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Abstract

An investigation of the hardness and fatigue behaviours of a high

temperature Cu-based shape memory alloy with graphene additions

Issa, Wasiu Ayinde
PhD, Department of Mechanical Engineering
December, 2024, 129 pages

CuAINi shape memory alloys (SMA) find usefulness in high temperature
engineering applications. They have ease of production and are cheap in comparison
with Nickel - Titanium alloys. The alloy is usually under cyclic load/stress but lacks
excellent fatigue properties. In this study, the effects of graphene (C), ie. a
polymorph of carbon, on the fatigue life and hardness of CuNiAl SMA were
investigated. The resulting S-N curves revealed that as the number of stress cycles
increases, the magnitude of stress leading to fatigue failure reduces. Design Expert
Software version 13.0 was deployed to predict the interaction between fatigue life,
percentage compositions of Cu and graphene (C). The parameters were significant
model terms at p < 0.05, indicating that they have significant effects on the fatigue
life of SMA. The model obtained indicates a good fit with R? of 94.87%. The
developed model can be employed in fatigue life study of shape memory alloys

containing a fourth addition such as graphene.

Key Words: mechanical properties, shape memory alloy, fatigue life CuAINi and
CuAINiC



Ozet

Yiiksek sicakhiktaki mekanik ve yorulma performansinin incelenmesi Grafen

ilaveli Cu tabanh sekil hafizah alasim

Issa, Wasiu Ayinde
Doktora, Makine Miihendisligi Boliimii
Aralik, 2024, 129 pages

CuAINi sekil hafizali alagimlari (SMA), yiiksek sicaklik miihendislik
uygulamalarmda kullanighdir. Uretimleri kolaydir ve Nikel - Titanyum alagimlarina
kiyasla ucuzdur. Alagim genellikle dongiisel yiik/gerilim altindadir ancak miikemmel
yorulma Ozelliklerinden yoksundur. Bu g¢alismada, grafenin (C) CuNiAl SMA'nin
yorulma omrii ve mekanik 6zelligi (Sertlik) iizerindeki etkisi incelenmistir. Elde
edilen S-N egrileri, stres dongiilerinin sayis1 arttikca yorulma arizasina yol agan
stresin biiyiikliigiiniin azaldigini ortaya koymustur. Yorulma 6mrii, Cu ve grafenin (C)
yiizdelik bilesimleri arasindaki etkilesimi tahmin etmek i¢in Design Expert Yazilim
stirim 13.0 kullanilmigtir. ANOVA testinden elde edilen p-parametse deferi < 0,05
bulundu. Bu ise SMA'nin yorulma &mrii iizerinde anlamli bir etkiye sahip olduklarini
ve matematiksel modelin %94,87'lik R2 ile iyi bir uyum gosterdigini gostermektedir.
Gelistirilen model, grafen gibi dordiincii bir katki iceren sekil hafizali alagimin

yorulma omrii ¢aligmasinda kullanilabilir.

Anahtar kelimeler: anahtar kelime, mekanik 6zellikler, sekil hafizali alagim,

yorulma dmrii CuAINi ve CuAINiC
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CHAPTER1

Introduction

Materials with the phenomenon of remembering and reversing to their
former shape after being deformed are said to possess shape memory effects.
Alloys that show this kind of behaviour are termed as Shape Memory Alloys
(SMA) (Callister, & Rethwisch, 2018). Some external stimuli, such mechanical or
electrical ones, can cause the deformed shape to return to its original state (Petrini &
Migliavacca, 2011, Cho et al., 2005), chemical (Lendlein, 2005), thermal (Ji, et al.,
2006), and electro-magnetic (Lendlein, 2005).The material shape memory usually
occurs when the material is heated while the deformation occurs at low
temperature (Callister, & Rethwisch, 2018). This is as a result of a twin boundary
transformation, i.e. between a martensite, which is a phase at a reduced
temperature and austenite, which is a phase at an increased temperature (Saud, et

al., 2019). This process is reversible, see Figure 1 below.

Figure 1.

Transformation between low and high temperature phases (Saud, et al., 2019).

Twinned
Martensite

Stress
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Martensite
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The martensitic phase transition is a phase transformation which is
diffusionless and shear-dominant solid-state that arises from the growth and
nucleation of the martensitic phase from a parent phase, austenitic. This is the main
source of this behaviour. It changes from a high-symmetry, often cubic, austenitic
phase to a low-symmetry martensitic phase when a martensitic phase transformation
takes place in a SMA. The phase transition occurs while the parent and product
phases coexist. The same parent phase crystal can yield a variety of martensite
variations due to the martensitic phase's crystal structure having less symmetry than
that of the parent austenitic phase. When the free energies of the two phases are
equal, the martensitic transformation takes place when austenite's free energy is
higher than martensite's at a temperature lower than the critical temperature. When
stress is present, the transformation starts at Ms (martensite start) temperature, and
it’s lower than, rather than at that precise moment. As the temperature is decreased,
the transformation keeps changing until it reaches a temperature known as Mf
(martensite completion). Likewise, when the material is completely austenite, the
opposite change (martensite - austenite) starts at As temperature (austenite start)
which at Af (austenite finish) during the heating cycle (Dagusta, 2014, Saud, et al.,
2019).

The property of the material to experience an extensive plastic deformation
called pseudoelasticity and also ‘recollect’ its previous geometry called Shape
Memory Effect are the important material properties mostly used (Callister, &
Rethwisch, 2018). Temperature variation is responsible for the reversible
martensitic transformation for shape memory effect while change in stress is
responsible for pseudoelasticity (superelasticity) (Petrini & Migliavacca, 2011; Ma,
et al., 2010; Tsuchiya, 2011).

copper—zinc—silicon (Cu-Zn-Si), iron—palladium (Fe-Pd), Copper—
aluminum—nickel (Cu—Al-Ni), indium—titanium (In-Ti), copper—zinc—aluminum
(Cu—Zn—Al), nickel-aluminum (Ni—Al), copper-zinc—gallium (Cu-Zn-Ga),
nickel-titanium (Ni-Ti), copper—aluminum-manganese (Cu—Al-Mn), iron—

platinum (Fe—Pt), copper—tin (Cu—Sn), copper—zinc—tin (Cu—Zn—Sn), etc are
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among twenty elements in the actual periodic table region that exhibit shape memory
(dagusta, 2014). Nonetheless, research and development has mostly focused on
three alloy systems that are widely recognized to display the SM phenomenon.
They are copper-based alloys (Cu), nickel-titanium (Ni-Ti), and iron-based alloys
(Callister, & Rethwisch, 2018, Dagusta, 2014). CuAINi SMA has advantage of high
temperature suitability in applications (Prasad, 2017). SMA finds applications in
engineering and many areas due to their unique characteristics (Issa, et. al, 2021;
Cisse, et al., 2016). These include their usage in oil and gas, biomedical,
automotive, aerospace, and robotics (Barbarino, et al., 2014).

SMA is usually under cyclic loads and thus, the fatigue failure is an important
study in shape memory alloys modelling (Vanderson, et al., 2020). Fatigue failure is
the reduction in material resistance to fluctuating stresses (Bhandari , 2016; Ugural &
Fenster, 2012). Fatigue test is the process of fracturing a machined material through
the application of reversed known stresses (Obiukwu, 2015). This helps us to know
the fatigue life of a material i.e. the stress the material can sustain before service
failure (Callister, & Rethwisch, 2018).

Some polymer materials also show shape memory behaviour. Materials of
this nature are termed SMP stands for shape memory polymers. Two materials that
are extensively researched are SMA and SMP (Hornbogen, 2016; Gunes & Jana,
2016; El Feninat, 2002).

Ni—Ti based alloys with superior biological compatibility are mostly utilized in
biomedical applications among the three alloy systems previously discussed, which
are typically economically exploited for their SM features. Because they are less
expensive, Cu-based SMAs is preferable to Ni-Ti ones in other applications. Cu-
based SMAs have been at the forefront of research and development for many years,
although they are not widely available commercially (Callister, & Rethwisch, 2018,
Rupa, 2014).

Engineering Applications of SMA
The reversible phase change behaviour of SMA finds useful applications in
engineering such as in aerospace, biomedical, civil, electrical and mechanical

engineering (Melton, 1999).



Aerospace Engineering

SMA usage in aircraft has benefits which include operating cost reduction
and overall weight reduction (Saurabh, et al., 2018). The shape change helps to
lower the aerodynamic load (Barbarino, 2004). SMA finds usefulness in morphing
aircraft (Girolamo & Maria, 2020; Saurabh, et al., 2018; Bashir, et al., 2018).
Researches utilizing shape memory technology has increased since its first usage on

F-14 till the present time in the aerospace industry (Kwon, et al., 2015; Hartl, 2007).

Biomedical Engineering

A ternary Ti-Ni-Cu SMA used on medical implants helps to prevent bacterial
infections (Li, 2016). SMA is used in quick recovery of broken bones (Mantovani,
2000). It also used in brain treatment, teeth treatment, and in circulatory system (Li,

2016; Daniela, et. al., 2009; Petrini & Migliavacca, 2001).

Chemical Engineering

SMA is use to prevent leakage and corrosion in oil field, underground water
and in chemical plants (Liu, 1995).

Civil Engineering

SMA installed in structures, buildings and bridges help to prevent extensive
deformation and eventual collapse (Sarth & Zunubia, 2017; Wen-Shao & Yoshikazu,
2016; Indirli & Castellano, 2008; Yachuan & Jinping, 2008; Corbi, 2003; Dolce, et
al., 2001; Wilde, et al., 2000).

Electrical Engineering

SMA finds application in electrical fuse safety system (Han, et al., 2021),
electronics (Zhang, 2021), telecommunication system (Saurabh, et al., 2018; Otsuka
& Wayman, 1998; Otsuka & Xiaobing, 1999), micromanipulator (Liu, 2021) and
electric motor (José Marques, et al., 2020).

Mechanical Engineering

SMA used as actuators in cars help to improve safety and comfort of driver
(Saurabh, et al., 2018). SMA is used in heat engines (Churchill, et al., 2016; Saurabh,
et al., 2018; Jaronie, et al., 2014), water ways, naval operations (Angilella, et al.,
2015; Saurabh, et al., 2018), and in common household appliances like rice cooker,

among others (Wang, et al., 2016).



Review of Classes of Engineering Materials

The importance of materials in our everyday live cannot be overemphasized.
Overtime, man has discovered ways of producing materials like metals and pottery
with better properties than naturally occuring ones like stone, wood etc. The
knowledge of the relationship between properties and structural elements of
materials over a long period of time has helped scientist evolved lots of materials
with much specialized characteristics. The applicability of materials are determined
by six different property classification: Electrical, deteriorative, mechanical, thermal,
magnetic and optical. Four factors should also be taken into account when designing,
producing, and using materials. Processing, Structure, Properties, and Performance
are these. The qualities of a material, which are also determined by its structure or
structures, determine its performance. Furthermore, the structure is determined by the
processing of the components. Finally, the cost of the manufactured item, any
deterioration of the material's qualities during operation, and the service condition to
which the material will be subjected are the three key factors that determine the
choice of material.. (Callister, & Rethwisch, 2018; Ashby Jones, & 2005; Jacobs, &
Kilduft, 2005).

Classification of Materials

Three broad categories are used to classify materials based on their atomic
structures and chemistry. These include ceramics, metals, and polymers. Composites
are materials made up of two or more different types of materials. Semiconductors,
biomaterials, smart materials, and nanomaterials are examples of advanced materials
used in high-tech (high-tech) applications. (McMahon, 2004; Callister, & Rethwisch,
2018).

