimens and the

occurrence of cleavage in the specimens is shown in Figure 3.9.

Exit of molten
metal from the
specimens

Figure 3.9: Specimens CuAIMn-x In alloys after attempt in sintering

2-  Second attempt: Thesintering process for CUAIMn-In the heat rateused
was 20 °C/min, which was maintained through the entire sintering cycle of 7
hrs, as shownin Figure 3.10.

64



Chapter Three Experimental Part

1000 950 C- 4 hrs.
900
800 '
o

700 550 C, A
— 2 hrs.
T 600
€ 500
. I

400 &

300 :

1095C /&
200 , 1 hrs.
100
O I T T T T T 25 OC 1
Time (hrs.)

Figure 3.10: Sintering time vs temperature for CuAIMnIn

It was performed as follows:
1. Heated from room temperature to 109.5 °C and soaked for 1 hr.
2. Heated from 109.5 °C temperature to 550 °C and soaked for 2 hrs.
3. Heated from 550 °C to 950 °C and soaked for 4 hrs.
4. Slow cooled in the furnace with continuous vacuumto room temperature
(25 °C). Heat rate 20 °C/min

The electrical furnace was used to sinter the specimen, as shown in Figure 3.11

A, and thefinal shape of success sinter specimen is shownin Figure 3.11B.
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Argon gas Running keys Heating chamber
tube

Figure 3.11: (A) Sintering furnace

Figure 3.11: (B) Specimens after sintering

3.6. Heat Treatment after Sintering

3.6.1. Solution heat treatment (Betatized)

Sintered specimens subjected to solution heat treatment is shown in Figure
3.12. Thetemperature was raised from 25 °C (room temperature) to 900 °C for
30 min with the heat rate 20 °C/min, and then rapid cooling was applied to 100
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°C and maintained for 10 min. And then the processwas cooled down to 3—4
°C usingice water. The purpose of step quenchingis reducing the tendency of
the formation of quenching cracks and restricting the formation of martensite
plates by excess dislocations trapped in fast cooling from high temperatures
[52]. Figure 3.12 explains the quenching process and furnace used for this

treatment.

980 A 900°C-30min.

880 1
780 1
680 1
580 +

O
°.
£ 480 -
(5]
|_
380 1
280 +
180 100°C-10min.
Ice water
80 ﬁﬁ-vC)
20 4 r — > o
Time (min.)

Figure 3.12: (A) Electrical furnace for heat treatment, (B) Quenching procurer.

3.6.2. Ageing heat treatment

Figure 3.13 explains the solution heat treatment program. A specimen of
varyingalloy element contents was subjected to post-quench isothermal ageing
in the austenitic phase ofthe alloy at 300 °C for | h [110]. The heat rate used
was 20°C/min. After ageing, the specimen were quenched into ice water 3—4
°C. The specimen were further studied for their microstructure, transformation

temperatures, and corrosionresistance.
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Figure 3.13: Thermal cyclic of aging heat treatment process

3.7. Differential Scanning Calorimeter (DSC) Tests

The Differential Scanning Calorimeter test was conducted to examine the
thermal behaviour of the martensitic transformation. This technique is based on
the detection and quantification of the exothermic and endothermic

phenomenon of a specimen being tested.

The instrument is made of two resistors and two crucibles: the specimen to be
analysedareinserted into one of the crucibles, and both crucibles are connected

to the thermocouples. The componentsare connected to a comp uter.

The quantities of a specimen required for analysis are generally a few
milligrams, and the velocity of heating and the cooling rate depends on the
ability to operate the instrument used. The DSC measures the difference of the
heat flows in the specimen and the reference while both are under the same
program-controlled temperature. For this experiment, a specimen of weight 5—
|0 mg was heated up to 400 °C and then cooled to 0 °C, with a cooling/heating
rate of 10 °C/min. The cooling agent used in the DSC was liquid Argon.

68



Chapter Three Experimental Part

The DSC test was carried out at Iran Polymer and Petrochemical Institute-
Tehran, Iran. Thedevice used was type NETZSCH DSC as shown in Figure
3.14.

Figure 3.14: DSC equipment

3.8. Heat Treatment for Shape Memory Effect

In order to obtain shape memory effect, which is determined by cold working,
Brinell hardness indenter was used. The temperature used was 200 °C for 1 hr
[129], which is the Af (austenite finish temperature). This temperature is used
according to the DSC test result. This heat treatment was done for all

specimens after aging heat treatment.

3.9. Shape Memory Effects

The shape memory effect can be determined from the Brinell impressionusing
Brinell hardnesstestwith load 31.25Kgand holding time 10 sec [129]. The

test was done for all sintering specimens. The heat treatment temperature used
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was 200 °C and it was estimated from the DSC test result. The diameter of the
ball impression before and after the heat treatment was determined using
Brinell hardness device, as shown in Figure 3.15. The shape memory effect can

then be calculated from the equation below [129].

Db—-Da
Db

Shape memory effect (SME%) = X100% covveiiiiiii (3-1)

Da = diameter of impression in um (after heat treatment for shapes memory
effect).

Db = diameter of impressionin um (before heat treatmentfor shape memory
effect).

Figure 3.15: Macrostructures of Cu-Al-Mn shape memory alloy A)
before shape effects heat treatment and b) after heat treatment

3.10. Green Porosity and Density

The green density of Cu-Al-Mn and Cu-Al-Mn- x% X(Ta, Zr, In, and Y,053)
were calculated by measuring the dimensions of the specimen after
compacting, weighing the specimen and using the following relationship [116]:

Mg

= Pg (3—-2)

PY
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p o- green density of samplein (g/cms3)

Mg: mass(Q).

Vg: volume (cm3)

The green porosity calculation of the samples was obtained by estimating the
theoretical density of the mixture (Copper, Aluminium, Manganese, Tantalum,

Zirconium, Indium powder, and yttrium oxide ceramic powder) and using the

following Eq. (3-3):

pg
pg=1—(p7)x1oo ........................................... (3-3)

where Py is the green porosity of the sample, and
pwn 1S the theoretical density of the mixture (g/cms3).

The theoretical density of alloys is determined by their percentage ratios,

accordingto the following relationship [116]:
pin = (W% * p1 W2 % * po+ W% * pst............. ) E (3.4)

where
pI, p2,p2, ... are thetheoretical density

W, W, W3 . arethe weight percentage of powder.

3.11. Final Density and Porosity

Since density is mass/volume, the precise method to measure the volume of
water displaced by the immersed objects is Archimedes principle. The density

and porosity of sintered part are calculated according to ASTM- B 328-96
[116]:
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The specimen is dried using temperature up to 100 °C for 6 hrs in argon
atmosphere and then cooled to room temperature. The weight of the dry
specimen is measured as mass A.

At room temperature, using a suitable vacuum pump, the pressure was
reduced over the immersed specimen in oil with a viscosity of 22 cst at 37
°C for no more than (7kPa) pressure for 30 min. By weighing the fully
impregnated sample in air, mass B was found.

Weigh the fully impregnated specimen in water (Mass F).

For this study, the temperature was 30 °C, and the density of water (pW) at this
temperature was 0.9956 g/cms3. Density (p) is computed according to the

followingequation [116]:

p= (B‘j;p) K DW e (3.D)
and the porosity can be measured by
B—A
P= [(B_F)Do X100 [pW oo (3.6)

where p, - density of oil g/lcm3 =0.7702 g/cm3
3.12. Microstructural Characterization
3.12.1. X-ray Diffraction (XRD)

Crystal structures and phases of the alloys were determined using X-ray
diffraction device types (Shimadzu XRD-6000 X-Ray diffractometer) in the
Ministry of Science and Technology Baghdad Governate, Iraq. X-Ray
diffraction identification of all phases with crystal structure and lattice
parameter and angles. X-Ray diffraction using radiation CuKo with
wavelength (A = 1.5409 A) 40 KV, 30 mA at room temperature, and angles
startingand finishingat 20 = 20°-8 0° range were indexed by comparison with

the standard charts.

72



Chapter Three Experimental Part

3.12.2. Scanning Electron Microscope Observation (SEM)

Scanning electron microscope observation was used to reveal the
microstructures of etched specimen for quenched and aged conditions of the
basealloy and for higher addition amounts of Ta, Zr, In, and Y,03. The images
were captured with different magnification power. This test was conducted in
Lab. Razi Metallurgical Research Center, Iran using SEM model (TESCAN
S8000, USA).

3.12.3. Optical microstructure

An optical Microstructure test was done for sinteredand aged specimen with
different magnification power (100X, 200X, 400X, 800X) using light optical
microscope type 1280 XEQMM300TUSB. The photos were captured using

high-resolution camera fixed on the microscope as shownin Figure 3.16.
The specimenswere prepared as following for optical microstructure:

1. Grindingusingsheets of SiC: 180, 400, 600,800 and 1000 grade.

2. Polished usingdiamond (grain size | um) on a polishingwheel cloth and
washed in water and dried in warm air. Thetests were carried out to the
sintered and aging heat-treated specimen of 12 mm diameter and 5 mm
thickness. These specimenswere then cleaned with water and alcohol, and
then dried with hot air,

3. The specimenswerethen etched with etching solution (2.5 g FeCls; and
48 ml methanol in 10 ml HCI) [130].
4. After that, the specimens were ready for microscopic observation

analysis.
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Figure 3.16: Specimen used for microstructure observation
3.13. Microhardness Measurement
Vickers hardness was achieved to understand the effect of the alloys elements
and heat treatment on the Cu-Al-Mn shape memory alloys. A digital
microhardness tester (Type TH7I5, Beijing, Time High Technology Itd) is
shown in Figure 3.17. The amount of load was about 500 gm for 15 seconds at

a regular distance of 0.25 mm [129].
For the microhardness test, the specimens were prepared as follows:

1. Grinded using sheets of SiC: 180, 400, 600,800 and 1000 grade.

2. Polished usingdiamond (grain size | um) on a polishingwheel cloth and
washed in water and dried in warm air. The tests were carried out to the
sintered and aging heat treated specimen of 12 mm diameter and 5 mm
thickness. The hardnesswas recorded as an average of five readings for each

specimen.
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Figure 3.17: Micro hardness device

3.14. Erosion/Corrosion Test

Erosionis a mechanical process, like the removal of partofthe material from
the surfaces because of the collision or gases and liquid effects. The erosion-
corrosion apparatus was designed during this study dependingon ASTM G 73-

98 as shownin Figure 3.18.