Metals

Examples of metals are iron and aluminium. They consist of one or more
metallic elements, and occasionally trace amounts of carbon, nitrogen, and oxygen
are present. In contrast to ceramics and polymers, metals and their alloys have atoms
that are grouped in an orderly fashion and are quite dense. Although metals are
strong and rigid, they are also ductile and fracture-resistant. Their widespread use in

structural applications can be attributed to this. Non-localized electrons in metallic
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materials give them a variety of characteristics, including their ability to transport
heat and electricity well and their glossy look.
lustrous appearance among others. (Van, 1989; Callister, & Rethwisch, 2018; white,
1999)

Ceramics

Common ceramic materials include composites between metallic and
nonmetallic elements, such as silica (Si02) and alumina (Al202). Others include
what are known as classic ceramics, which include cement, glass, and clay minerals.
Ceramic materials are usually highly hard and somewhat stiff. They have a
significant risk of breaking and are quite brittle. New materials for automotive engine
parts, etc., exhibit improved fracture resistance. In addition to being opaque,
translucent, and transparent, ceramics also have certain oxides that exhibit magnetic
properties. Compared to metals and polymers, ceramic materials are better insulators
and are more resilient to harsh environments and high temperatures.

Polymers

Many Polymers are organic compounds with very large molecular structures
and have carbon barground; others contain hydrogen and other non-metallic element
(i.e. O, N, Si). Examples include; Polyethylene (PE), nylon, silicon rubber, etc.
Polymers have low densities. They are neither stiff nor strong as metals and ceramic
materials, but on per mass basis, many times their strengths and stiffness’s can be
compared with those of ceramic and metals due to their low densities. (Callister, &
Rethwisch, 2018).

Composites
These consist of at least two different material types of metals; ceramic and polymers,
with a goal to achieve better properties than that of their individual component
materials. It can be naturally occuring like wood and bone, or synthetic (human made)
like fiberglass. For example, embedding glass fibres within polyester will result in a
glass fibre that is relatively stiff, strong and flexible with a low density. Similarly,
embedding carbon fibres within a polymer will yield carbon-fiber-reinforced
polymer (CFRP) which is useful in aircraft and aerospace applications. The CFRP is
stiffer and stronger than glass fiber-reinforced material but more expensive. (Callister,

& Rethwisch, 2018).



Advanced Materials

These are materials that fracture or operates using relatively intricate and
sophisticated principles; such as computers, fibre-optic systems among others. They
are traditional materials with enhanced properties. They may be metals, ceramics,
polymers, semiconductors, biomaterials, or smart materials and nano-engineered
materials and are usually expensive. (Callister, & Rethwisch, 2018; Schaffer et al.,
1999; Jacobs, & Kilduff, 2005; Smith, & Hashemi, 2010).

Semiconductors

They possess electrical properties between those of electrical conductors and
insulators. The presence of minute amount of impurity atoms in them, affects their
electrical characteristics through which over very small spatial regions, the
concentration may be controlled. It is very useful in electronic and computer
industries. (Callister, & Rethwisch, 2018).

Biomaterials

These are materials compatible with and implanted into the human body to
replace diseased or damaged body parts. They may be metals, ceramics, polymers,
composites and semiconductors. (Callister, & Rethwisch, 2018).

Smart Materials

These materials react to environmental changes by exhibiting characteristics
similar to those of humans. These answers are provided in a preset format. Some sort
of sensors and actuators are included in the component. Shape memory alloys,
piezoelectric ceramics, magnetostrictive materials, and
electrorheological/magnetorheological fluids are the four possible materials for the
actuators. When the temperature is adjusted, metals known as "shaped-memory
alloys" regain their previous shape after deformation. In reaction to an applied
electric field, piezoelectric ceramics expand and contract, producing an electric field
when their dimensions are changed. While magnetostrictive and piezoelectrics
behave similarly, magnetostrictive is more sensitive to magnetic fields. Finally, the
magnetorheological and electrorheological liquids are those that undergo significant

viscosity changes when an electric or magnetic field is applied, respectively.
(Callister, & Rethwisch, 2018)

Devices or materials used as sensors include optical fibers, piezoelectric



materials and microelectromechanical systems. For example, noise created by the

rotating rotor blade of an helicopter, is reduced using a type of smart system. The
blade stresses and deformation is monitored by piezoelectric sensors; a computer
controlled adaptive device, received feedback signals from the sensors which
generates noise-cancelling antinoise. (Callister, & Rethwisch, 2018).

Nanomaterials

These are materials having sizes in the nanoscale (10°m). They may be
metals, ceramics, polymers and composites. The development of the scanning probe
microscope has made it easier to analyze individual atoms and material molecules.
One atom or molecule at a time, this has aided in the creation and development of
novel structures from their atomic constituents. Opportunities to develop mechanical,
electrical, magnetic, and other qualities that would not typically be attainable have
been made possible by this. Nanotechnology is the study of these materials'
characteristics. Carbon nanotubes and nanocomposites in tennis balls are a couple of
the uses. A small nanoparticle's surface area to volume ratio is incredibly high. The
toxicity and toxicological interactions of these materials with humans and animals in
newly produced materials must be taken into consideration because they can result in
significant chemical reactivity. There are fears over the harm these materials may

cause if absorded into the body as their safety is relatively unexplored. (Callister, &

Rethwisch, 2018).

Modern Materials’ Needs
As was already established, the necessity of materials in today's world cannot be
overstated. Fuel efficiency can be increased, for example, by raising engine operating
temperatures and lowering the weight of transportation vehicles.
Many energy-related issues will be resolved by materials like fuels, facilities for

disposing of leftover trash, and contaminated constructions. (Callister, & Rethwisch,

2018).

Fabrication of Metals
Refinement, alloying, and frequently heat-treating procedures that yield
alloys with the required properties typically come before metal fabrication

techniques. Various metal-forming processes, casting, powder metallurgy, welding,
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and machining are among the categories of fabrication techniques; frequently, two or
more of them must be utilized before a piece is completed. The most significant
determinants of the techniques selected are the metal's characteristics, the final
product's dimensions and form, and, of course, the price. The methodology shown in
Figure 2 is used to categorize the metal manufacturing techniques. (Callister, &
Rethwisch, 2018).

Figure 2.
Metal fabrication techniques. (Callister, & Rethwisch, 2018).

Metal fabrication techniques

Forming operations. Casting Miscellaneous
Forging Sand  Powder metallurgy
Rolling Die Welding
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Drawing Lost foam
Continuous

Forming Operations

Forging, rolling, extrusion, and drawing are examples of common forming
processes. Forming operations are those in which plastic deformation changes the
shape of a metal component. Naturally, an external force or stress that is greater than
the material's yield strength must cause the deformation. Since most metallic
materials are at least somewhat ductile and can undergo some permanent
deformation without breaking or cracking, they are well suited to these processes.
(Pandey & Singh 2003; Callister, & Rethwisch, 2018).

The procedure is known as "hot working" when deformation is accomplished
at a temperature higher than that at which recrystallization takes place; otherwise, it

is known as "cold working." Both hot- and cold-working processes are feasible with
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the majority of forming techniques. Large deformations are conceivable for hot-
working techniques, inwhich, as the metal is still pliable and malleable, can be
performed repeatedly. Additionally, less deformation energy is needed than with cold
working. Nevertheless, surface oxidation occurs in most metals to some extent,
leading to material loss and a subpar ultimate surface polish. Because the metal strain
hardens, cold working increases strength while decreasing ductility. The benefits of
cold working over hot working include a better surface finish, more mechanical
properties and a wider range of them, and more precise dimensional control of the
final product. Occasionally, the piece is cold worked a little bit at a time before being
process annealed to get the desired total distortion; nevertheless, this is a costly and
inconvenient operation. The forming operations to be discussed are illustrated
schematically in Figure 3. (Pandey & Singh 2003; Callister, & Rethwisch, 2018).
Figure 3.

Metal deformation during (a) forging, (b) rolling, (c) extrusion, and (d) drawing.
(Callister, & Rethwisch, 2018).
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Forging

A single piece of usually hot metal is mechanically worked or deformed
during forging; this can be done by applying successive blows or by continuously

squeezing. There are two types of forgings: closed die and open die. In a closed die,
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two or more die halves with the final shape are subjected to a force that deforms the
metal in the space between them. See Figure 3a. Two dies with basic geometric
shapes, such as parallel; flat, or semicircular, are used for open die, typically on big
workpieces. The best combination of mechanical characteristics and exceptional
grain structures are found in forged products. Common products made with this
method include piston connecting rods, automotive crankshafts, and wrenches.
(Kalpakjian, & Schmid, 2009; Callister, & Rethwisch, 2018).

Rolling

A piece of metal is passed between two rolls during rolling, the most common
deformation technique; the compressive pressures the rolls apply cause the metal to
thin. Sheet, strip, and foil with a superior surface polish can be produced by cold
rolling. See Figure 3b. Grooved rolls are used to create railroad rails, I-beams, and
circular shapes. (Callister, & Rethwisch, 2018)

Extrusion

A compressive force supplied to a ram forces a bar of metal through a die
hole during extrusion; the resulting extruded piece has the required form and a
smaller cross-sectional area. Rods and tubing with intricate cross-sectional
geometries are examples of extrusion products; seamless tubing can also be extruded.
Example is shown in Figure 3c. (Kalpakjian, & Schmid, 2009; Callister, &
Rethwisch, 2018).

Drawing

A tensile force exerted on the exit side pulls a metal item through a die with a
tapered bore. This process is known as drawing. This leads to a decrease in cross
section and an increase in length. There may be a series of dies used in the entire
drawing operation. This method is frequently used to create rod, wire, and tubing

products. See example in Figure 3d. (Callister, & Rethwisch, 2018).

Casting

In the casting process, a completely molten metal is poured into a mold cavity
with the required shape; as the metal solidifies, it takes on the mold's shape but also
shrinks slightly. When:

(1) the final shape is so big or complex that any other way would be unfeasible,
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(2) a certain alloy has such low ductility that it would be challenging to form by
either hot or cold working, and
(3) Casting is the most cost-effective method of manufacture when compared to
other methods. Moreover, casting may be used as the last stage in the refinement of
even ductile metals. Numerous casting methods, including as sand, die, investment,
lost foam, and continuous casting, are frequently used. (Kalpakjian, & Schmid, 2009;
Prashant, 2010; Callister, & Rethwisch, 2018).
Die Casting
Die casting involves forcing liquid metal into a mold at a relatively
fast speed and under pressure, then allowing the metal to solidify while the pressure
is maintained. The two components of a permanent steel mold or die are fastened
together to generate the required shape. The cast piece is released from the die parts
once the metal has fully solidified. Moreover, a single set of dies can be used for
thousands of castings, making this a cost-effective technique that allows for rapid
casting rates. However, only very small pieces and low-melting-temperature alloys
of magnesium, aluminum, and zinc can be used with this process. (Kalpakjian, &
Schmid, 2009; Prashant, 2010; Callister, & Rethwisch, 2018).
Investment Casting
A wax or plastic with a low melting temperature is used to create the pattern
for investment casting, also known as lost-wax casting. Plaster of Paris is typically
utilized. A fluid slurry is poured around the pattern, setting to create a solid mold or
investment. After that, the mold is heated to the point where the pattern melts and
burns out, leaving behind a mold cavity with the appropriate shape. This method is
used, for instance, in jewelry and dental crowns and inlays, where great dimensional
precision, exquisite detail reproduction and a superior polish are necessary.
Additionally, investment cast is used to make gas turbine blades and jet engine
impellers. (Kalpakjian, & Schmid, 2009; Prashant, 2010; Callister, & Rethwisch,
2018).
Lost Foam Casting
Lost foam casting is a type of investment casting. Polystyrene beads can be
compressed into the required shape and then heated to form foam, which serves as
the disposable pattern in this case. Alternatively, you can cut out pattern shapes from

sheets and glue them together. The mold is then created by packing sand around the
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design. The pattern vaporizes and is replaced by the molten metal as it is poured into
the mold. The compressed sand stays in place, and the metal takes on the mold's
shape as it solidifies. (Kalpakjian, & Schmid, 2009; Prashant, 2010; Callister, &
Rethwisch, 2018).