The tank’s diameter is 30 cm and height is 50 cm. Thecorrosion media were
delivered directly at high pressure in vertical direction of the specimen through
a jet nozzle with d = 0.75 mm by a pump that sucks the different media from a
plastictank (chamber) with ¥horsepower, single-phaseelectric motor made
from Teflon (chemical pump), with the distance between the sample and
nozzle being 10 mm. The chemical pump is resistant to the slurry and chemical

solution.
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The pipejointsand valves connected to the chamber with chemical pump are
made from PVC plastic [150].

All alloys’ examined temperature was 25-30 °C wherever 3.5% NaCl
(seawater) caused erosion-corrosion, falling from the nozzle at an angle of 90°

(the impact angle between the line of water and surface of specimen).

Erosion
- corrosion media

Specimen position

Figure 3.18: (A)The erosion-corrosion device, (B) Jet nozzle
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It is possible to calculate the change in weight and then get the erosion rate

accordingto equations 3.7 and 3.8.

Changein weight (Aw) = original weight (wo) — weight after corrosion

mg ) AW

Erosion rate ( e e (3.8)

hr.cm2 - time of exposure * Area’
The chamber was filled with 3.5% natural salt/litre of water. The particle size
for salt was 3.908 um, and the chemical composition for salt is shownin Table

3.4 (tested in Iran- instrument model:PW41X0L00).

Table 3.4: Chemicals composition for salt that was used in the test

Elements | Si Fe Mn | Mg Sn Co Sb Na Al Cl

Percent% | 0.052 | 0.334 | 0.021 | 0.010 | 0.006 | 0.003 | 0.006 | 38.628 | 0.124 | 59.621

3.15. Electrochemical Tests
3.15.1. Open circuit potential

Open-Circuit Potential (O.C.P), also known as equilibrium potential, is the
potential of an electrode measured with respect to a reference electrode in the
absence of current (under open-circuit conditions) accordingto ASTM G3-14.
It is simply a valuable technique that determines the potential difference
between the working (specimen) and a reference electrode. The O.C.P. (voltage
versus time) was recorded every five minutes for a specimen in the corrosion
solution. The potential was measured of open circuit potential (OCP) as a

function of time till steady-state potentials.
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3.15.2. Linear Polarization Test

A corrosion cell consists of the working electrode, whichis CuAIMn —X (Ta,
In, Zr, and Y,0s3), with three different weight percentages. The reference
electrode used in this study was the saturated calomel electrode (SCE). The
auxiliary electrode used in the electrochemical cell was platinum. Theworking
electrode (W.E) was the specimens. The linear polarization was carried out
accordingto ASTM G5-94 [117].

A 1-liter beaker consisting of working, counter, and reference electrodes as
shown in Figure 3.19 —a magneticstirrer (type Heidolph, MR Hei Standard\W-
Germany) —was used. Constant potentials (anodic or cathodic) were imposed
on the specimen usingthe potentiostat (IIDA INSTRUMENT-Germany). This
potentiostat can induce constant potentialsranging from (£ | V), which is the

potential of the standard calomel electrode (SCE) used in this study.

Linear polarization tests were used to obtain the microcell corrosion rates. In
the tests, cell current readings were taken during a short, slow sweep of the
potential. The sweep was taken from (x 250) mV relative to open circuit
potential (OCP). Thescan rate defines the speed of potential sweep in mV /sec.
In the aboverange, the currentdensity versusvoltage curve is almost nearly
linear. A linear data fitting of the standard model gives an estimate of the
polarizationresistance, which is used to calculate the corrosion currentdensity

(icorr) @and corrosion rate.
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Figure 3.19: The schematic diagram of electrochemical system.

The general equation applied for the determination of corrosion rate by current

density in solution on the alloy duringelectrochemical reactionsare [159, 160]:

corrosion rate (mpy) = 221 c':r e (3.9)

where, 0.13 = metricand time conversion factor.
Icorr = density of the corrosion current (LWA/ cm?).
E.W = equivalentweight.

p = density ofalloy (g/cm83).

mpy = Corrosion rate (mils per year).

3.16. Damping Capacity Measurement

ASTM E756-05 provides a test method for measuringthe vibration-damping
properties of materials including Young’s modulus (E) or the shear modulus
(G) [111].
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A simpleexperiment to investigate the damping properties of the specimen was
done by generating the free vibration on the specimen and then recording it
using a sensor as shown in Figure 3.20B. The researchers should keep the
surroundings quiet during testing because the sensor is very sensitive to
external sounds and vibrations. Damping capacity was done for sintered and
aged specimens using Accelerometers national instrument, as shown in Figure
3.20A.

The specimenwas placed in a clamped position (a plastic base part No.1 which
contains an aluminium base with an inner diameter of 14 mm and an outer
diameter of 17 mm as shown in Figure 3.21, in which the specimens were
placed, and a plastic tube part No. (2) to be installed directly above the
specimen to be tested, through which a metal ball was dropped. Furthermore, a
metal ball was dropped to generate a free vibration on the specimen, which was
recorded by a sensor installed on the free side of the specimen connected by

Accelerometers national instrument.

The Accelerometers were connected by a LabView soft program installed in
the computer to convertthe form of vibration data fromanalogue into digital

signals and to transform them into frequency domain.

The test was conducted at the University of Babylon College of

Engineering/Department of Mechanical Engineering.
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A

Figure 3.21: Specimen’s holder

The damping properties of the beam are expressed by dampingratio (§), which

can be identified by analysing the wave using the logarithmic decrement(5)
[111].
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Chapter Four Results and Discussion

4.1. Introduction

In this chapter, the experimental results of this study are discussed in consecutive
forms. The experimental results include some physical and mechanical properties.
Physical properties such as particle size analysis, apparent density and apparent
porosity before and after sintering. While, mechanical properties include the
microhardness, and damping capacity of each CuAIMn-X (Ta, Zr, In, and Y,05)
shape memory alloys. Electrochemical tests results after sintering and after the aging
heat treatments have been presented and microstructures (optical and SEM). The

results of all tests are presented below.
4.2. Physical Properties Tests

4.2.1. Apparent Density of Powders

Apparentdensity of elemental powders and ceramic powder (weight per unitvolume
of powders) used to prepare mixtures of alloys have been measured and shown in
Figure (4.1).

5 -
4.5 -~
4 -
3.5 A
3
2.5 A
2 -
1.5 A

Apparent density (. g/cm?)

1 -

0.5 _ l l
0 -

cu Al Mn Zr Ta In Y203
¥ Series1(1.87837838]0.84823285(3.08939709| 2.1470894 |4.56860707|3.96985447/0.73492723

Figure (4.1) Apparent density of powders
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The apparent density of Tantalum (4.56 gm/cm3) and Indium (3.96 gm/cm3) is the
highest density compared with other powders due to the high density of the solid
material for both. Factors affect apparent density such as particle size and its
distribution, surface area, particle shape, the roughness of individual particles, and
particlearrangementas well as the density of the solid material. Apparentdensity is
controlled by mixingvarious sizes of particles and the measured apparent density of
powders[119].

4.2.2. Compacting Pressure, Green Density and Green porosity

Different compacting stresses have been taken in order to determine the best
compacting stress that can be applied to compact all alloys. The test has been
doneforalloy (A).

The green density increases with increasing compacting pressure from 600 MPa to

800 MPa JassimSalmanet. al. [120] as shown in Figure (4.2).

6.2 7

[e2]
1

Green density (g/cm?3)
[62]
%

5.6 T T T T T 1
550 600 650 700 750 800 850

Compacting pressure MPa

Figure (4.2) Green density-compacting pressure relation for base alloy A
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Three stages occur during the compaction process the first stage powder particles are
rearranged. Inthe second stage, elastic and plastic deformation of the particles have
been taken place [120].

Green porosity has been shown in Figure (4.3) for green compacts for base alloys.
With the increasing compacting pressure, the density of the powder mass increases
because the total amount of porosity in the mass decreases.

The best compacting stress can be determined by evaluating the
maximum green density as well as lowest green porosity in the point in which any
increase in compression stress doesn't lead to increase green density and decrease
green porosity as shownin Figure (4.3).
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Compacting pressuers MPa

Figure (4.3) Green porosity-compacting pressure relation for base alloy A

Fromthe Figures (4. 2-3) it can be seen that the best compacting pressure 750 MPa.
Which gave the maximum green density as well as lowest green porosity.
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4.2.3. Effect of Ta, Zr, In and Y203 on Green Density

The effect of the Tantalum addition on the green density (density before sintering) of
CuAlIMn alloy is shown in Figure (4.4). The green density increasing with increasing
the percentage of the added Ta. This is due to the high density of Ta element (4.56

gm/cm3) comparedto Cu (1.87 gm/cm3).

7.2

6.9891
7
6.8
= 6.6339
S 66
=)
> 6.4 6.32559
‘B
S 62
© 6.018
o 6
L
(O]
5.8
5.6
5.4
Base 1% Ta 2%Ta 3% Ta
| M Seriesl 6.018 6.32559 6.6339 6.9891

Figure (4.4): Effect of Ta on the green density of CUAIMn SMAs

The effect of the Indium addition on the green density of CuAIMn alloy is shown in
Figure (4.5). The green density increasing with increasing the percentage of the added
Indium. This is due to the high density of In element (3.96 g/cm3) compared to Cu
(1.87 g/cm3).
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Figure (4.5): Effectof Indium on the green density of CuUAIMn SMAs

The effect of the Y,03 addition on the green density of CuAIMn alloy is shown in
Figure (4.6). The green density decreases with increasing the percentage of the added

Y03 powder as the density of Y,03(0.73 gm/cm3) comparedto Cu (1.87 gm/cm3).
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Figure (4.6): Effectof Y,0; on the green density of CUAIMn SMAs

86



Chapter Four Results and Discussion

The effect of the Zirconium addition on the green density of Cu-Al-Mnalloy is shown
in Figure (4.7). The reason for the increasing of the green density is due to the
relatively high density of the Zirconium addition (2.14 g/cm3).
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Figure (4.7): Effectof Zr on the green density of CUAIMn SMAs

4.2.4. Effect of Ta, Zr, In and Y203 on Porosity of Cu-Al-Mn Shape
Memory Alloys after Sintering

Theeffect of Tantalum, Zirconium, and Y,O3(ceramic particles) on the porosity after
sintering of the Cu-Al-Mn shape memory alloys shows in Figures (4. 8-11). These
additives havea clear effect on the final density of CUAIMNn. As they (Ta, Zr, Y,0,)
decrease in the final porosity values of the alloy. The difference in particle size of
element as shown in Table (3.1) (4.827, 19.38, 19.09 um) for Cu, Al, and Mn
respectively, while (11.74, 14.23,14.23 um) for Ta, Zr, and Y,03respectively. The
small particle enters between vacancy between the largest practical and cause reduce

porosityin alloy.
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Figure (4. 8): Effect of Zirconium on the porosity of CUAIMn
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Figure (4.9): Effect of Tantalum on the porosity of CUAIMn
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Figure (4.10): Effect of Y,030n the porosity of CUAIMn

As for Indium, the porosity after sintering has decrease when addition % In element

from (1 to 3 )% wt.. The final porosity values of the CuAIMn shape memory alloys
as shown in Figure (4.11).
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Figure (4.11): Effect of Indium on the Porosity of CUAIMn
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4.2.5. Effect of Ta, Zr, In and Y203 on Density after Sintering of Cu-Al-
Mn Shape Memory Alloys

The effect of Tantalum, Zirconium, Indium and Y ;03 on the density after sintering

of the Cu-Al-Mn shape memory alloys have been shownin Figures (4.12-15).

From the results of the density values (after sintering), we notice an increase in the
density value with an increase in the percentage of Tantalum from (1-3) % wt. as
show in Figure (4.12). As Tantalum can be diffusion into the Cu lattice to form a
supersaturated Cu rich solid solution and produce a grain refinement. The result

agrees with K. A. Darlinget. al. [121].
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Figure (4.12): Effectof Taon the density of CUAIMn

When adding Zirconium, the density value increases and the highest density value

was at 1% Zirconium, then decreased when adding a higher percentage of Zirconium

2% as show in Figures (4.13).
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Figure (4.13): Effect of Zr on the final density of CUAIMn

As for the behavior of thealloy whenadding Y .03 asshow in Figure (4.14) we notice
an increase in the final density values (7.43, 7.58 and 8.23) g/cm?3 with an increase in
the percentage of Y,O3from (1 to 3) % wt. respectively. The increase in density after

sintering regarded to reduction in porosity.
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While with regard to Indium, we notice increase the density values (7.48,7.86 and

7.90) g/cm3with an increase in the element's percentage from (1 to 3) % wt. as shown

Figure (4.14): Effectof Y,03 on the density of CUAIMN

in Figure (4.15).
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Figure (4.15): Effectof In on the density of CUAIMn
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4.3. X-Ray Diffraction

The X-ray diffraction analysis has been used for compacted, sintered, and Aged

specimen, and theresults of X-Ray diffraction have been shown in the followings:
4.3.1. X-ray Diffraction Patterns for Compacted Green Sample

XRD results of compacted green alloys have been presented. X-ray diffraction test

has been done for compactsalloy (A) as shown in Figure (4.16).

The X-ray peaks for the elements depend on the intensity, and thetadegree. In Figure
(4.16) represents the X-ray diffraction patterns for compacts which appear the peaks
for Copper, Aluminum, and Manganese. Aluminum appears in 26= (38.8, 45.042,

65.62) while Copper in 20=(43.94,51.020, 74.66), Manganese exists in (43.94,45.3,
50.6).
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Figure (4.16) :X-ray diffraction for compacted sample A
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4.3.2. X-ray diffraction Patterns for sintered specimens

XRD results of sintered green alloys Cu-8%AIl-9%Mn and CuAIMn-X (Ta, In, Zr
and Y,03) at 950 °C have been presented in Figure (4.17).

Three phases were observed, namely a-Cu, y-Al,Cug and B- CusAl. Similar X-ray

diffraction patterns result were obtained for Guofei Zhangaet. al. [122].

From Figure (4.17) it was seen that the formation of phases indicates the form of the
Cu- a solid solution and § phase. There was no change observed in the phases
observed in result with additives. The XRD is not sensitive to compounds form by

theaddition of Ta, Zr, In, and Y,0O3 as it not sensitive to an amount less than 6%.
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Figure (4.17) :X-ray diffraction for sintered specimens (A, B3, C3, D3, E3)
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4.3.3. X-ray Diffraction Patterns for Quenched Specimens

The different types of martensite formed in the alloys were determined by X-ray
diffraction analysis of the polycrystalline specimens. The X-ray diffraction patterns
of thealloys (A, B3, C3, D3, and E3) after solutionand quenching heat treatment are
shown in Figure (4.18). The peaksinthe patternswere identified based on literature
U.S. Mallik and V. Sampath [110] and Jiao Yu, et. al. [124]. The variation in the
intensity of the diffraction peaks of martensite phase depends on the extent of
austenite to martensite transformation. Here, it can be concluded that the addition of
Tantalum, Indium, Zirconium, and Y ;03 are not significantly affect XRD patterns.
There was no change observed in the type of martensitic phase with additives, but the
thickness of the martensite plate decreased, As can be seen from Figure (4.17). The
main diffraction peaks observed at room temperature belong to M 18R (Bl

martensite). In all thealloys f1 (CusAl) martensite are present [52,53,125]
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Figure (4.18) :X-Ray diffraction for aged specimens (A, B3, C3, D3, E3)
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4.4. Light Optical Microscope (LOM) Observation of the
Alloys

The microstructure image of thealloys A, B1, B2, E3 have been taken by light

optical microscope in sintered and aged conditions as shown in Figures below.
4.4.1. Light Optical Microscope after Sintering

The morphology transition in the microstructure of green compact to that of sintered
compacts is a function on sintering time and temperature. The most common types
of features in the microstructures in metallic materials are the boundaries between
crystalline grain s and/or the boundaries between different solid phases in multiphase

alloys.

Figures (4.19-22) show the microstructures of the alloy, it has been shown that the
two-phase morphology (o+p) without any appearance of the martensitic plates.
Phase (o) were existing as (FCC primary solid solution of Cu) the (o) phase is
represented by the bright areas in the microstructure. While the (B) phase is
represented by the dark areas in the microstructure. The porosity after the sintering
process is low and the pores were small and this will lead to better

properties for shape memoryalloy [50].

Figure (4.19 A-D) shows the microstructure of alloys CuAIMn-x % In (1, 2, and 3)
wt%. after sintering. The Indium additions will be at grain boundaries, make the

grains of () phase small gradually with increasing Indium percentage [126].
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Figurers (4.19 A-D): Optical microstructure of CUAIMn- x% In alloys after sintering for
(A) alloy A, (B) alloy D1, (C) alloy D2, (D) alloy D3. 10X

Figure (4.20 A- D) show the microstructure of alloys CuAIMn-x %Ta (1, 2 and 3)

%wt. after sintering.
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Figures (4.20): Optical microstructures of CUAIMn- x% Ta aIons after sintering for
(A) alloy A, (B) alloy B1, (C) alloy B2, (D) alloy B3
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Figure (4.21A-D) shows the microstructure of alloys CuAIMn-x %Zr (0.6, 1, and 2)

%wt. after sintering.
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Figures (4.21 A-D): OM of CuAIMn- x% Zr alloys after sintering for (A) alloy A,
(B) alloy B1, (C) alloy B2, (D) alloy B3

Figure (4.22) is showing the microstructure of composite material CuUAIMn-x %Y>03

(1, 2, and 3) % wit. after sintering.
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for (A) alloy A, (B) alloy E1, (C) alloy E2, (D) alloy E3

Figures (4. 19-22) shown that the Ta, Zr, In and Y03 addition to Cu-8%Al-9%Mn

shape memory alloys have a significant effect in terms of grain refinement and
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restricted the grain growth rate. Meanwhile, these elements (Ta, Zr, and In) have
uniformly distributed into the matrix and their most effectiveness has concentrated
on the formation of the second phase. The result agrees with the result of Safaa Al-
Humairiand V. Sampath and U.S. Mallik [128, 52] respectively.

Thegrain refinement is happening due to the formation of secondary phases and also

due to thedissolutionof the elements in thealloy matrix [52].

Grain structure with (o + ) phase prerequisite for martensite formation on quenching
is observed in all the alloys, indicating a potential for exhibiting the shape memory

behavior Rupa Dasgupta [9].
4.4.2. Light Optical Microscope after Quenching

The B - phase of CuAIMn shape memory alloy has a disordered bcc structure at
high temperatures. During quenching the alloy experiences the ordering transitions,
B(A2) — B 2(B2) — P 1(Lz1), and then the thermoelastic martensite transformation,
Bi(lar) — B2 (18R).

Regarding the CuAIMn phase diagram, Cu—8%AI-9 %Mn alloy lies in a two-phase
(oo and B) region when the solution temperature is 900'C. During quenching () phase
undergoes the ordering transformation, followed by martensite transformation [107].
Figure (4.23-26) shows the microstructure of alloys Cu-Al-Mn, CuAIMn-(1, 2, 3)
%Ta, CuAIMn-(1, 2, 3) % In, CuAIMn-(0.6, 1, 2) % Zr and CuAIMn-(1, 2, 3) %
Y03 respectively after solution at 900°C and then aging heat treatments at 300 'C for
1hr. follow by quenchingin ice water.