Tight tolerances and intricate geometries are achievable using lost foam
casting. Additionally, lost foam is a less complicated, faster, and more cost-effective
process than sand casting, and it produces fewer environmental wastes. Cast iron and
aluminum alloys are the metal alloys that employ this process the most frequently;
other applications include electric motor frames, crankshafts, cylinder heads, car
engine blocks, and marine engine blocks. (Kalpakjian, & Schmid, 2009; Prashant,
2010; Callister, & Rethwisch, 2018).

Continuous Casting

Many molten metals are cast into enormous ingot molds to solidify them at
the end of extraction processes.Ingots often undergo a primary hot-rolling process
that results in a flat sheet or slab, which are more practical shapes to use as starting
points for secondary metal-forming processes including forging, extrusion, and
drawing. A continuous casting technique, sometimes known as strand casting, may
combine these rolling and casting phases. This happens in a water-cooled die
containing the desired cross-sectional geometry. Compared to ingot-cast products,
continuous castings have more consistent mechanical characteristics and chemical
composition across the cross sections. Continuous casting is also more effective and
more mechanized. (Kalpakjian, & Schmid, 2009; Prashant, 2010; Callister, &
Rethwisch, 2018; Ganesh, 2020).

Sand Casting

Ordinary sand is used as the mold material in sand casting, which is arguably
the most popular technique (see Figure 4). Sand is packed around a pattern with the
desired casting's shape to create a two-piece mold. Additionally, a gating mechanism
is typically built into the mold to reduce internal casting flaws and speed the flow of
molten metal into the cavity. Large pipe fittings, fire hydrants, and automobile
cylinder blocks are examples of sand-cast components. (Kalpakjian, & Schmid, 2009;

Prashant, 2010; Ganesh, 2020; Callister & Rethwisch, 2018).
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Figure 4.
Typical sand mould (a) Mould Section and casting nomenclature (b) pattern attached
with gating and risering system. (Ghosh, & Mallik,1986, Callister, & Rethwisch,
2018; Ganesh, 2020)
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Figure 5.
Mould Section and casting nomenclature, (a) top view, (b) front view (Ganesh, 2020)
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Important casting terms (Ganesh, 2020)
Flask: The mold is formed in a frame made of wood or metal that has no fixed top or
bottom. There are several names for the flask depending on where it is in the
moulding structure, including cheek, which is an intermediate moulding flask used in
three piece moulding, cope, which is an upper moulding flask, and drag, which is a
lower moulding flask.
Pattern: It is a duplicate of the finished product. The design is used to create the mold
cavity.
Parting line: The two molding flasks that comprise the mold are separated by this
line.
Moulding sand: Sand, which retains its permeability to gasses and air while binding
firmly. It is a blend of clay, silica sand, and moisture in the right amounts.
Facing sand: To improve the castings' surface smoothness, a tiny bit of carbonaceous
material was dusted on the inner surface of the mold chamber.
Core: A distinct component of the mold, usually baked and composed of sand, that is
used to make holes and different-shaped cavities in the castings.
Pouring basin: A tiny, funnel-shaped opening at the top of the mold that is filled with
molten metal.
Sprue: The opening through which the pouring basin's molten metal enters the mold
cavity. In many instances, it regulates the metal's flow into the mold.
Runner: The path that the molten metal takes as it moves from the sprue to the gate.
Gate: The molten metal enters the mold cavity through this channel.
Chaplets: In order for the cores inside the mold cavity to support themselves and
overcome the metallostatic force, chaplets are utilized.
Riser: A column of molten metal is inserted into the mold to feed the solidifying and
shrinking castings. Another name for it is "feed head."
Vent: A tiny hole in the mold that allows gasses and air to escape.
Steps in producing a simple sand mould (Ganesh, 2020):

1) The drag flask is positioned on the board
2) then a dry facing sand is spread over it, the board
3) half of the drag pattern is positioned on the mould board. The dry facing sand will

help to produce a non-sticky medium/layer.
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4) then the molding sand is poured upon. This help to cover the pattern with the aid
of the fingers. The drag is then filled totallly.
5) Hand rammers is used to pack the sand in the drag tightly. Surface ramming is
done with butt hammer while for drag pattern, peen hammers are used.
Figure 6.
Making a simple sand mould (Ganesh, 2020):

Hand rammer

Maiding s.r-n.::r'\

#’ R
E:,:. !
Alignment :‘: '
Dins 1
4E
P
fh eosrvay ma BT | s -2
DO ‘\"\ﬂl‘:lb;‘x x\‘x\‘x‘“}’-‘iﬂ\"\h“{\“.‘ AN
Orog half of ine pattern . Mold boorg

(with dowel hales) —

6) The ramming needs to be appropriate, meaning it shouldn't be excessively soft or
harsh. A weak mold and a poor pattern imprint will result from overly soft ramming.
Excessive ramming prevents gasses and air from escaping, which causes bubbles to
form in the casting and produce flaws known as "blows." Additionally, it will be
challenging to make runners and gates.

7) A straight bar called a strike rod is used to level or remove extra sand once the
ramming is complete.

8) To make it easier to remove gasses during pouring and solidification, vent holes
are cut in the drag to the entire depth of the flask as well as to the pattern. The vent
rod was used.

9) To reveal the pattern, the completed drag flask is now turned upside down.
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Figure 7.
Making a simple sand mould (Ganesh, 2020)
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10) Next, using locating pins, place the other half of the design on the drag pattern.
Pins are also used to locate the cope flask. The pattern and the drag surface are both
dusted with the dry parting sand.

11) At a certain distance from the pattern edge is a sprue pin that is used to create the
sprue channel. The riser pin is positioned correctly.

12) The cope is filled, rammed, and vented in the same way.
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Figure 8.
Making a simple sand mould
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13) The riser and sprue are taken out, and the liquid metal is poured into a pouring
basin that is created on top.
14) Remove the cope and drag pattern.
15) A gate cutter is utilized to cut the separating surface in order to create runners
and gates. Sheets of metal bent to the required radius are called gate cutters.
16) The drag's mold chamber is now filled with the core needed to create a central
hole. stays in core printing.
17) The mold has now been put together and is prepared to pour.

Moulding Sand Composition

The main components of any moulding sand are: (Callister, & Rethwisch,
2018; Ganesh, 2020).
(a) Silica sand (Si02) 80.8%
(b) Alumina (A1203) 14.9%
(c) Iron oxide (Fe203) 1.3%
(d) Combined water 2.5%
(e) Other inert materials 1.5%

Properties of Moulding Sand.

The following qualities should be present in the molding sand (Callister, &
Rethwisch, 2018; Ganesh, 2020)::
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Plasticity: Sand's ability to flow to all areas of the molding box and take on a
certain shape when subjected to hammering pressure and maintain that shape
when the pressure is released makes it crucial to create a mold. For the sand
to form a good mold, it must be sufficiently malleable. Adding clay and water
to sand increases its flexibility.
Cohesiveness: During ramming, the sand grains adhere to one another
because of this characteristic. It can be characterized as the molding sand's
strength. There are three different kinds of it:
(a) Green strength: After water has been added, the green sand needs to be
sufficiently strong and malleable to form molds. Grain size and form, clay
type and quantity, and moisture level all affect green strength.
(b) Dry strength: The sand next to the hot metal rapidly loses water content as
steam when the molten metal is poured. In order to prevent the mold from
growing, the dry sand needs to be strong enough to withstand erosion and the
pressure of the molten metal.
(c) Hot strength: The sand may need to be strong at temperatures above
100°C once the moisture has evaporated. The pressure of the liquid metal
bearing against the mold walls may cause the mold to enlarge if the sand
lacks hot strength, or it may produce erosion, fissures, or breaking if the
metal is still flowing.
Flowability: Sand's ability to behave like a fluid allows it to flow to all areas
of a mold when slammed, distributing the ramming pressure uniformly. Sand
particles typically do not move around corners. Generally speaking,
flowability rises as grain size and green strength decline. Additionally, the
moisture content affects it.
Sand's permeability, also known as porosity, is what allows gases like steam
to flow through the sand mold. A lot of additional gasses are released when
hot molten metal is put into the sand mold and comes into contact with the
wet sand. The casting will have gas holes and pores if these gasses do not
entirely escape through the mold. Therefore, the sand used to make the mold
needs to be permeable or porous. Grain size and form, as well as the amount

of moisture and clay in the molding sand, all affect the porosity of the
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material. The porosity of the mold is directly impacted by the quality of the
sand.

5. Adhesiveness: Sand sticks to the molding box's sides because of this
characteristic. For big sand masses to be properly held in a moulding box
without the risk of falling out when the box is removed, good sand needs to
be sufficiently sticky , when removing the board.

6. Refractoriness: Sand's ability to withstand high temperatures from molten
metal without breaking or fusing is known as its refractoriness. Sand that has
a high refractoriness is necessary for higher pouring temperatures, like those
for ferrous alloys. The amount of quartz presents as well as the size and shape

of the particles determine the degree of refractoriness.

Other Technmiques

Powder Metallurgy

Compaction of metal powder, followed by heat treatment to create a denser
piece, is yet another production method. The procedure is commonly referred to as
P/M and is appropriately named powder metallurgy. A almost nonporous component
with characteristics nearly identical to the fully dense parent material can be
produced via powder metallurgy. The formation of these qualities is mostly
dependent on diffusional processes that take place during the heat treatment. Because
just a slight plastic deformation of the powder particles is required, this process
works particularly well with metals that have low ductilities. P/M speeds up
fabrication since it is challenging to melt and cast metals with high melting
temperatures. Furthermore, parts that require very close dimensional tolerances (e.g.,
bushings and gears) may be economically produced using this technique. (Callister,
& Rethwisch, 2018).

Welding

Welding can be thought of as a fabrication method in a way. When one-part
fabrication is costly or inconvenient, welding joins two or more metal components to
create a single piece. It is possible to weld both different and similar metals. Unlike
riveting and bolting, which are purely mechanical, the connecting connection is
metallurgical (including some diffusion). There are numerous welding techniques,

such as brazing, soldering, and arc and gas welding. The filler material (i.e., welding
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rod) and the workpieces to be connected are heated to a high enough temperature to
melt them both during arc and gas welding; once solidified, the filler material creates
a fusion joint between the workpieces. As a result, the area next to the weld that may
have undergone microstructural and property changes is known as the heat-affected
zone (abbreviated HAZ). The following changes are possible: (Callister, &
Rethwisch, 2018).