Figure (4.23 A-D) show the microstructures of alloys CuAIMn-x % Ta (1, 2 and 3)

% wt. after quenching heat treatments.
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Figures (4.23A-D): optical microstructures of CuUAIMn- x% Taalloys after Aging for
(A) alloy A, (B) alloy B1, (C) alloy B2, (D) alloy B3

Figure (4.24) shows the microstructure ofalloys CuAIMn-x% Zr (0.6,1 and 2) %

wt. after quenching heat treatments.
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Figures (4.24A-D): Optical microstructures of CUAIMn- x% Zr alloys after Aging for
(A) alloy A, (B) alloy B1, (C) alloy B2, (D) alloy B3

Figure (4.25) shows the microstructure ofalloys CuAIMn-x% In (1,2 and 3) % wt.

after quenching heat treatments.
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Figures (4.25A-D): Optical microstructures of CUAIMn- x% In alloys after Aging for
(A) alloy A, (B) alloy D1, (C) alloy D2, (D) alloy D3

Figure (4.26 A-D) shows the microstructure of composite material CuUAIMn-x %

Y203(1, 2, and 3) % wt. after quenching heat treatments.
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Figures (4.26A-D): Optical microstructures of CUAIMn- x% Y03 composite material
after Aging for (A) alloy A, (B) alloy E1, (C) alloy E2, (D) alloy E3

Figures (4. 23-26) show OM micrographs of the Cu-Al-Mn alloy after aging heat
treatment. The alloys after aging at 300°C for 1 hr. has f;~ martensite and 3 parent
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phase at room temperature. The results agree with others researchers Tamara H. et.al.
[127]and S. Kozuh et.al.,[130]. As shown in Figs. (4. 23 - 26) the grain size of the
alloy after quenchingis much higher compared to those of alloy after sintering

By rapid cooling in water, the alloy undergoes ordering transitions B(A 2) —B2(B>)
—B1(L21), and then martensite transformation 1 (L»1) — P1° occurs during rapid
cooling from the stable B-phase region the martensitic phase occurs below the Ms-
temperature. The grains appear clearly, and martensite plates have different
orientationsinto different grains. The martensite is formed primarily as the plate. In
some fields, the V-shape martensite was noticed. This s typical self-accommodating

Zig-zag martensite morphology, which is characteristic for the B” martensite in SMAs

[107,130].
4.5. Scanning Electron Observations

SEM analyses and grain size of the base alloy (Cu-Al-Mn) and alloy with additives
(Ta, Zr, In, and Y,03) with the highest wt.% after sintering are show in Figures (4.
27 A, B, C,andD).

From Figure (4. 27 A-D) it can be seen that the microstructures contained two phases
a light color and 3 dark color.
The alloys element changes the grain size (G. S) of alloys as shown in Figure (4. 27
A) the grain size base alloy range between (24-30) nm, but the addition of Ta element
reduces the G. Sto44.8 nmas shown in Figure (4. 27 B and C).
Theaddition of Zr and In elements reduce the grain size (G.S) to 46.1nm and 43.9nm
respectively, whoever the addition of Y,O3 (ceramic particles) the grain size reduces
to 44.4nmas shownin Figure (4. 27 D).
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Figure (4. 27 A): SEM analyses of CUAIMn alloy with two different magnifications
(A1-50K X and A2- 200K X)
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Figure (4. 27 B): SEM analyses of CuAIMn-3%Ta alloy with two different
magnifications (B1 -50KX and B2 -200K X)
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Figure (4. 27 C): SEM of CuAIMn-2% Zr alloy with two different magnification C1

50K X and C2 200K X
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Figure (4. 27 D): SEM analyses of CUAIMn-3% In alloy with two different

magnification D1- 50K X and D2- 200K X
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Figure (4. 27 E): SEM analyses of CuAIMn-3% Y,03 alloy after sintering with two
different magnification E1- 50KX and E2- 200K X

The microstructure of specimen (A, B3, C3, D3, and E3) after aging heat treatment
have been tested under SEM and EDS as shownin Figure (4.28A-E). Figure (4.28A-
E) refer to Scanning Electron Microscope micrograph of alloys (Cu-8%AI-9%Mn)
shape memory alloy with microstructures consisted of martensite 1 phase with 8

matrix
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Figure (4.28 A): SEM image and EDS analysis for alloy CuAIMn after Aging
process
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Figure (4.28B): SEM image and EDS analysis for alloy CuAIMn-3%In after Aging

process
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Figure (4.28 D): SEM image and EDS analysis for alloy CuAIMn-3%Ta after
aging process
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Figure (4.28E): SEM image and EDS analysis for composite material

CuAIMNn-3%Y,0; after aging process
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At the temperature of 900°C, the Cu83AI8Mn9 alloy has martensite (B1") and (B)
parent phase with disorder bcc structure as show in Figure (4.27 A-E). The result
agrees with Mirko Gojic, et. al., [132]. By rapid cooling, the alloy undergoes ordering
transitions f(Az) — B2 (B2) —B1(L21), followed by martensite transformation 31 (Lz1)
— B1'. The martensite microstructure after aging forms as V-shape martensite was
noticed. Self-accommodating zig-zag martensite morphology is characteristic for the

B1" martensite in shape memory alloys [131].
4.6. Mechanical properties

4.6.1. Shape Memory Effects

The shape memory effect (SME%) of alloys A, B1, B2, and E3 after aging heat
treatment was determined by using Brinell hardness by measuring the diameter of

ball indenter after and before the heat treatmentas shownin Table (4.2).

The shape memory effect in CuAlIMn alloy is based on the thermoelastic martensite
transformation that occurs between [ phase (Dos or Lp;) order structure and
martensite phase (identified as 3R, 9R, and 18R). Consequently, no deterioration of
SME in CuAIMn-X (Ta, Zr, In, and Y,03) alloys were observed (Table 4.2).
Furthermore, the addition of (Zr, In, and Y,0O3) can increase the SME of ternary Cu-
Al-Mn alloy.

The highest shape memory effect was achieved when the addition of 2% Zr and 3
wt.% Tawt. Thisis because the Taelement easily diffused into the matrix and reacted
with the base alloying element to form multi-variant martensite so that the

enhancement of shape memory effect has been achieved.
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Furthermore, the type and amount of the precipitates and intermetallic compounds
might influence the shape memory effect of the alloy. It was observed that the
additions of alloying elements exhibited an increase in the SME. This enhancement
in the SME was attributed to the existence of the precipitates and grain refinement

which was broughtabout by the addition ofalloying element in the parent phase.

Table (4.1): The Influence of alloying elements on SME of Cu-8%AIl-9%Mn SMA

Synthesized Code | Dp(um) Da(um) | SME % | Impro.
Composition
Cu-8Al-9Mn A 616 594 3.57 -
Cu-8Al-9Mn-1%Ta Bl 618 590 4.36 22.12885
Cu-8Al-9Mn-2%Ta B2 529.1 506 4.34 21.56863
Cu-8Al-9Mn-3%Ta B3 523 485 7.26 103.3613
Cu-8AI-O9Mn-1%In C1 612 587 4.08 14.28571
Cu-8AI-9Mn-2%In C2 589 551 6.45 80.67227
Cu-8AI-9Mn-3%In C3 563 527 6.39 78.9916
Cu-8Al-9Mn-0.6%Zr D1 555 530 4.5 26.05042
Cu-8Al-9Mn-1%Zr D2 573 545 4.89 36.97479
Cu-8Al-9Mn-2%Zr D3 587 541 7.83 119.3277
Cu-8Al-9Mn-1%Y 203 El 549 530 3.46 0
Cu-8Al-9Mn-2%Y 203 E2 601 580 3.49 0
Cu-8Al-9Mn-3%Y 203 E3 581 583 4.82 35.01401
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4.6.2 Vickers Microhardness

Vickers microhardness value as a function of weight percentage of Ta, Zr, In and
Y03 additions for sintered and aged specimens are shownin Figures (4. 29 -32) and
Table (4.2). The hardness value for the base alloy Cu83AI8Mn9 shape memory alloy
agrees with Guofei Zhangaet. al. [122].

From Figure (4. 29A-B), it was noticed that the hardness ofalloy (A) in the sintered
specimen is 75.7 g/um?2 and when added (1, 2, and 3 % wt.) of Ta the hardness
increasingto (77.81, 80, 86.03 g./um?2) respectively.
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Figure (4.29A) Micro hardness measurement after sintering for alloys
A, B1,B2and B3
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While in the aged specimen the hardness is 108.5 g./um2 for base alloy (A) and
increasing to (117, 120, 126.6 g./um?) respectively with increase the Ta percentage
addition.
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Figure (4.29B) Micro hardness measurement after aging for alloys A, B1,
B2and B3

The best addition amount of Ta is 3 wt. % and this is attributed to the grains
refinement which was associated with the inhibiting effects of grain growth by Ta
element in solid solution. The increase in hardness value with Ta addition agrees with
Ayad M. et. Al [123].

From Figure (4.30 A-B), it was noticed that the hardness ofalloy (A) in the sintered
specimenis 75.7 g./um2and when added (1 and 2) % wt. of Zr the hardness increasing
t0 (87.26,95.97 g./um?2) respectively. The best additionamountof Zr is 2%. This s
attributed to the grains refinement and reduce the porosity after sintering with the

addition Zr element.
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Figure (4.30A) Micro hardness measurement after sintering for alloys A, D1,
D2and D3

While in the aged specimen the hardnessis 108.5g./umz2for alloy (A) and increasing
to (109,112,125 g./um?) respectively with Zr addition. The best addition amount of
Zr is 2%. This is attributed to the grain refinement of martensite phase with the

addition Zr element.
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Figure (4.30B) Micro hardness measurement after Aging for alloys A,
D1, D2and D3
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The addition of Zr to Cu-Al-Mn SMA have decreased the grain size, therefore the
value of hardnessincrease. This is attributed to the formation of fine precipitates that
rusticated the grain growth by the pining effects, the result agrees with Safaa Al-
Humairi [128].

In the Figure (4.31A-B) it was noticed that the addition of Indium with different
amounts (1,2, and 3) % wt. affects the hardness ofalloys as (73.1, 60.11, 86.97 g/um?)
respectively this is at sintering condition and in the aged condition, it increases to
(111, 118, 132 g/um?) with In addition. The Vickers hardness increased as the In
content increased because of the combined effect of the solid-solution strengthening

of the a-phase and the hardening of the fine martensitic phase [126].
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Figure (4. 31A): Micro hardness measurement after sintering for alloys A,
C1,C2andC3
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Figure (4.31B) Micro hardness measurement after Aging for alloys A, C1,
C2andC3

In Figure (4.32 A-B), The existence of hard Y03 particles within the matrix of
CuAIMn composite specimens has more hardness. It was noticed that the addition
amounts (1, 2, 3 % wt.) of Y,03 increases the hardness of the alloys in the sintered
condition to (74.04, 83.65, 113.11 g/um?) and the aged condition is increasing too
(137, 132,143.8 g/um?2). The higher hardness achieved was 143.8 g/um?2 in the
addition of Y03 in the aged condition. A dispersion of fine precipitates stabilizes
free dislocations in the matrix and sub-grain structure, which enhances dislocation

hardening.
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Figure (4.32A) Micro hardness measurement after sintering for alloys A,

El,E2 and E3
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Figure (4.32B) Micro hardness measurement after Aging for alloys A,
El, E2and E3

In general, aged specimens have higher hardness as the result of precipitation
hardening and presence martensite phase. Aged in martensite phase is associated with
diffusion and precipitation process of an intermetalliccompound that is precipitated
as fine particles and distributed equally in the microstructure which acts as obstacles
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preventthe dislocation movement, and the presence of martensite phase (or a mixture
of both), while sintered specimens have low hardness due to the martensite phase

doesn'tform and presence of a phase [131].

Table (4.2): Micro hardness and improvement of alloys after sintering and aging heat

treatment
Synthesized Code | Hvafter | Hvafter
Composition sintering aging
Cu-8AIl-9Mn A 75.7 108.5
Cu-8Al-9Mn-1%Ta Bl 77.81 117
Cu-8AIl-9Mn-2%Ta B2 80 120
Cu-8Al-9Mn-3%Ta B3 86.03 126.6
Cu-8AI-9Mn-1%In C1 7513 111.8
Cu-8Al-9Mn-2%In C2 60.11 118.12
Cu-8Al-9Mn-3%In C3 86.96 132.9
Cu-8AIl-9Mn-0.6%Zr D1 73.85 109.4
Cu-8Al-9Mn-1%Zr D2 87.26 112.4
Cu-8AIl-9Mn-2%Zr D3 95.97 125.3
Cu-8AIl-9Mn-1%Y,0, El 77.04 137.5
Cu-8AI-9Mn-2%Y,0; | E2 83 65 1327
Cu-8AIl-9Mn-3%Y,0; E3 113.11 143.8

From Table (4. 2) can be notes that the best improvements in hardness after sintering
and after aging heat treatment belong to Cu-8Al-9Mn-3%Y ,03. The improvements
in hardness of CuAIMn alloy after the addition of (Ta, In, Zr, and Y03 can be
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attributed to the grain size reduction, solid solution strengthening, and hard

intermetalliccompounded [133].
4.7. Differential Scanning Calorimeter

Representative graphs of analysis for DSC analysis of Cu8%AIl9%Mn,
Cu8%AlI9%Mn-3%Ta, Cu8%AlI9%Mn-3%lIn, Cu8%AlI9%Mn-2%Zr,
Cu8%AIl9%Mn-3%Y,0; SMA gained on heating from0 °C until 600°C (5 °C min)

on the as Aging specimen shownin Figure (4.33).

This test is donein order to calculate the AF which is the austenite finish temperature
that is used in the shape memory effect test as heat treatment temperature. A small
difference is utilized on the temperature peaks of the four alloys. This fact suggests
that the phase transformation temperatures are not too sensitive to the small

percentage of alloys additives.

During heating, the reversal of phases has been referred to as an abrupt change in
resistive lope between 77°C and 277 °C. Such Thermal event has already been
associated with the corresponds to the consumption of the B3(L1)-Cu,MnAl phase
for producing the 31(D03)-CusAl phase. Therefore, the reaction can be represented by
the B3(Lz1)-CuMnAl+ B1(D03)-CusAl— B (DO03) - CusAl transformation [134,135,
136].

The presence of two peaks in the curves of CUAIMn-Ta, CuAIMn-Zr, CUAIMn-In,
and CuAIMn-Y;0sasshown in Figure (4.33 B, C, D, and E), indicates the appearance
of multi stage-martensite- austinite transformation f1°(18R) - v'(2H) - B1(L21)
during the heating process [155]. The results of DSC agree with Canan Canbay and
Tercan Polat [138].
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Figure 4.33 A: DSC curve of the unmodified Cu-Al-Mn alloy
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Figure 4.33 B: DSC curve of the 3 wt. %Ta modified Cu-Al-Mn alloy
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Figure 4.33 E: DSC curve of the 3 wt. % Y,03; modified Cu-Al-Mn- alloy
From figures (4.33) it can be seen that the addition of Tantalum decreases the
transformation temperatures (As) by about 75 °C. The addition of (Zirconium and
Y,03) decreases the transformation temperatures by 80 °C while Indium (Af)
decreases 85 °C as compared with base alloy. Austinite started Temperature

decreases about (5-15) °C with addition grain refinement.

The change in the transformation temperatures is attributed to the formation of
precipitates, which leadsto a change in the composition of the parent austenitic phase.
Grain refining elements usually have very limited solubility in Cu-base shape
memory alloys. Refining is largely due to the formation of small insoluble particles
which either assist grain nucleation or inhibit grain growth. These elements,

therefore, have only very slight effects on transformation temperature [38].
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The detected (Af—As) gap is correlated with the movement of the interface between
the martensite and parent phase and the consequent growth of the martensite in the
alloys. So, it is observed that the difference in the (Af—As) gap occurs due to the

difference in the mobility of the austenite—martensite interface [112].
4.8. Electrochemical Tests

4.8.1. Open Circuit Potential (OCP) — Time Measurements

For any closed electrical circuit, there are anodic and cathodic reactions take place.
The specimens have been placed in a corrosive solution then a reaction occurs
between the surface of the specimens and the corrosive medium, resulting in a
potential called “open circuit potential”.

Therise and fall in the potential curve mean the protective oxide layer on the surface
of the metal has formed and broken out. The stability in potential value is reached
(the potential value s fixed) when the anode reaction is equal to the cathodic reaction
or the oxidationreaction is equal to the reduction reaction. Open cir cuit potential of
CuAlIMn (base alloy) with and without additives (Ta, In, Zr, and Y,03) with three
different ratios was represented in Figures (4.34 A, B, C, and D) below.

Theperiod from 0 up to 130 minutesand with aninterval of 5 minutes were potential
reported.

Table (4.3) represent the open circuit measurement and improvements% in reduce
corrosion potential ofalloys CuAIMn, CuAIMn-(1, 2, 3) %Ta, CuAIMn-(1, 2, and 3)
%In, CuAIMn-(0.6,1, and 2) % Zr and composite specimens CuAIMn -(1, 2, and 3)

% Y03 respectively after sintering.
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Figures (4. 34): Open circuit measurement of alloys (A) CuAIMn-(1, 2, 3) %Ta, (B)
CuAlMn-(1, 2, 3) % In, (C) CuAIMnN-(0.6, 1, 2) % Zr, (D) CuAIMn-(1, 2, 3) % Y203
after sintering
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Figures (4. 34): Contend.
Table (4.3) Potential and improvement of alloys after sintering

Synthesized Code Potential E
Composition (mV)
Cu-8Al-9Mn A -295
Cu-8AI-OMn-1%Ta Bl -169
Cu-8AI-OMn-2%Ta B2 -241
Cu-8AI-O9Mn-3%Ta B3 -153
Cu-8AI-9Mn-1%In C1 -176
Cu-8AI-9Mn-2%In C2 -240
Cu-8AI-9Mn-3%In C3 -152
Cu-8AI-9Mn-0.6%Zr D1 -244
Cu-8Al-9Mn-1%Zr D2 -241
Cu-8AI-OMnN-2%Zr D3 -241
Cu-8Al-9Mn-1%Y 203 El -128
Cu-8Al-9Mn-2%Y 203 E2 -252
Cu-8AI-9Mn-3%Y 203 E3 -244
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From Figure (4. 34A), addition (Ta) element to base alloy (CuAIMn) at three different
additionratios (1, 2 , and 3) wt. % when addition 3 % Ta, the alloy shows more
nobility behavior as the potential value increases positively, the occurrence of
stability in the potential value after 60 minutes from the start of the test.

The behavior of the alloys when adding Indium (In) element are shown in Figure
(4.34 B), the curves show that 3 % addition by wt. of (In) element to the alloy show
more nobility behavior as the potential value increases positively, the occurrence of

stability in the potential value after 50 minutes from the start of the test.

Regarding the Zirconium (Zr) element addition of 1% and 2% by wt., as shown in
Figure (4.34C) the alloy with (1and 2) % additives show similarity in potential
behavior.

The behavior of the composite specimens differs according to the different
proportions when adding yttrium oxide (Y,03) as shown in Figure (4. 34D), where
when adding 1% the potential value increases in the positive direction, while when
increasing the percentages of addition of Y,0s3, the potential values are directed in
the negative direction.

From Table (4.4) can be noticed that the corrosion potential reduces by adding these
elements (Ta, Zr, and In) and Y ;03 ceramic particles.

The best improvementbelongs to Cu-8Al-9Mn-1%Y ,0; composite.