1.A reduction in strength, hardness, and toughness may have resulted from
recrystallization and grain growth in this heat-affected zone if the workpiece
material had previously undergone cold working. In this case, Figure 11.9
shows a schematic representation of the HAZ.
2. Remaining tensions that weaken the joint may develop in this area after
cooling.
3. The steel in this area might have been heated to high enough temperatures
to produce austenite. The microstructural products that occur as the alloy
cools to room temperature are determined by the alloy composition and
cooling rate. Typically, simple carbon steels will have a proeutectoid phase
and pearlite. However, because to its high brittleness, martensite—a
microstructural result of alloy steels—may be undesirable.
4. Intergranular corrosion can occur because certain stainless steels might
become "sensitized" during welding. Laser beam welding is a more recent
joining method that uses a highly concentrated and powerful laser beam being
utilized as the heat source.
A fusion junction is created when the parent metal is melted by the laser beam and
solidifies; frequently, no filler material is required. The following are a few benefits
of this method: (Callister, & Rethwisch, 2018).
(1) It may be quick and highly automated,
(2) It is a noncontact method, which removes mechanical deformation of the
workpieces;
(3) a wide range of metals and alloys can be joined using this technique;
(4) welds can be small and extremely precise;
(5) a low energy input to the work piece means that the heat-affected zone

size is minimal; and
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(6) porosity-free welds with strengths equal to or greater than the base metal
are possible. The automotive and electronic sectors make substantial use of

laser beam welding, wherehigh quality and rapid welding rates are required.

Figure 9.
Schematic cross sectional representation showing the zones in the vicinity of a

typical fusion weld. (Walton, & Opar, 1981).
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Mechanical Characteristics/Behaviour of Metalic Materials

Engineers may be required to design buildings or components using pre-set
materials in order to prevent unacceptable levels of deformation and/or failure. It is
their responsibility to comprehend how the various mechanical properties are
measured and what these qualities signify.
The steel in an automotive axle and the aluminium alloy used to make aviation wings
are two examples of materials that are subjected to stresses or forces while in use.
Through meticulously planned laboratory experiments that as closely resemble the
service circumstances as feasible, the mechanical characteristics of materials are
determined. The type of applied load, how long it lasts, and the surrounding

circumstances are all factors to take into account. (Callister, & Rethwisch, 2018).
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Many parties with varying interests are concerned about mechanical qualities,
including government bodies, research groups, and material producers and
consumers. As such, it is essential that the way tests are performed and the
interpretation of their findings be somewhat consistent. Standardized testing methods
are used to achieve this consistency. Professional associations frequently coordinate
the creation and dissemination of these standards. The American Society for Testing
and Materials (ASTM) is the busiest organization in the US. Many of the standards
in the Annual Book of ASTM Standards, which is published and revised annually,
are related to mechanical testing methods. In this and later chapters, a number of
these are cited in footnotes. (Callister, & Rethwisch, 2018).

Metallurgical and materials engineers, on the other hand, are focused on
creating and manufacturing materials that satisfy the service requirements that these
stress studies anticipate. Understanding the connections between a material's
mechanical properties and its microstructure, or interior features, is a prerequisite for
this Because of their desirable mechanical property combinations, materials are
commonly selected for structural applications. The current research is limited to

metals' mechanical  properties. (Callister, &  Rethwisch, 2018).

Concepts of Elongation/Strain and Stress

If a load is uniformly distributed throughout a part's surface or cross section
and is either static or changes very slowly over time, the mechanical behavior of the
part can be ascertained using a simple stress-strain test. Metals at room temperature
are the most common subjects of these experiments. Shear, tension, and compression

are the three methods of applying load, Figure 10. (Callister, & Rethwisch, 2018).



25
Figure 10.

Three ways to apply load: shear, tension, and compression.

F = Applied Force; O = Shear Angle

Ao=Initial Area

1 = Final Length

l, = Initial Length

Many of the daily stresses used in engineering practice are torsional rather
than pure shear, as may be shown in Figure 11.
Figure 11.
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Stress-Strain behaviour
For elastic deformation (compression and tension), Hooke's law provides the

relationship between stress and strain. The law states thus; The level to which a
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material deforms is a function or depends on the amount of the applied stress. This

means that stress is proportional to strain. It is expressed in the equation (1) below:

o =stress;

= strain
The equation above is refered to as Hooke’s law. It is also shown graphically below;
Figure 12.

Stress-Strain Curve

Unload
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The Young's modulus, often known as the modulus of elasticity, is the
proportionality constant E (GPa or psi) as shown in Figure 12. It has a magnitude of
around 45 GPa (6.5 X 10° psi) for magnesium and 407 GPa (59 X 10° psi) for
tungsten. Its value varies depending on the metal. For certain metals, the values of

the modulus of elasticity at room temperature are shown in the Table 1.
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Table 1.
Shear and elastic Moduli at room-temperature, including Poisson’s Ratio for

different Metal Alloys(Callister, & Rethwisch, 2018).

Modulus of

Elasticity Shear Modulus _

e e : Foisson’s
Metal Alloy GPa 10 psi GPa 10 psi Ratio
Aluminum bY 10 25 b (133
Brass el 14 3l 34 .34
Copper 110 16 46 6.7 (.34
Magnesium 4 b3 17 13 .29
Nickel 07 3l 16 110 (1.3]
Seel 07 0 83 120 (1.30)
Titanium 107 135 H fi.3 0.34
Iungsten 407 b} 160 A ¥, (.28

For an elastic material, the stress strain relation is depicted on the graph in

Figure 13. Stress and strain for an elastic material (Amrit, 2021):
Figure 13.

Stress- Strain Curve for a material undergoing elongation which is elastic (Amrit,

2021).

D

ULTIMATE
LIMIT STRENGTH

8 FRACTURE POINT

STRESS

LIMIT OF_—
PROPORTIONA

1‘(/

ELAS
3EHAVIOUI




28

There are several points on the graph above. These points can be described as
follows (Amrit, 2021):

The Elastic Behaviour Region (O-A):

Here, the hooke’s law is obeyed. It is called the proportionality region where
stress is proportional to strain. A spring material will always return to it’s original
size and shape when stress in this region.

The Region A-B

In this region, the material deviates from the hooke’s law, meaning that, stress
is not proportional to strain. Point B is the elastic limit of the material. This is the
largest amount of stress a material can sustain.

The Region B-C

Increasing the stress/’oad above the elastic limit of the material, a point is
reached, C, at which a noticeable extension is seen. The point C is refered to as the
yield point. The mean that the material show a plastic behaviour between point B and
C. By plastic behaviour means that a material in this region will not regain its origin
shape and size.

The Region C-D

Increasing the applied stress beyond point C, the material in question elongate
rapidly until it reaches point D on the as seen on the curve. This is refered to as the
breaking point or breaking stress or the ultimate stress.

The Region/Point E

This is the destruction or fracture point of the material.

Hardness

This is the resistance of a body or an engineering material to plastic
deformation, abrasion, indentation, among others. It is a necessary material property
not to be neglected for consideration. The primitive way hardness test was carried
out was based on the ability of a material to scratch another. The Mohr’s scaled was
a further qualitative method developed for harness test. Quantitative hardness
techniques has been developed. This included the use of indenter which is forced
onto the surface of the test piece or material whose hardness is to be determined.

This is carried out under controlled conditions of applied load and rate of application.
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The indentation depth achieved in the test material is measured. This is
further compared or related with the hardness number. More indentation depth is
achieved with a softer material, thus lower the material index number. The results are
only
relative values, not absolute. This implies that much care should be observed while
comparing values obtain from different techniques. (Callister, & Rethwisch, 2018;
Savas, 2021).
Hardness test are more common as compared to other test for the following
reasons;
1. Material being tested is not destroyed. Its a non-destructive terst
2. It’s inexpensive and easy to carryout. You don’t prepare any special
specimen to carryout hardness test.
You can determine other mechanical properties like tensiole strength from the

result of the hardness test. (Callister, & Rethwisch, 2018).

Rockwell Hardness Tests

This test method is easy to carryout thus constitute a common hardness test
method. Different scales may be used resulting from combination of indenters and
different weights/loads. This makes it possible to possibly test all metals or alloys,
including polymers. The kind of indenters used include hardened steel balls and
spherical indenters. These have different diameters of 6.350mm, 1.588mm, 12.70mm
and 3.175mm. indenter in conical shape is used for extremely hard materials. The
indentation gives a measure of the hardness number. This results from an application
of a small load followed by a majour load. The use of a small load increases the
accuracy of the test being carriedout. (Callister, & Rethwisch, 2018).

As a result of application of small or makour load, there are two test types. These
are the rockwell and the superficial rockwell test. The Rockwell test has a small load
of 10 kg, while the major loads includes 60 kg, 100 kg, and 150 kg. A letter of the

alphabet represents each scale as seen in the Table 3.
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Different techniques for hardness test. (Callister, & Rethwisch, 2018).

Shape of Indeniation

Formula for
Tesi Indenter Sidde View Top View  Load Hardness Number*
Brinell 10-mm sphere —-‘ ] J P 2
' Hf = ———
of steel or DD - VI - &)
tungsten carbide _bl ! F_ | J
Vickens Diamond 1% Wi P HY = L84P/d}
microhardness — pyramid ‘(:i h)" *‘
Knoop Diamond ! b P HK = 142p/1
microhardness — pyramid _u____:L_
e 711 f L_ __‘
hit= 400 |
Rikaclll tllrld Diamond 120 kg
superficial cone; 100 kg ; Rockwell
Rockwell [l,; .é—,,% .# n 150 kg
dismeter °
steel spheres — I5ke
kg ¢ Superficial Rockwell
dike

']

J

For the hardness formulas given, P (the applied load) is in kg, whereas D, d,
and 1 are all in mm. (Callister, & Rethwisch, 2018).

Table 3.
Different Rockwell scales

Scale Symbol Indenter Major Load (kg)
A Diamond il
B w-in. ball 100
C Diamond 150
D Diamond L)
E s-in. ball L)
F <t-in. ball fall
G .in. ball 150
H F-in. ball il
K t-in. ball 150
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The superficial tests has 3 kg as it’s small load while the possible majour
loads are 15 kg, 30 kg, and 45 kg. The scales are known by 15, 30, or 45 (with
respect to load), and this is followed by N, T, W, X, or Y, based on the
indenter.Superficial tests are carried out often on thin samples/materials. Table 4
shows different superficial scales. (Callister, & Rethwisch, 2018).
Table 4.
Different superficial scales.

Scale Symbol Indenter Major Load (kg)
13N Dhamond 15
3N Diamond 3l
43N Driamond 45
15T L.in. ball 15
30T L.in. ball 30
45T T5-in. ball 45
15W 2-in. ball 15
W :';-II'I.. hall 30
45W -in. ball 45

When specifying Rockwell and superficial hardnesses, it is required to
provide both the hardness number and the scale symbol. The scale is identified by the
HR symbol, which is followed by the appropriate scale identification. For example,
on the 30W scale, 60 HR30W indicates a surface hardness of 60, and on the B scale,
80 HRB indicates a Rockwell hardness of 80. The hardness numbers on each scale
are imprecise when they increase over 100 or fall below 20, even though they can
fluctuate up to 130. In these situations, it is best to use the next tougher or softer
scale because the scales overlap. Inaccuracies may also result from an indentation
placed too near a specimen edge, from the test specimen being too thin, or from two
indentations placed too near to each other. The specimen thickness should be at least
ten times the indentation depth, and the distance between the center of one
indentation and the specimen edge, or the center of a second indentation, should not
exceed three indentation diameters. Additionally, testing specimens that are stacked
on top of one another is not advised. Additionally, in order to attain accuracy, the
indentation needs to be made into a smooth, flat surface. (Callister, & Rethwisch,

2018).
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Failure

For a number of reasons, including the potential loss of human life, financial
damage, and disruption of the supply of goods and services, engineered material
failure is nearly always an unwanted occurrence. It might be challenging to provide
failure prevention even when the reasons for failure and the behaviour of materials
are recognized. Poor component design, improper material selection and processing,
and component misuse are the most frequent causes. Furthermore, regular inspection,
repair, or replacement of structural components is necessary for safe design because
they may experience damage while being used. Engineers are in charge of
anticipating any problems, identifying the cause of them, and, if required, putting
preventive measures in place. (Callister, & Rethwisch, 2018).