There is a difference in potential corrosion value between the CuAIMn alloy and
CuAIMn-x%Zr, CuAIMn-x%Ta, CuAIMn-x%In, CuAIMn-x%Y,03; composite, this

means the alloy show more nobility when these additives are added.
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Figures (4.35A, B, C, D) representthe open circuit measurement ofalloys CuAIMn,
CuAlMn-(1, 2, 3) %Ta, CuAIMn-(1, 2, 3) %In, CuAIMn-(0.6, 1, 2) % Zr and
CuAlMn-(1, 2, 3) % Y03 respectively after Aging heat treatmentin 300°C for 1 hr.

Table (4.5) represent the open circuit potential and improvement of alloys (A, B1,
B2...... E3)after Aging
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Figures (4.35): OCP measurement of alloys (A) CuAIMn-(1,2,3) %Ta, (B) CuAIMn-(1,2,3) %ln,
(C) CuAIMnN-(0.6,1,2) % Zr, (D) CuAIMn-(1,2,3) % Y, 0, after aging heat treatments
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Table 4.3: potential and improvement of alloys after aging

Synthesized Code Potential E
Composition (mV)
Cu-8Al-9Mn A -671
Cu-8Al-9Mn-1%Ta Bl -661
Cu-8AI-9MnN-2%Ta B2 -584
Cu-8AI-9Mn-3%Ta B3 -513
Cu-8AI-9Mn-1%In C1 -670
Cu-8AI-9Mn-2%In C2 -401
Cu-8AI-9Mn-3%In C3 -341
Cu-8Al-9Mn-0.6%Zr D1 -621
Cu-8AI-OMnN-1%Zr D2 -661
Cu-8AI-OMnN-2%Zr D3 -600
Cu-8AI-9Mn-1%Y 203 El -570
Cu-8Al-9Mn-2%Y 203 E2 -580
Cu-8AIl-9Mn-3%Y 203 E3 -611

From Figure (4.35A, B, C, and D) and Table (4. 5) can be noticed that the corrosion
potential reduces by the addition of these elements (Ta, Zr, and In) and Y,0s3. The
best improvement belongs to Cu-8AI-9Mn-3%lIn.
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4.8.2. Linear Polarization Curves

Corrosion behavior has been studied by linear polarization test for the specimens after
sintering and after quenching heat treatment in (3.5 % NaCl, pH=6.84) have been

presented as the following:
4.8.2.1. Corrosion Behavior in 3.5% NaCl Solution after Sintering

The corrosion rate (mm/y), corrosion potential (Ecr), and corrosion current
density (Icorr) of specimenwere calculated fromthe polarization curves presented in
Table (4.5). The potentiodynamic polarization behavior of thealloy in 3.5 % of NaCl
solutionafter sintering is presented below in Figure (4.36A, B, C, and D).
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Figure (4.36): Potentiodynamic curves for CuAIMn alloy after sintering state, in 3.5% NaCl
solution. A) CuAIMn (1,2,3) %wt. Ta, B) CuAIMn (0.6,2,3) %wt. Zr alloy, C) CuAlIMn-
(1,2,3) %wt. In, (D) CuAIMNn-(1,2,3) Y203%wt.
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Table (4.5): Electrochemical parameters of ternary Cu-Al-Mn and quaternary SMAs in 3.5
wt.% NaCl solution obtained from the polarization test

Synthesized Code Current PotentialE Corrosion rate
Composition density Icorr corr (mV C .R (mml/year)
(uAlcm?) versus SCE)

Cu-8AIl-9Mn A 156.74 -528.5 2.801
Cu-8Al-O9MnN-1%Ta Bl 2.36 -391.6 0.0419
Cu-8Al-9Mn-2%Ta B2 136.34nA -403.3 2.27*10™3
Cu-8AIl-9MnN-3%Ta B3 719.86 nA -283.1 0.0116 10™3
Cu-8Al-9Mn-1%In C1 411.2 nA -356.0 8.187*10™3
Cu-8AI-9Mn-2%In C2 3.29 -450.9 0.0687
Cu-8AI-9Mn-3%In C3 721.6nA -280.6 0.0154

Cu-8Al-9Mn-0.6%Zr D1 35.87 -450 0.625
Cu-8AI-9Mn-1%Zr D2 1.36 -397.8 0.023
Cu-8AI-OMnN-2%Zr D3 1.07 -307.2 0.0182
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Synthesized Code Current Potential E Corrosion rate
Composition density Icorr corr (mV C .R (mmlyear)
(uAlcm?) versus SCE)
Cu-8Al-9Mn-1%Y 203 El 4.34 -662.1 0.074
Cu-8AI-O9Mn-2%Y 203 E2 504.9nA -701.8 8.47*10™3
Cu-8AI-O9Mn-3%Y 203 E3 39.84 -539.8 0.617

Table (4.5) can be noticed that the corrosion rate in 3.5 wt.% NaCl solution after
sintering reduce by adding these elements (Ta, Zr, and In) and Y ;O3 ceramic particles.
The best an improvement belongs to Cu-8Al-9Mn-2%Tawith improvementratio in

reducing corrosion rateabout 99.91%

Tafle curves can be estimated and classified into the cathodic branch of the
polarization curve represents hydrogen evolution while the anodic branch shows
alloy dissolution. The anodic branch of the polarization curve can be divided into
three regions: the apparent Tafel region, a region where there is a tendency of the
electrode to passivity, and the third region in which the current density rises again
with the positive potential changes. This anodic behavior is the characteristic of the

dissolutionof Copper andits alloys in sodium hydroxide solution [140].

In the Tafel-type active region, the anodic slope was around 0.35 mV/second. The
current density decreases to some extent due to the formation of the corrosion
products on the electrode surface, which has some protective effect and reducing the
active dissolution of metals from the surface. This decrease in current density is
usually explained by the formation of cuprous oxide (Cu,0), surface adsorbed

precipitates, butit can be also observedthatthe result of the formation of Aluminum

oxide/hydroxide layer which has been found on the surface of the alloy.

139



Chapter Four Results and Discussion

The possiblereactions for the formation of corrosion products (CuC1,and Cu,0)on
pure copper areas the following [139]:
Cu+ 2C1 —»CuCly + 1e (4.1)

2Cu C1,+ H,0- - Cu,0 + 4CL- +2H* (4.2)

CuC1, complex formation developed either due to the dissolution of copper or CuCl.
In fact, it was proposed that cuprous chloride (CuCl) is the initial corrosion product
when Cu reacts with NaCl. The stability of Cu,O depends on the chloride ions

concentration.

The corrosion surface of Cu base alloy might be composed of different products
(Cu20, CuCl,, A1,0s, AICl,, etc.). The formation of Cu,0 and CuC1; and their
characteristics are explained for corrosion of pure Cu (Equation 4.1 and 4.2).
Al reacts with CI- ions and forms AIC1, as per Eq. (4.3). Since the chlorides are
thermodynamically unstable in the presence of oXygen
and these chlorides react with water and forms an A1,03 oxide layer according to Eq.
(4.4), which protects the sample surface [86].

Al + 4C1-— AICl, + 3e- 4.3)

AICI- +3 H,0- >A1,0; + 6H + 8C1- (4.4)

When Al is presenton the electrode surface aluminum chloride saltis formed, which
is readily dissolved as an AICI* ion in addition to the dissolution of copper asa copper
chloride complexion. At more potentials the current density decreases to some extent
dueto the formation of corrosion products on the electrode surface, which have some
protective effect and reduce the active dissolution. This decrease comes from the

decreases in electrode potential for oxidation and a decrease in current density is
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usually explained by formation of cuprous chloride (CuCl), cuprous oxide (Cu,0)

,and Aluminum oxide [140].

4.8.2.2. Corrosion behavior in 3.5% NaCl solution after Aging Heat

Treatment

The potentiodynamic polarization behavior of the alloy in 3.5% of NaCl solution after

Aging heat treatment is presented below in Figures (4.37 A, B, C, D).
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Figure (4. 37): Potentiodynamic curves for CuAlMn alloy after Aging in
3.5% NaCl solution. A) CuAIMn- (0.6, 1, 2) wt. % Zr alloy, B) CUAIMn- (1,
2, 3) %owt. Taand C) CuAlIMn - (1, 2, 3) %wt. In, D) CuUAIMn--(1, 2, 3) Yowt.

Y203
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Representative curves of CUAIMn-2% wt. Zr and CuAIMn-3% wt. Ta is shown in
Figures (4.37A and B) respectively. The first almost linear part corresponds to the
apparent Tafel region and a critical current density (i;) is reached, then the electrode
presentsatendency to passivate with a decrease in the current. After that, the current
rises again with the increase of the potential until the scanningis reversed in the
limiting current region. This is the typical anodic behavior for the dissolution of

Copper and Copperalloys in chloride solutions [140,141].
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Table (4.6): Current density Iorr (A/cm?), potential and corrosion rate €. R (mmly) of

alloys (A, B1, B2,B3 ....... E3) shape memory alloys after aging
Synthesized Code | Current density | Potential | Corrosion
Composition leorr (WA/CM?) Ecorr(MV)| rate C.R
(mml/year)
Cu-8AIl-9Mn A 115.92 -602 2.06
Cu-8AI-9Mn-1%Ta Bl 11.55 -711.6 0.205
Cu-8Al-9Mn-2%Ta B2 10.11 -420.10 0.182
Cu-8AIl-9Mn-3%Ta B3 3.24 -643.5 0.0575
Cu-8AI-9Mn-1%lIn Cl 39.84 -539.8 0.777
Cu-8AI-9Mn-2%ln C2 13.41 -430.6 0.280
Cu-8AI-9Mn-3%lIn C3 28.70 -498.3 0.611
Cu-8Al-9Mn-0.6%Zr D1 35.87 -458.2 0.625
Cu-8AI-9Mn-1%Zr D2 75.85 -603.3 1.29
Cu-8Al-9Mn-2%Zr D3 36.34nA -403 6.36*10™4
Cu-8AIl-9Mn-1%Y 203 El 85 -601.7 1.454
Cu-8Al-9Mn-2%Y203 | E2 30.74 -513.10 0.5158
Cu-8AI-9Mn-3%Y.03 | E3 36.95 -647.6 0.572