There are three failure modes are these are; fatigue, fracture and creep.

Fatigue Failure
When structures like bridges, aeroplanes, and machine parts are exposed to dynamic
and fluctuating loads, a type of failure known as fatigue takes place. Failure may
occur in these circumstances at a stress level significantly below the yield or tensile
strength for a static load. The term fatigue is used because this type of breakdown
usually occurs after a lengthy period of repeated stress or strain cycling. Fatigue is
considered to be the primary cause of failure in metals, accounting for around 90% of
all metallic failures. Aside from glasses, polymers and ceramics are also susceptible
to this type of failure. Furthermore, fatigue strikes suddenly and unexpectedly, and it
is destructive and cunning. (Callister, & Rethwisch, 2018).

This failure mode has a brittle like failure in nature. Also it may be in ductile
metals. This means that there there may not be plastic deformation in this type of
fatigue. The fatigue occurs with vrack initiation, then crack propagation, and the
fracture surface is at normal to the applied tensile stress direction. (Callister, &

Rethwisch, 2018).



Figure 14.

Fatigue failure of a shaft showing the Fracture surface.

S-N Curves
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This is the basic means of showing fatigue results. This is called the stress-

number of cycles curve. It a plot of stress S, values with respect to the number of

cycles to failure N. The scale used for N is usually a logarithmic scale. The figure 15

is a sample S-N resulting from a rotating-beam experiments. (Callister, & Rethwisch,

2018).
Figure 15.

Typical curve for fatigue failure (Callister, & Rethwisch, 2018).
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Low-Cycle Fatigue

Most fatigue research has been towards those of failure cycles of over 10*
cycles of stress. The fatigue type where is called a low cycle fatigue, has a fatigue
failure which occurs at high stress and low cycles, less than 10%. Fatigue failure of
this nature is considered in steam turbines, nuclear pressure vessels and many
power machinery. (Callister, & Rethwisch, 2018).
Figure 16.
Curve for Low-cycle fatigue failure (George, 1988).
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Cycles to failure

Factors that influence Fatigue Life

The number of cycles to failure of engineering materials is sensitive or
influenced by different kinds of factors. Among these factors are geometrical design,
level of the mean stress, metallurgical variables and the surface effects, including the
environmental factors. A material factigue resistance can be improved through
proper considerations of the following factors;

Mean Stress

The S-N curve shows the dependence of number of cycles to failure on stress
amplitude. This is applicable when the mean stress is constant but the mean stress is

zero for a reverse cycle. This is represented in the diagram in Figure 17;
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Figure 17.
Influence of mean stress, m on stress-number of cycles (S—N), fatigue behavior.

(Callister, & Rethwisch, 2018).
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From the graphs, by raising the level of the mean stress results to a decrease
in the fatigue life.

Surface Effects

Most force related applications within a structure or component have their
stress concentrations at the surface of the component or structure. This also explain
while failure due to fatigue due to cracks also emanates from the material surface,
especially at the point of stress concentration. As a result of this, observation reveal
that material configuration and condition affects fatigue life. Appropriate
management of factors which affects fatigue life will result to reducing failure by
fatigue. These factors include but not limited to surface treatment and design criteria.
(Callister, & Rethwisch, 2018).

Surface Treatments:

Small scratches and grooves are always created in the workpiece surface by
the action of the cutting tool during machining processes. These surface
characteristics may restrict the fatigue life. Enhancing the surface finish through
polishing has been shown to greatly increase fatigue life. By applying residual

compressive stresses within a thin outer surface layer, fatigue performance can be
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increased in one of the most efficient ways. Consequently, the residual compressive
stress will partially negate and diminish the amplitude of an externally sourced
surface tensile stress. Overall, the chance of crack formation and, thus, fatigue failure
is decreased. Localized plastic deformation on the outer surface region of ductile
metals is a frequent mechanical mechanism for introducing residual compressive
stresses. In the commercial world, shot peening is a common method used to do this.
The surface to be treated is exposed to high-velocity projections of small, hard
particles (shot) with sizes between 0.1 and 1.0 mm. Compressive stresses are induced
by the ensuing deformation to a depth of one-half to one-quarter of the shot diameter.
The following Figure 18 schematically illustrates how shot peening affects steel's
fatigue behaviour. (Callister, & Rethwisch, 2018).

Figure 18.

S—N curves showing how shot peening affects steel's fatigue behaviour.
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Design Factors:

An important factor affecting a component's fatigue characteristics is its
design. Any geometrical discontinuity, including keyways, threads, grooves, holes,
and so on, can elevate stress and act as the starting point for fatigue fractures. As the
discontinuity becomes more abrupt, the stress concentration rises. It is possible to

reduce the risk of fatigue failure by avoiding such structural imperfections or by
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altering the design to remove sudden contour changes that produce sharp corners. At
the place where the diameter varies, for example, a rotating shaft would need

rounded fillets with considerable radii of curvature. (Callister, & Rethwisch, 2018).

Figure 19.
Example of how engineering design can reduce stress concentration. (a) sharp edges
thus Poor design. (b) Good engineering design: fatigue life is improved through the

addition of rounded fillet to a shaft as the point of change in cross section.

Fillet

ferd b

Microstructure

Mostly, engineering materials mechanical behavior and atimes, their physical
properties are dependent on their microstructure. This is subjecting the material to
microscopic study/observation, with the aid of an electron or optical microscopes. In
alloys, microstructure is dependent/ characterized by the amount of phases available,
the way they are arranged or distributed and thie proportions. Alloy heat treatment,
alloying elements and concentrations are the determining variables to ascertain the

microstructure of an alloy. (Callister, & Rethwisch, 2018).

Statement of the Problem

Industries (aerospace, automotive, control, machine vitality, warming,
ventilation, safety and security) have long recognized the need to enhance shape
memory alloys' characteristics. CuAINi SMA is stable at increased temperatures
which make them relevant for applications with high temperatures over 100°C
(Prasad, 2017). The alloys are cheap compared with NiTi alloys. They have ease of

production (Lojen, 2005). They have little hysteresis and increased transformation
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temperature as compared with other SMA (Saud, 2019), but CuAINi SMA are brittle
(Edwards, et al., 2019), fragile (Sellitto & Riccio, 2019), possess low exhaustion
quality (Leal & Savi, 2018), are unsteady (Kaya, 2019) and are not suitable for
numerous cyclic activities (Strittmatter, et al., 2019). The demerits of CuAINi SMA
have reduced their usage (Oliveira, et al., 2019; Yang, et al., 2019; Tian, et al., 2019).
By refining the grains in the microstructure of CuAINi SMA with the addition of
fourth elements like Boron, Manganese etc. will help reduce the shortcomings
associated with the alloy thereby making the commercial application increased
(Vajpai, et al., 2011). An improvement was observed in the properties of CuAlINi
SMA (Guniputi & Murigendrappa, 2018; Hussain, et al. 2019) due to grain growth
and grain refinement by the alloying element (Zhu, et al., 2009). This research will
focus on the improvement of fatigue and hardness properties of CuAINi SMA
through addition of graphene, due to its many advantages. In addition, Design Expert
Software version 13.0, will be used to obtain multilinear model in terms of the coded

factors for the accurate predition of the fatigue life.

Purpose of the Study

The aim of this investigation is to ascertain the impact of the inclusion of
graphene as a fourth component to the Mechanical and Fatigue Properties of CuAINi
SMA. The specific objectives include:
1. The mechanical parameters, such as the CuAINi SMA's hardness, to be
determined.
2. Using graphene, the fourth element, to produce CuAINiC and enhance the
mechanical characteristics of the CuAINi SMA.
3. To characterize the microstructure of CuAINiC SMA produced with quaternary
and CuAINiC SMA without fourth element.
4. Examining the SMA fatigue behaviour of CuAINi and CuAINiC.
5. Evaluation of SMA fatigue behaviour of CuAINi and CuAINiC.
6. Application of Design Expert Software version 13.0, to predicting Factigue Life
(FL) using MultiLinear Regression (MLR) model.
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Research Questions
1. Is the property of shape memory alloy affected by an alloying element?
2. Is there any failure problem associated with the cyclic operation of shape
memory alloy?
Is there ways to solve failure problems affecting shape memory alloy?
4. Is there any way to make a type of shape memory alloy commercially

available?

Significance of the Study

CuAINi SMA has ease of manufacture, are compatible with applications
involving high temperatures and are cheaper compared with NiTi alloys. They are
applicable in aerospace, automotive industries to mention few. CuAINi SMA lack
excellent mechanical properties and fatigue behaviours. In view to raising the
mechanical properties and reduce the fatigue behaviours, alloying elements are added
into the shape memory alloys (Williams, et al., 2011). Graphene possess high
strength. It is very light and tough. The interesting properties of graphene if properly
utilized as additive with CuAINi shape memory alloys, is expected to increase alloy
mechanical and fatigue properties.

This makes the findings extremely significant for the engineering field. It
shows how the hardness and fatigue characteristics of CuAINi SMA are affected by
the inclusion of graphene. Using a quaternary element such as graphene, a model was
created that can be used to investigate the fatigue life of Shape Memory Alloy. One
advantage of the mathematical model generated for fatigue life is its equation's
accessibility. This facilitates the perception of the influence of every input parameter

on the alloy's fatigue life.

Definition of Terms

EM — Empirical Modelling

FL — Fatigue Life

MLR - MultiLinear Regression
SMA - Shape Memory Alloy
SMP — Shape Memory Polymer
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CHAPTER 11

Literature Review

Theoretical Framework

SMA is polymorphic This means that shape memory alloy may have two
crystal structures/ phase while the phase transformations between them is the shape-
memory effect. The austenite phase being one of the phases, has structure that exist
at elevated temperatures as a body-centered cubic structure. This austenite phase
transforms to a martensite phase upon cooling. This is phase transformation is siilar
to those of iron—carbon system, i.e. it involves a shift of atom in an orderly manner,
it’s diffusionless, and “Ms” and “Mf”, which are the start and finish transformation
temperature. Also, the martensite twinned heavily. Migration of twin boundaries is
responsible for martensite deformation, under an applied stress influence. Also, the
deformed shape is retained at this temperature when the applied stress is removed.
Lastly the material returns to its previous shape when heated. The described
deformation— transformation cycle can be repeated for the material with a sshape
memory behaviour. The initial shape (i.e. shape designated to be remembered) is
produced through heating to a temperature higher than Af temperature (this makes
austenite transformation to be completed). The material is then restrained, for a time
sufficient enough, to the prefered memory shape. (Callister, & Rethwisch, 2018).

The deformation experienced by shape memory alloy is not completely plastc
1.e. it’s semipermanent, nor completely elastic, it is refered to as thermoelastic. This
is as a result of nonpermanent nature of the deformation, when the deformed material
is later heat-treated. The material highest recoverable deformation strains is around
8%. This make it possible to vary the tansformation temperature of different
temperatures for shape memory alloys, adding other elemets or altering the

composition ratio of the shape memory alloy. (Callister, & Rethwisch, 2018).

Review of Previous Researches

In shape memory alloy systems, numerous additive alloying metal elements have
been added to improve or change their functional and characteristic properties, such
as achieving higher or lower martensitic transformation temperatures, improving

ductility or strength, or improving shape recovery or superelasticity capabilities.
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Shape memory alloys (SMAs), being among famous smart materials, are the subject
of research. In SMA systems, additional materials can be added, even though metals
are frequently the additive constituents. The most promising substitute for the better
but more costly Ni-Ti SMAs is thought to be Cu-based SMAs.

Thus, researchers working in this field are also extremely interested in
increasing the SMA properties of the Cu-based SMAs through various techniques
(e.g., adding additional components, manufacturing them through other production
processes, etc.).

It can be drawn from various literatures that the grains in the microstructure
of CuAINi SMA can be refined to reduce the demerits of the alloy and increase the
commercial demand. This can be achieved by adding a quaternary element such as
Manganese, Boron, Titanium, among others as alloying element (Hussain, et al.,
2019; Guniputi & Murigendrappa, 2018; Zhu, et al. 2009; Vajpai, et al., 2001).

Miyakai et al. (1982) varied the different percentage constituents of Ni and Al
in CuAINi Shape Memory Alloys and observed changes both in the crack formation
and propagation. They observed that with an increment of Ni and Al amount from
3.9 and 14% by weight to 4 and 14.2% by weight, this will result to formation of
clear crack (Saud 2019; Miyazaki, et al., 1982). Wayman and Lee (1986) observed
that stress concentration nucleated at boundaries of the grain is relieved due to
addition of borride particle. Morris (1991) observed that the ductility of the CuAINi
Shape Memory Alloys is increased with boron addition. It was reported that the
presence of boride particles to CuAINi SMA changes the material failure mode from
brittle to transgranular and intergranular (Saud, 2019). Xu et al. (2008) examined
how beryllium affected CuAINi SMA and observed that it improved the material's
fatigue life. (Xu, et al. 2008; Xu, et al., 2011). From literatures reviewed, fourth
element addition to CuAINi SMA helps to improve the fatigue and mechanical
properties. (Saud, 2019). Lastly, graphene has been used widely to increase the
properties of metal matrix nanocomposites for many purposes, with respect to their
superior electrical, mechanical and thermal usefulness. A study of the impact of
reinforcing aluminium 7075 matrix with graphene (C) and berylium (Be) through a

stir casting method with fixed volume of beryl and different volume fractions of
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graphene. They observed that the composite increases in strength with an increment
in the volume fraction of the reinforcement as compared with that without
reinforcement (Shanawaz, et al., 2019).
Impact of Quaternary Element Addition to CuAINi SMA

Cu-Al-Ni SMAs are highly susceptible to the impacts of alloying elements,
particularly the phase transformation temperature behaviour, which can alter the
alloys' crystallographic characteristics and other factors. Cu-Al-Ni SMAs' shape
memory effects hold promise as clever and intelligent engineering materials. In
addition, compared to other shape memory alloys like NiTi SMAs, the low cost and
ease of production have garnered a lot of interest.
Here are some of the scientists' and researchers' studies of the domain and grain size
changes in terms of microstructure effects, as well as the mechanical properties of
Cu-Al-Ni SMAs on certain transformation parameters (due to the effects of alloying
element additions).

The impacts of adding a fourth element to CuAINi SMA from literatures
reviewed are as follows:

Impact of Beryllium (Be) Addition on CuAINi SMA as a Fourth
Element
Beryllium helps to improve the fatigue life of CuAINi SMA when added to the
ternary (Xu, et al., 2011). Zhu (2009) reported an enhancement in the percentage
elongation, bending rate and tensile strength of CuAINi SMA with the inclusion of
Beryllium.

Impact of Boron (B) Addition on CuAINi SMA as a Fourth Element
Boron addition to CuAINi SMA helps to reduce the stress concentration and
improve the grains (Wayman & Lee 1986). The addition of boron to CuAINi SMA
changes the material failure mode from brittle to transgranular and intergranular
(Saud, 2019). The tensile strength, hardness and yield strength were observed to
improve by boron addition (MAaSG, 1992). Saud (2013) observed that the boride
particles limited the interface movement thus ensuring the martensitic re-ordering
stress to be rise.

Impact of Carbon Nanotubes (CNTs) Addition on CuAINi SMA as a
Fourth Element
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The effects of introducing carbon nanotubes to CuAINi SMA with (Cu-11.5 wt-
%Al-4.5 wt-%Ni) were studied by Saud et al. (2004). They found that the addition
increased shape recovery and improved fracture stress and strain.

Impact of Chromium (Cr) Addition on CuAINi SMA as a Fourth
Element
Zare and Ketabchi (2017) in their research observed that adding Cr to CuAINi SMA
embrittles the alloy and it reduces the SMA's hardness to fracture and tensile strength.

Impact of Cobalt (Co) Addition on CuAINi SMA as a Fourth Element
Saud et al. (2015) carried out research on the impact of Cobalt (Co) as a quaternary
on CuAINi SMA. They concluded that adding 1.14% to CuAINi SMA yielded an
improvement in ductility, alloy transformation temperature including the shape
memory recovery.

Impact of Manganese (Mn) Addition on CuAINi SMA as a Fourth
Element
Saud et al. (2014) carried out research on effect of manganese (Mn) on the
mechanical properties of CuAINi SMA as a quaternary. Varying Mn addition results
in fluctuation in grain size. Other properties being influenced includes a decrease in
corrosion rate, increase in stress-strain behaviour and improvement in shape memory
effect when optimum amount of 0.7 wt.% Mn is added to CuAINi SMA (Saud, et al.,
2014).

Impact of Niobium (Nb) Addition on CuAINi SMA as a Fourth Element
Gomes et al. (2008) investigated the impact of (Nb) on mechanical characteristics of
CuAINi SMA as a quaternary and concluded that it increased to rupture strain of the
CuAlNi.

Impact of Silver Nanoparticles (Ag) Addition on CuAINi SMA as a
Fourth Element
The addition of silver nanoparticles to CuAINi SMA increased the strain and stress
due to fracture, including the alloy shape recovery (Saud, et al., 2014).

Impact of Tantalum (Ta) Addition on CuAINi SMA as a Fourth
Element
A study by Saud et al. (2017) investigated how the properties of CuAINi SMA were
affected by tantalum (Ta), as a quaternary. They noticed that the internal friction is
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doubled with an increase in phase transformation and shape recovery (Saud, et al.,
2017).

Impact of Titanium (Ti) Addition on CuAINi SMA as a Fourth Element
Research on effect of adding Ti on the characteristics of CuAINi SMA show an
improvement in shape and strain recovery, including a rise in phase transformation
temperature and grain refinement (YingCi, et al., 2017; Saud, et al., 2014).

Impact of Vanadium (Va) Addition on CuAINi SMA as a Fourth
Element
Vanadium addition to CuAINi SMA helps to increase the rupture strain (Gomes, et
al., 2008).

Fatigue behaviour of Shape Memory Alloy

Understanding fatigue behaviour is crucial since many SMA applications call
for the material to go through multiple cycles of deformation. Three distinct forms of
failures/weariness that are significant for SMAs were found by Van Humbeeck.9.
The first is the typical fracture failure brought on by cycling under strains or stresses
at a steady temperature. The second is modifications to the material's characteristics,
like transformation hysteresis and transformation temperatures brought on by thermal
cycling during the transformation. The third is the SME's deterioration as a result of
thermal or mechanical cycling.

Rachinger's work seems to be the first to be published on fatigue in SMAs.
(Van Humbeeck, 1991). He discovered a fatigue life of 53,000 cycles after
conducting a single test on a single crystal of Cu-Al-Ni alloy in plane bending with
surface strain limits of +2%. Most materials would break in 50 cycles or less under
such circumstances, he said. Then, according to Buehler and Wang, "a specimen [of
Ni-Ti] could be loaded up to about four times its yield strength, with significant
specimen deflection during testing, and still run 107 cycles without failure."
(Rachinger, 1957). Since then, a lot of research has been done on alloys based on
copper and Ni-Ti.

The behaviour of Ni-Ti alloys is examined first since they are the most
commercially significant SMAs. Cu-Zn-Al alloys based on SMAs have been utilized
commercially, while Cu-Al-Ni alloys have been developed but not yet put on the

market. Numerous studies have been conducted on the fatigue behaviour of single
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crystals, especially for copper alloys, even though the focus of this article is on
polycrystalline materials. (Sade, & Ahlers, 1985).

Fatigue Failure of Nitinol-Titanum (Ni-Ti) Shape Memory Alloy

The fatigue behaviour of Ni-Ti was further studied by Melton and Mercier,
(Melton, & Mercier, 1979). McNichols et al., (1981), Tobushi et al., (1981),
Miyazaki et al., (1999) and Tablani et al., (1999) in addition to Buehler and Wang's
early work. In their studies, Melton and Mercier utilized rods that ranged in diameter
from 3 to 8 mm; Tablani et al. employed tubes that had an internal diameter of 1 mm
and an outside diameter of 1.3 mm.

By making small compositional adjustments, Melton and Mercier produced
specimens with Ms temperatures ranging from -120°C to 70°C. Each experiment was
conducted at ambient temperature. Tensile stress-strain curves for temperatures
ranging from -30°C to 70°C were obtained for Ms. Due to the development of the
stress-induced martensite, the stress-strain curves for the originally austenitic
specimens with Ms = -30°C and 10°C displayed plateaus of 4% to 6%. The stress
required to form martensite increases with the distance between the test temperature
and Ms (if the test temperature is greater than Ms). With Ms = 70°C, the initially
martensitic material experiences considerable pressures due to reorientations of the
thermally formed martensite platelets.

Using a minimum to maximum stress ratio (R) of -1, Figure 10 displays a
stress-fatigue life curve (S-N) for the same three alloys under controlled-stress
amplitudes. The Figure 20 displays the results of fatigue testing conducted at

constant strain amplitudes.
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Figure 20.
Ni-Ti SMA stress-Fatigue life curve (Melton, & Mercier, 1979).
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Fatigue Failure of Cu-Zn-Al Shape Memory Alloy

Several studies have investigated the fatigue behaviour of polycrystalline Cu-
Zn-Al alloys, including Melton and Mercier (Melton, & Mercier, 1979), Delaey et al.
(1978)., Janssen et al.(1982), Oshima, & Yoshida, (Oshima , & Yoshida), and
Thumann and Hornbogen, (Thumann, & Hornbogen, 1988). In addition to Brown's
study on polycrystalline Cu-Zn- Sn (Brown, 1982), Sade et al. research on Cu-Zn-Al
single crystals. (Sade, & Ahlers, 1985), and Brown's study of single crystal Cu-Zn-
Sn alloy has also been conducted.

The strain obtained for Nitinol-Titanum (Ni-Ti) were larger compare with
those obtained for Cu-Zn-Al. The differences between Ni-Ti and Cu-Zn-Al alloys
were as a result of the platelet size and grain size. Cu alloys possess grain size about
ten times larger than Ni-Ti alloys. The martensite platelet sizes of Cu alloys are about

100 times lager than those of Ni-Ti alloys.
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Use of Computer Software to Analyse Fatigue of SMA

Empirical Modelling

This is approach is a situated computer-based modelling. Empirical
Modelling (EM) is dependent upon an unconventional method to describing a
phenomena that based on observation rather than those based on object in nature.
This method is intended at accounting for phenomena with respect to agents
activities based on state-change. Activities of agents and interelations among agents
are described as observables changes. The interactions among observables in which
changes in one observable affects the other in a way that is indivisible, conceptually
is modelled as a dependency. (Yih, 2001)

The idea of agent, dependency and observable are rudiment to Empirical
Modelling. To certain extent, these ideas are used in computing practices of today,
An example is the ‘spreadsheets’, ‘agent-based systems’, and ‘the java package
observers java.util’. The special nature of interationship among the referent, the
computer model(artefact) and the modeller differentiates Empirical Modelling from
the use of ideas relating to dependency, agency, and observation. The modeller’s
knowledge of the referent with respect to experimentation and observation is
specifically, the artefact. (Yih, 2001).