From Table (4.7) can be noticed that the corrosion after aging reduces by adding these
elements (Ta, Zr, and In) and Y,0s. The best an improvement belongs to Cu-8Al-
9Mn-2%Zr withan improvement ratio in reducing corrosion raitaabout 99.68%. The
very high fraction of grain boundaries in the microstructure is likely to reduce
corrosion rates in two ways: (1) accelerating the passivation kinetics, and (2) reduce

theintensity of galvanic couple between grain interior, and grain boundary [118].
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The effects of polarization on the surface of alloys (CuAIMn, CuAIMn-3%ln,
CuAIMn-3% Ta, CuAIMn-3% Y,0; and CuAIMn-2% Zr were shown in Figure
(4.38A,B,C,DandE).
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Figure (4.38): Surface morphology of alloys after polarization test (A) CuAIMn, (B)
CuAIMn-3%lIn, (C) CuAIMn-3%Ta, (D) CuAIMn- 3%Y,03, (E) CUAIMn-0.6%Zr
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From Figure (4.38) can be seen that the surface of base alloy as shown in Figure
(4.38A) have more cracks in the oxide layer as compared with the surface of alloys
with addition (In, Ta, Y03, and Zr) as shown in Figure (4.38 B, C, D, and E)
respectively. This is mean that the oxide become more adhesive and has less
brittleness. Therefore, that the alloys become more resistant to corrosion and more
noble. The above results explained a decrease in corrosion current with alloys

additionand ceramic particles (Y2053).
4.9. Damping Test

Internal frictionis one origin of the energy absorption of SMAs. It is considered that
the damping effect resulting from internal friction is caused by the resistance to the

movement of the martensitic and austenitic interface or the boundary between

martensite variants in the narrow temperature range where the energy barriers to such
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interface movement are quite low [142]. The interfaces, including twin boundaries,
thermoelastic martensite variant interfaces, and stress- induced martensite variant
interfaces, can move repeatedly under external alternating stress [143,144]. As the
result of interfaces movement, the mechanical energy is dissipated. The variation of
damping after sintering and after aging heat treatment with the grain refining
additionsis plotted in Figures (4.39-40) and Table (4.7-8) respectively from Figures
plotted inappendix B. From Figure (4.39) and Table (4.7) can be noticed the damping
capacity after sintering improved by adding these elements (Ta, Zr, and In) and Y;0;

ceramic particles.

Table (4.7): Damping capacity of alloys CuAIMn and CuAIMn-X (Ta, Zr, In
and Y,0Og3 after sintering

Synthesized Composition Code logarithmic
decrement o
Cu-8Al-9Mn A 0.081
Cu-8AIl-9Mn-1%Ta Bl 0.091
Cu-8AIl-9Mn-2%Ta B2 0.1103
Cu-8Al-9Mn-3%Ta B3 0.0536
Cu-8AI-9Mn-1%ln Cl 0.1103
Cu-8AI-9Mn-2%ln C2 0.046
Cu-8AI-9Mn-3%ln C3 0.079
Cu-8AIl-9Mn-0.6%Zr D1 0.129
Cu-8AI-OMn-1%Zr D2 0.039
Cu-8AI-9Mn-2%Zr D3 0.053
Cu-8AI-9Mn-1%Y>03 El 0.069
Cu-8AI-9Mn-2%Y 203 E2 0.0883
Cu-8AI-9Mn-3%Y 203 E3 0.121
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Figure (4.39): Damping ratio verse composition of alloys (A, B1.... E3) after sintering

Table (4.8): Damping capacity of alloys CuAIMn and CuAIMn-X (Ta, Zr, In
and Y,0Osafter Aging heat treatment

Synthesized Composition Code | logarithmic
decrement o
Cu-8Al-9Mn A 0.0666
Cu-8Al-9Mn-1%Ta Bl 0.1103
Cu-8Al-9Mn-2%Ta B2 0.1272
Cu-8Al-9Mn-3%Ta B3 0.0708
Cu-8AI-9Mn-1%In C1 0.163
Cu-8Al-9Mn-2%In C2 0.0583
Cu-8Al-9Mn-3%In C3 0.0813
Cu-8AIl-9Mn-0.6%Zr D1 0.164
Cu-8Al-9Mn-1%Zr D2 0.038
Cu-8Al-9Mn-2%Zr D3 0.077
Cu-8Al-9Mn-1%Y 203 El 0.068
Cu-8Al-9Mn-2%Y 203 E2 0.081
Cu-8Al-9Mn-3%Y 203 E3 0.1258

149



Chapter Four Results and Discussion

From Figure (4.40) and Table (4. 8) can be noticed the damping capacity improved
by adding these elements (Ta, Zr, In) and Y ;03 ceramic powder. The resulted was
good agree with Naoki Koeda et. al. [157] and Zhixian Jiao [145].
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Figure (4.40): Damping ratio verse composition of alloys code (A, B1.... E3) after
Aging

The increase of martensite and the disappearance of a-phase also explains why the
damping capacity of Cu—8Al-9Mnalloy remarkably increased after Agingtreated at
300°C. Note that the martensite plates were thicker after Aging, as shown in Figure
(4.26 A-D).

The increase in the thickness of the martensite plates would decrease the amount of
interfaces in the thermoelastic martensite variant. The above analysis indicates that

the shape memory effect in Cu-based alloyswas mainly dependent on the amount of
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the martensite, while their damping capacity was dependenton not only the amount

but also the thickness of the martensite plates [107].

The damping capacity is affected by alloy compositions, processing histories, and
test methods [142,146].

The grain refinement has two opposite influencing factors on the damping of the
CuAIMn SMA. The first one is the promoting factor for the enhancement of damping,
which arises from the increase in the density of interfaces. The second one is the
restraining factor, whicharises from the decrease of the mobility of various interfaces

due to grain constraint [147].

Generally, alloys with big grains have higher damping levels, but worse mechanical
strength and ductility because grain boundaries pin other crystal defects. Therefore,
grain coarsening cannot always be used to increase damping and it is important to

achieve high dampingalso in small grained metals [148].

Figure (4.40) and Figure (4.27 A-E) from where it can be seen that the alloy with the
biggest grains has the highest damping level for all strain amplitudes. This is
reasonable because a smaller grain suppresses the martensitic transformation and

leads to higher hysteresis between the transformation’s temperature

4.10. Erosion-Corrosion

Erosionrate of CuAIMn and CuAIMn- X (Ta, Zr, In and Y,03) after sintering in
(950 °C for 4hr.) shownin Figures (4.41 A- D) and Table (4. 10).
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Figure (4.41): Erosion rate of alloys after sintering (A) CuAIMn-x% Y03, (B)
CuAIMn-x% Zr, (C) CuAIMn-x%Ta, (D) CuAIMn-x% In
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Figure (4.41 A-D) indicates the results of erosion-corrosion of base alloy and base
alloy with additives at a 4-hour cycle at an impact angle of 90°. It is evident that the
curves have fluctuated and the reason behind this fluctuating is the repeated building
and fracture of the protective surface layer. In case of the formation of this layer on
the alloy’s surface, the erosion-corrosion rate will decrease, whereas, the erosion-
corrosion rate will increase as soon as the protective surface layer breaks down. This
breaking down depends upon the impact force and the value of adhesion on the
surface ofthealloys. At thefirst time of immersionin the corrosive solution, the rate
of corrosion was expected to be higher due to the simplicity of removing the created
corrosion andthe incidence of a new metal surface being in contact with the corrosive
media. In addition, the area covered by deformed zones, produced by the impact of
erodent, at the impact location on the surface of the specimen increased with

increasing the exposure time, Nawal Dawood [159].
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Figure (4.42): Improvement in erosion rate of Alloys (A, B1, B2, E3) after sintering

Table (4.9): Erosion rate - improvement of alloys after sintering treatment

Synthesized Code Erosion rate Improvement
Composition %
Cu-8Al-9Mn A 0.038 -
Cu-8Al-9Mn-1%Ta Bl 0.027 40.7
Cu-8Al-9Mn-2%Ta B2 0.054 0
Cu-8Al-9Mn-3%Ta B3 0.032 18.75
Cu-8AI-9Mn-1%In C1 0.030 26.6
Cu-8Al-9Mn-2%In C2 0.038 0
Cu-8AI-9Mn-3%In C3 0.033 15.15
Cu-8Al-9Mn-0.6%Zr D1 0.049 0
Cu-8Al-9Mn-1%Zr D2 0.026 46.15
Cu-8AI-9MnN-2%Zr D3 0.031 22.58
Cu-8AI-OMn-1%Y 203 El 0.023 192.30
Cu-8Al-9Mn-2%Y 203 E2 0.016 65.21
Cu-8AI-9Mn-3%Y 203 E3 0.015 142
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From Figure (4.42) and Table (4.9) can be noticed that the maximum improvement
In erosion rate (minimum erosion rate) after sintering belongs to Cu-8AIl-9Mn-
3%Y .03 with erosion rate (0.015 g. cm-2.hr-1) and improvement % (142). The Y0
ceramic particle in alloy does not change the site of preferential attack but reduces

the net surface area for erosion-corrosiondueto an intrusion of reinforced particles.

That is the reason composites depicts less material remove than alloy [153,154].

The corrosion rate, in the beginning, is increased due to the aggressive corrosion

attack on the surface of thealloys [151].

The increase in erosion rate, in this case, is due to many factors as follows: The
velocity of the flow of the corrosion solution produces cavitation and impingement
which removed the oxide film during its formation. Therefore, there is not enough
time for the oxide film to form, which does not produce passivity and nor protects
the surface layer from corrosive media.

In other words, erosion-corrosion withoutslurry prevents the formation of the oxide
film and thus passivity. Consequently, a naked surface is produced which open tothe
fast-flowing corrosive medium is resulting in cavitation and impingement. Therefore,
corrosion is accelerated continuously [150].