The concept of agents, dependency and observable is used in Empirical
Method. Although they may involve agency, observation, and dependency in some
way, it will be appropriate in this thesis to refer to modelling techniques other than
EM as "conventional modelling methods" and to view them as fundamentally framed
in a "classical" ontological framework. Since typical modelling methodologies for
software system development do not result in the identification and embodiment of
agency and dependency in the way that EM does, this classification is
uncontroversial. (Yih, 2001).

The word ‘empirical’ means that the Empirical Model has a principles
dependent upon experimentation and observation. The approach used here is
modelling the world based on experiences, i.e. modelling from experiences of others
(i.e. the computer model). In reality, ‘empirical modelling’ emanate as a result of
making distinction between experiential models we obtained based on definitive
scripts and conventional mathematical modelling. (Yih, 2001).

48



An overview of our modeling process is provided below: Due to EM's state-
based and observation-oriented nature, all of the variables are assumed to represent
the observed referent's current state. To illustrate the observables of the real-world
subject, EM also provides a visual metaphor that the modeller can directly edit.
Stated differently, the model is constructed as a metaphorical representation of the
subject that is consistent with the modeller's opinion. Traditional confined modeling
cannot convey the dependency between observables through spreadsheet-like
definitions, which EM does in addition to being definition-based. (Yih, 2001).

In an area where the user may not fully comprehend the subject, EM focuses
on creating artifacts (computer-based representations) for experimentation and
engagement. It is based on observation and experience since we can analyze the
subject and the domain by figuring out how our experiences in that area are
structured. Additionally, Empirical Modeling's analysis and modeling are
experiential rather than preconceived, which puts computer modeling closer to users
and maintains the openness of the artifacts that represent our real-world experiences

(Yih, 2001).

Empirical Modelling Concepts and Principles (Yih, 2001).

Observables, dependencies between observables, and agents operating by
adding or altering observables and dependencies are the three main ideas of EM. The
following is a summary of these concepts' definitions and traits:

* An observable is a perceptible and identifiable component of the domain whose
present value in the model reflects the referent's state. There are two types of

observables: physical and abstract. Only when referring to an agent's perception and
interaction with a subject or model feature can the observable be meaningful.

* A relationship between observables that might be interpreted differently by various
agents is called dependence. Other observables, also known as the dependents of that
observable, will also vary in value in a predictable manner once the value of one
observable changes. The observable and its dependents undergo indivisible changes.
In this context, an agent is a state-changing entity, which is a family of observables
with the ability to alter the states of dependencies and observables. The term "agent"

in empirical modelling can refer to any part of the topic that is thought to be in

49



charge of state changes, not just humans. For the state change, the agency stands in

for the agent's privilege or responsibility.

Related Research

It has been established that metals' thermomechanical and structural qualities
can be enhanced by nanoparticles without compromising their malleability (saud,
2015). Thermal stability, strength, stiffness, plasticity, corrosion resistance, and
durability at high temperatures can all be altered or enhanced by adding
nanoparticles to metals and alloys (lester, 2015; chen, 2015). Reports on using
carbon and carbon nanoparticles to improve SMAs are scarce in the literature. The
shape recovery ratio, martensitic microstructure, phase transformation temperatures,
and associated thermodynamic parameters were all significantly impacted by the
addition of carbon nanotubes (CNTs), according to Saud et al. (2014) improvement
of'a CuAINi SMA with a little amount of CNTs (Prendota, 2018).

Research on graphene's effect on CuAINi Shape Memory Alloy's fatigue life
is lacking. A close work from literatures is that of Karaduman and Canbay (2021)
where they added small amount of Snm graphene nanoplatelets to CuAINi SMA
through arc melting method. They observed that the alloy transformation
temperatureand other mechanical properties can be controlled however with no

report on the failure of the alloy.
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CHAPTER 111
Methodology

The graphene (C) enhanced CuAINiC shape memory alloy was created using
graphene nanoplatelets and powders of 99.9% pure Cu, Al, and Ni metal components.
It has an unparalleled composition of copper, aluminium, and nickel. Copper (Cu),
Nickel (Ni) and Aluminium (Al) of good quality, in commercial amount respectively,
were purchased from Oshogbo, South West Nigeria. 5Snm size graphene nanoplatelet
of high purity with 170 m? /g specific weight, 30um diameter was purchased from
Turkey (Nanografi Nanotechnology Company). After combining and balancing each
powder according to the alloy composition, the

powder mixture was compressed and palletized.

Figure 21.

Materials used (a) Graphene (b) Copper (c) Aluminium (d) Nickel.

23mm | | 23mm
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Determination of Mass Constituent of the Elements
From Literatures, the mass fraction of each element for a SMA includes: Cu=
0.843; Al=0.119; Ni= 0.038. And Densities of Cu=8.96g/cm?; Al=2.7g/cm?; Ni= 8.9

g/cm’. The samples were prepared using the principle of rule of mixtures.
1 _%Cu %Al 9%Ni

p(Cu—AI=Ni) pCu = pAl  pNi 2)
Using equation (2),
p(Cu — Al — Ni) =7.022 g/cm’
Volume of rod to form frommould= = 2 .r=lem; h=25cm; Vol. = 78.55 cm?

SAMPLE A (Control Sample).

Mass of alloy = Density x Volume = 551.507 g

Mass of element in alloy = % of element x Mass of SMA.

Cu=464.92 g; A1=65.63 g

Ni=20.957 g

Graphene was used in SAMPLES B, C, and D at 0.15%, 0.3%, and 0.45%,
respectively, by the following formulas (3) and (4).

( 1 _ )_% L% 3)
Mass of element in alloy = % of element x Mass of SMA 4)
SAMPLE B

( — ) =7.0947 g/cm?

Mass of ( — )= x = 5572887¢g

Mass of Gr =0.0015 x 557.2887= 0.8359¢g;
Mass of SMA = 557.2887 — 0.8359 = 556.4528¢
Mass of Element = %Element X Mass of SMA; Cu=469.0897g; Al=66.218g;

Ni=21.145g
SAMPLE C
( —  )=6.977 g/lcm?
Mass of ( — )= x = 548.05%¢g

Mass of Gr = 0.003 x 548.0594 =1.644¢g
Mass of SMA = 548.0594 — 1.644 = 546.415¢g
Mass of Element = %Element X Mass of SMA; Cu=460.629g; Al=65.023¢;
Ni=20.764¢g
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SAMPLE D
( — ) =6.955g/cm?
Mass of ( — )= x =56435¢
Mass of Gr = 0.0045 x 564.35=2.46¢g
Mass of SMA = 564.35 —2.46 = 543.89¢g
Mass of Element = %Element x Mass of SMA; Cu=458.5g; Al=64.72g; Ni=20.67g

Methods of making SMA

The majority of studies have created Cu-based SMAs using either liquid or
powder metallurgical methods, unless single crystals have been generated. When
growing  single  crystals, the Bridgeman approach was  applied.
An induction furnace is typically utilised in the more widely utilised liquid
metallurgical approach, where melting is done in an inert environment such as argon
(Ar) or under vacuum. Nevertheless, there are also occasional accounts of resistance
heating furnaces being used. Since the expected SM properties and transformation
temperatures are largely determined by the chemical composition, the metals utilised
often have high purity levels. All researchers used electrolytic grade metallic raw
materials to manufacture alloy ingots, which correspond to 99.91 purity standards.
(Dasgupta, 2014).

A common method for creating Cu-based SMAs with the greatest number of
required characteristics is powder metallurgy, PM. Since PM offers greater control
over composition and grain size, it is preferable for producing near net shape alloy
products. Premixed elemental powder mixes in the ratio of the intended alloy are
utilised when creating alloys via the powder metallurgy process. The particles' purity
and median size are carefully chosen. To lessen surface oxides, elemental Cu and Ni
powders are typically annealed for 30 minutes at 600 °C in an H; environment. Ball
milling is used to turn Cu, Al, and Ni elemental powder mixtures into prealloyed
powders; high energy planetary ball milling is replacing standard ball milling in
order to get superior characteristics. The final particle size and location are
influenced by the milling time. The mixture of elemental powders was cold-

compressed in dies. Typically, the green compacts were sintered in a stepwise
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fashion, ideally in an environment of hydrogen. Nonetheless, SMAs are always
utilized in the wire or sheet form, which is produced from cast alloys using either
liquid metallurgy or powder metallurgy, as was previously mentioned. The following
techniques are applied to create these shapes.

The sheet form Homogenized alloys are formed into thin plates by hot
forging and then cold rolling. After that, heat was applied to the plates to reduce the
stress caused by rolling, drawing, and forging. They differ because researchers
optimized the heat treatment procedures based on the actual alloy composition. The
majority of researchers, however, recommend 850 °C for up to 24 hours for early
homogenization and stress relief, but 68 hours is a far shorter time frame. A certain
reduction ratio, which changes depending on the machine and the researcher's needs,
is achieved by cold rolling in phases down to the necessary thickness; the range was
discovered to be between 30 and 88 pct. between the several rolling processes, the

material undergoes 900 seconds of solution treatment at 1173 K.

Preparation of the CuAINi and CuAINiC Shape Memory Alloy

The weight of each sample was determined separately with a mettler
weighing balance of 0.02 g precision for accuracy. The alloy was created using the
casting method of metal formation. Sand casting is employed due to its ease of usage,
inexpensive tooling costs, and the ability to cast nearly any material with no
restrictions on size, shape, or weight. (Callister, & Rethwisch, 2018). The sand
casting process's fundamental steps are: (Ganesh, 2020).
1. Choose the right sand to make a sand mold and manage the casting quality.
2. To create a mold cavity, place a metal or wood pattern in the sand.
3. To make the pattern more stable, lightly pound the sand.
4. Take the pattern out.
5. Pour molten metal into the mold cavity.
6. Let the molten material cool.
7. Remove the casting product by breaking the sand mold.

Sand casting is typically a cost-effective method for producing small batches,
but it has a few drawbacks, including a small coarse finish, wide tolerances, and the

need for some polishing.
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The grade of the green sand used to make the mold and its consistency determine
the quality of the sand casting. Figure 22 schematically depicts two sand mold
components, often known as cope and drag sand molds. Once the molten metal has
passed through the down sprue, runner, and gate, it is poured via the pouring cup and
fills the mold cavity. The term "core" describes the loose parts that are inserted into
the mold cavity to produce internal holes or an exposed area. In order to compensate
for volumetric shrinkage during solidification, the riser serves as a reservoir or
container for surplus molten metal, allowing for extra filling of the mold cavity. The
process of sand casting offers a number of benefits. It can be used on any kind of
metal. Very intricate shapes can be cast using this inexpensive equipment. Sand
castings, however, have subpar surface polish and dimensional accuracy. (Callister,
& Rethwisch, 2018; Ganesh, 2020).

Figure 22.

Schematic of sand molding

Parting line Gas vent Riser Pouring cup

\ \

v

Cope
Sl S

J_J_

Drag

Mold cavity Core Runner Sprue

Nickel with the highest melting point was charged first into the furnace at about
1400°C followed by aluminium. The ingot was stirred for homogeneity. Oxidation
was prevented through the use of argon gas to shield the surrounding atmospheric air.