It should be mentioned here that this type of corrosion results from two factors that
act actively on oneanother. One is mechanical when the oxide film and surface layer
are removed by the corrosive medium. The other is electro-chemical resulting from
the corrosion process itself. Thisis in good agreement with that shown by Barik R.C.
and others[149]. Also, Stephen M. Mcintyre [152] pointed out thata corrosive fluid
flowing at high -velocity impingement the metal surface, causing mechanical and /

or electrochemical disruption of the protective oxide film then the localized metal

156



Chapter Four Results and Discussion

loss thatoccurs. Erosion rate of CuAIMn and CuAIMn- X (Ta, Zr, In and Y,053) after
Aging in (300 °Cfor 1 hr.and quenching) shownin Figure (4.43)
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Figure (4.43): Erosion rate of alloys after Aging (A) CuAIMn-x% Ta, (B)
CuAIMn-x% Zr, (C) CuAIMn-x%lIn, (D) CuAIMn-x% Y03

157



Chapter Four Results and Discussion

c 12 — CusiMn
—— CuAIMn - 1% Y203
11 CulMn-2 %y 203
£ —— CuAIMn 3 % Y203
N -
L 08
S
(@]
-
C 06
c
o
2
o
S 04 -
o
(&)
c
S
8
|

35
Time hr.
D 07 - CuAMn 0.7
CuAMn-1%In | *°
0.6 - 0.5
CuAIMn-2% In
< 0.4
£ 05 - CuAMN-3%In | o3
o
e
3]
(@)]
©
© :
c 5
=l
[%2]
o
S
S
o
[&]
c
o
‘D
o
il
'0.1 T k -~ T T T T T T 1
0 5 10 15 20 25 30 35

Time hr.

Figure (4.43): contend

158



Chapter Four Results and Discussion

Table (4.10): Erosion rate and improvement for alloys after aging heat

Synthesized Code | Erosion rate Improvement %
Composition
Cu-8Al-9Mn A 0.122 -
Cu-8Al-9Mn-1%Ta Bl 0.027 351.85
Cu-8Al-9Mn-2%Ta B2 0.0017 706.4
Cu-8Al-9Mn-3%Ta B3 0.0059 197.7
Cu-8Al-9Mn-1%In C1 0.188 0
Cu-8Al-9Mn-2%In C2 0.044 597.14
Cu-8Al-9Mn-3%In C3 0.0175 177.27
Cu-8Al-9Mn-0.6%Zr D1 0.0588 107.483
Cu-8Al-9Mn-1%Zr D2 0.016 662.5
Cu-8AI-9MnN-2%Zr D3 0.028 335.71
Cu-8Al-9Mn-1%Y 203 El 0.203 0
Cu-8AI-9MnN-2%Y 203 E2 0.0819 48.96
Cu-8Al-9Mn-3%Y 203 E3 0.0074 1548.6
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Figure (4.44): Improvement in erosion rate of Alloys (A, B1, B2, E3) after
aging heat treatment
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From Figure (4.44)and Table (4.11) can be noticed that the maximum improvement
in erosionrate (minimum erosionrate) after aging heat treatment belongto Cu-8Al-
9Mn-2%Ta with erosion rate (0.0017g. cm-2.hr-1) and improvement reach (706) %
and then for 3% Y ;03 with improvement reach (1596)%.

The existence of hard Y,0; particles within the matrix of CuAIMn alloy has more

hardness resistance to erosion-corrosion than the matrix.

In general, aged specimens have higher hardness as the result of precipitation

hardening.

Aging in martensite phase is associated with the diffusion and precipitation process
of an intermetallic compound that is precipitated as fine particles and distributed
equally in the microstructure which acts as obstacles prevent the dislocation
movement, and the presence of the martensite phase (or mixture of both), while
sintered specimens have low hardness due to the martensite phase doesn't form and

presence of a phase[131].

The morphology of surface after erosion test for CuAIMn and CuAIMn-x (3% Ta,
3%In, 2 % Zr, and 3% Y03 after aging is shown in Figure (4.45A-E).
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Figure (4.45 A): SEM and EDS analyses of surface morphology of
CuAlMn after erosion corrosion test with magnifications (5.00KX)
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Figure (4.45 B): SEM and EDS analyses of surface morphology of
CuAlIMn- 3% Ta after erosion corrosion test with magnifications
(5.00KX)
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Figure (4.45 C): SEM and EDS analyses of surface morphology of
CuAlIMnN- 3% In after erosion corrosion test with magnifications
(5.00KX)

163



Chapter Four Results and Discussion

;]

SEM MAG: 10.00 kx ‘ Det: InBeam I l MIRA3 TESCAN

WD: 4.66 mm [ Bi: 7.00 | 5 pm
View field: 20.8 pym Date(mJ/d/y): 03/07/21

11000—; CulLa
3 Elt Int keV
10000—g Mg 34.7 1.270
2 OKo Al 811.1 1.500
90003 0 895.2 1.750
E Zr 190.8 2.060
8000 Cl 144.85 2.030
= Cu 1220.9 8.030
7000 AlKo, Mn 590.8 5.9
6000%
50002 |1 CuKa
4000
3000
2000%
1000%
OE keV
0

10.00

Figure (4.45 D): SEM and EDS analyses of surface morphology of
CuAlIMnN- 2% Zr after erosion corrosion test with magnifications
(10.00KX)
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Figure (4.45 D): SEM and EDS analyses of surface morphology of
CuAIMnN- 3% Y ,03 after erosion test
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From Figures (4.45 A, B, C, D, and E) can be seen that the base alloy surface less
resistance to erosion than the alloys with additive as the base alloy (CuAIMn) have
less hardness (HV equal to 108.5) otherwise for CuUAIMn-3%Ta, CuAIMn-3%In,
CuAIMn-2%Zr, and CuAIMn-3%Y,03) the microhardness measurement reach to
126.6,132.9,125.3,143.8) respectively.

In general, aged specimens have higher hardness as the result of precipitation
hardening. Ageing in the martensite phase is associated with the diffusion and
precipitation process of an intermetallic compound that is precipitated as fine
particles and distributed equally in the microstructure which acts as obstacles to

preventthedislocation movement, and the presence of martensite phase [131].

4.11 XRD after Linear Polarization Test

In this test X-Ray diffraction for specimens after corrosion test in 3.5% NaCl solution
has been donefor alloy A, B3, C3.

In Figure (4.46), the XRD test result showed that the formation of corrosion products
on the specimen’s surface in3.5 % NaCl solution. Figure (4.46.A, B, C) is the XRD
result of alloy the corrosion products were Al,O; and Cu,O which represent the

protective scales.
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Figure (4.46): XRD Analysis for (A) Alloy A. (B) Alloy B3. (C) Alloy C3.in
3.5%NacCl Solution
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Figure (4.46): contend

The corrosion resistance of Cu-Al alloys is mainly because of the formation of a
protective passive layer of Cu,O and Al,O3; on the surface when exposed to a
corrosion environment. The formation of these stable passive layers on Cu-Alalloys
Is mainly dueto the higher affinity of Aluminum towards oxygen than Copper in salt

solutions [86].
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Chapter five Conclusion and Recommendations For future works

5.1 Conclusions

=

These conclusionscan be drawn from this work as following:

In the quenched ternary Cu—Al-Mn alloy, martensitic phase were precipitate
as plate- or spear-like martensite [the zig-zag phase].

The Cu-Al-Mn SMAs transition temperatures change as the chemical
composition of the alloy changes. Austinite started temperature decreases
about (5-15) °C with addition grain refinement.

The addition of (Zr, In, and Y,03) can increase the SME of ternary Cu-Al-
Mn alloy by about 103 % with 3% Ta, 119% when addition 2% Zr and 35
when addition 3% Y ,0s.

The alloy damping capacity, or IF, increases with addition alloying element
(Ta, Zr, In), and Y,03. Alloys exhibit maximumdamping in 0.6% Zr and then
decrease with addition 1% Zr, while the damping ratio increases with
increasingtheratio of Y03 from (1 to 3) wt.%.

Thebest improvement in damping capacity ratio by the addition 0.6% Zr after
sintering, while after aging heat treatment at 300°C by addition 1% In and
0.6% Zr.

The corrosion rate (mm/y) in 3.5% NaCl reduces by adding these elements
(Ta, Zr, and In) and Y03 ceramic particles after sintering the best
improvement belong to Cu-8AIl-9Mn-2%Ta, otherwise after aging the best
improvement belong to Cu-8% Al-9% Mn-2% Zr .

Theaddition of alloying elements (Ta, Zr, and In) and Y ;O3 ceramic particles

caused improved hardness.
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The improvements in hardness of Cu-Al -Mn alloy after the addition of (Ta,
In, Zr and Y,03) can be attributed to the grain size reduction, solid solution
strengthening.

The maximumimprovement in erosion resistance after sintering belong to Cu-
8AI-9Mn-1%Y,03 with erosion rate (0.023 g. cm2.hr-1) and improvement %
(192) but after Aging heat treatment the minimum erosion rate belongto Cu-
8AI-9Mn-3% Y03 with erosion rate (0.00749. cm-2.hr-1) and improvement
reach (1548) %.
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Further recommendations

1. Mixing metallic elements (Tantalum, Zirconium, and Indium) with the
ceramic particles (Y,03) and investigate the mechanical properties and

corrosive behavior of Cu (-8% Al -9% Mn) wt. shape memoryalloy.

2. Study the synthesis and characterization of nanocrystalline CuAIMn
SMAs.
3. Addition alloy elements such as Niobium or Cerium and observe its

effects on the mechanical properties and corrosive behavior of CuAIMn
shape memoryalloy.
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Figures C-1: A,B,C,D and E X-Ray diffraction for aged specimens (A, B3, C3, D3, E3)
respectively




Physical properties of powders used in present work

Name

Formula

Melting Point

Density

Yttrium Oxide

YzOs

2440°C

5.0g/cm-3

Tantalum

Ta

2850°C

16.69 g.cm-3

zirconium

Zr

1,852 °C

6.49g.cm-3

Indium

In

156 °C

7.31g.cm-3

Copper

Cu

1083°C

8.94 g/cm3

Aluminum

Al

667°C

2.7g.cm -3

Manganese

Mn

1246°C

7.26 g/cm3
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