After that, air was used to chill the ingot. There are four distinct specimens (A, B,
C, and D). where then produced from it. Sample A has no graphene (control sample).
Graphene content of samples B, sample C and sample D are 0.15%, 0.3%, 0.45%
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respectively. These percentages of graphene were added to the ingot in the furnace
at 1400°C. Consequently, samples A (100 wt.%, SMA, 0% C), B (99.5 wt.%, SMA,
0.5% C), C (99.7 wt.%, SMA, 0.3% C), and D (99.55 wt.%, SMA, 0.45% C) were
developed, where C represents graphene (an allotrope of carbon) other than diamond.
The molten alloys were then poured into a 1 cm diameter mould, see Figure 23, with
a cooling at room temperature. Produced alloy in rod form were removed from the

mould and then heated to about 500°C followed by air cooling.

Figure 23.

Alloy casting (a) Pit Furnace (b) Crucible Pot containing metal to be melted (c)
Mould .(d ) Casted Alloy
() \"j F :7‘ PO : 1 (b)

Sm— Mg
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Mechanical Testing of Samples. (HR150 Manual).

An HR-150A Rockwell Apparatus with a diamond indenter Kgf 150 was used
for the hardness test for samples A, sample B, sample C, and sample D.
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Rockwell hardness tester of Model HR-150A the state superior product, silver
award, for three time in succession. The tester has wide usage for testing the
Rockwell hardness quenched steels, hard alloy, and unquenched steels in institutions
of researches, factories, mines and universities.

Principle of Test

The Rockwell hardness test is to use diamond cone indenter dent the surface
of the specimen in two steps as described in figure 24. This indentation will also be
return for some time. After the applied test force is removed, the depth helps to
measure the preliminary test force. The value of the Rockwell hardness is then
estimated through the formula (1) . The values for h, S and constant, N can be found
in Table 5.

Rockwell hardness value = N—h/S ... ... (1)
Table 5.
Rockwell test descriptions with symbols.

Symbols Descriptions Units
FO Preliminary test force N
F1 Main test force N

F Total test force N
Unit of given scale mim
N Hardness value of given scale

Residual indentation depth under preliminary

: ; mm
test force after main test force is removed

HRA
HRC
HRB Rockwell hardness = 136—h/0.002

Rockwell hardness = 106—h/0.002

Figure 24.
Rockwell hardness Test Principle.
1 FO l FO«F1 l FO =
2 Indention depth under main test force F1;
&
. — — / 3 Depth of elastic come-back after main test force F1 is removed;

.

_:[ Residual indention depth h;

s s ___.___/? R T e o

e

[

Specimen surface

(=)

measurement datum plane;

7 position of indenter.



57

In Figure 24, the depth of indention under preliminary investigation or test force FO;

2

Indention depth under main test force F1;

Depth of elastic come-back after main test force F1 is removed;

Residual indention depth h;

Specimen surface

measurement datum plane;

position of indenter.

Example: 59 HRC means that Rockwell hardness determined by scale C is 59.

Application range

For Rockwell hardness, the values of hardness can be represented scales like

A, B and C, as for hardness range and specimen size, different loads and indenters

can be choosen. The indenters, K values, indenters, with the different applications

are shown in Table 6.

Table 6.

Rockwell Hardness C scale.

Test force (kg) Constant
Scale Indenter (mm) Application examples
FO | F1 | F N
A | Diamond cone indenter 10 | 504do 100 | Hard metal and alloy
B | Steel ball (¢ 1.588) indentery 10 | 90 100 130 | Nonferrous and soft metal
C | Diamond cone indenter 10 | 140 | 150 100 Structural and tool steel
Table 7.

Schematic Diagram of Overall Dimensions used in .Rockwell test.
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Scale Range of hardness Readings allowance
A 20HRA<<~=75HRA T2 HRA
TSHRA<<~=88HRA 1+1.5 HRA
20HRB<\~=45HRB +4 HRB
B 45HRB<~=80HRB +3 HRB
SOHRB<_~=100HRB +2 HRB
C 20HRC<~=T0HRC +1.5HRE

Descriptions of Mechanism Parts

The tester is composed of the following as seen in Figure 25.

Figure 25.

Schematic parts diagram.

8 9 10 n" 21 _ 24
= i =
1
7 13
14
ﬁ ,--""_'d_-r.-r‘__ -1
5 { : g tdS i 25
i el i _,..-—-"""'_F.-P_
N 16 =
3
2
[ |

SOm*g N

1. machine body 2. loading handle 3. elevation handle 4. hand wheel 5.

elevating screw rod sleeve (elevating screw rod inside) 6. specimen to be

tested 7. main shaft 8. smaller lever 9. larger lever 10. adjustment block 11.

position mark 12. hoist ring 13. screw 14. weight changeover support bracket

15. weight 16. oil needle 17. oil carpet 18. rear cover 19. buffer 20. unloading

handle 21. indenter 22. top cover 23. indication dial gauge 24. load

changeover handle 25. Worktable.
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The weight and lever applified the test force applied to the main shaft. i.e.the
buffer helps the indenter to penetrates deep the surface of the specimen with the
larger level applifying the load. The main shafts generates the vertical displacement,
at exact time the indenter presses upon the specimen. This is transmitted to part
number 6 i.e. the reading device, from which the result of hardness is shown with the
measurement lever.

Normal Operation

Prior to test:

Choose scale type based on the specimen. The current test operation uses
scale C to test with indenter with a diamond cone. The test force is up to 150kgf.

1. Preparation before the normal operation: Firstlyl, study each parts of the
dial guage indicator functions; This includes the division lines, longer pointer,
hardness readings, shorter pointer, among others. (see Figure 26).

e Hardness indications are the black division. The inner ring red digits are used
for scale B while scale A and C uses the outer ring black digits. Changing
weights and indenter helps to compose different scales. (see Table 6).

e The preliminary test force is indicated by the shorter pointer.

e The tested specimen harness result is read from the longer pointer.

B and C arescale symbols. The zero point of scale C or A is letter C position.
For scale B, the position of B (letter) refer to the division value 30. See Figure 26.
Figure 26.

Indication dial gauge schematic diagram

hardness indication
for scale A & scale C

division hine
hardness indication
for scale B

L

\\
M

-] .
"*#-ﬂr,;,;,,,ﬁ,.hh\..m longer pointer
o

shorter pointer
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1) Main test force loading ratio should be regulated.

a. Ensure the unloading handle (part 20) is positioned at the unloading point. Else,

slowly turn it there, for few seconds. The unloading direction is displayed on the

label of unloading. (see Figure 27).

Figure 27.
Handles of Loading and unloading.

o . -
a

unloading
handle

loading
handle

- s

23m

b. load changeover handle should be turned (part 24) to 150kgf position and also
ensure that the red mark aligns with 150 (number). (see figure 28).

Figure 28.

Selection of test force.

red mark

load changeover
handle
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c. 40~50HRC standard hardness block should be placed on the worktabled.

d. The hand wheel (part 4) should be turned so as the indenter be lift by the hardness
block till the red mark is being pointer by the shorter pointer. Thus, application of the

preliminary test force has been done.

e. The loading handle (2) should be pulled regarding loading label, loading direction.
This should be done slowly to the limit position, along the machine body front (say
for 4 seconds) and the main test force has been then applied (Figure 27).

f. Eyes should be maintained on the dial guage of the longer pointer. Ensure it runs
for about 4 to 8 seconds before stopping. Else, it should be regulated through the use
of oil needle, by: Firstly, loosening the buffer bolt cap (Figure 29), then slightly turn
oil needle. These steps should be repeated till everything is normal, then bolt cap
should be tighten.

Figure 29.
Oil needle Regulation.

oil necdle C_D
=
|
?

f
|
i
!

bolt cap
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Test force selection

The selected test force number should points to the red mark by turning the

changeover load (see Figure 28).
Indenter installation (Figure 30)

a. Put the indenter on, slowly tighten it so not to fall down.
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b. The standard block should be placed on the worktable.
c. Apply the preliminary test force by turning the hand wheel.

d. Apply to the indenter the load test force by pulling the loading handle towards the
left. (see Figure 27).

e. By tightening the screw, the installation is complete.

Figure 30.

Indenter Installation

screw

Figure 31.
Rockwell Hardness Testing
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Fatigue Testing of Samples

The reduction in resistance offered by a material to a fluctuating stress is a
phenomenon referred to as fatigue failure (Bhandari, 2016; Ugural & Fenster , 2012).
Fatigue test is determined with the application of reversal stresses of known value to
a material (Obiukwu, et al., 2015). The applied reversed stresses may have the same
stress value in both directions. This is useful as it gives the stress amount a test piece
can sustain before eventual failure in service (Callister, & Rethwisch, 2018). The
Fatigue Testing Machine used to perform the fatigue test is the Avery Dennison 7305
(Figure 32 (a)). The machine specification (Figure 32 (b)). was used to further
produce the specimens to four samples each i.e. four for specimen A, B, C and D of
the standards specimens of the used fatigue testing machine. Thus a total of sixteen
samples was subjected to fatigue test. The load was applied as bending moment. This
was applied at the tail of the specimen with the aid of an oscillating spindle through
the use of a crank, eccentrics and connecting rod. Number of cycles. The specimen
could sustained before failure was read from the revolution counter. The fracture of

the specimen stops the machine operation.

Figure 32.

(a) Machine Specimen specifications (b) Avery Denison Fatigue Testing
Machine,

- A% 3500 -

54000 27.0000

= 52 5200 -

50mm
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The measured bending moments aids in calculating the applied stress using
the following relationships. (Obiukwu, et al., 2015).

To apply the bending moment, the stair case method was used (Obiukwu et
al., 2015). Using this procedure, a fixed amount of bending moment was applied and
subsequently raised. This is the value of the bending moment test for the next sample.

Calculation of the applied stress from the measured bending moments

c = — )

From the relations: 6 =Stress = — (6)

Mmax = Bending Moment Value Measured by Machine (kgfcm)

3 3
Modulus = W= — = 229" _ | 545899 x 10-%m}
32 32
Where: Diameter (d) = 5.4 mm = 0.0054m; Gauge Length (G) =45.35mm

SAMPLE A (Control Sample).
Mmax = 65kgfcm

c= — Stress=412.31 MPa
Mmax = 130kgfcm

c= —— = Stress= 824.62 MPa
Mmax = 195kgfcm

c= —— = Stress=1236.94 MPa
Mmax = 260kgfcm

c= — = Stress= 1649.25 MPa

SAMPLE B
Mmax = 65kgfcm

c= —— = Stress=412.31 MPa
Mmax = 130kgfcm
c= —— = Stress= 824.62 MPa
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Mmax = 195kgfcm

c= —— = Stress=1236.94 MPa
Mmax = 260kgfcm

c= —— = Stress=1649.25 MPa

SAMPLE C
Mmax = 65kgfcm

c= —— = Stress=412.31 MPa
Mmax = 130kgfcm

c= —— = Stress= 824.62 MPa
Mmax = 195kgfcm

c= —— = Stress=1236.94 MP
Mmax = 260kgfcm

c= —— = Stress=1649.25 MPa

SAMPLE D
Mmax = 65kgfcm

c= —— = Stress=412.31 MPa
Mmax = 130kgfcm

c= —— = Stress= 824.62 MPa
Mmax = 195kgfem

c= —— = Stress=1236.94 MPa
Mmax = 260kgfcm

c= —— = Stress=1649.25 MPa

Microstructural Investigation
Specimen A, B, C a nd D were prepared for microscopic examination through
appropriate polishing and etching. The different phases present can be identified or

distinguished through their appearance.
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The characterization techniques were conducted on the samples includes the
samples structures being examined using X-ray diffractometer developed in Japan by
Rigaku Int. Corporation called Rigaku D/Max-1lIC. The data analysis was carried out
and the peaks obtained were matched with the phases of the samples. The surface
morphologies of the samples were examined using a scanning electron microscope
(SEM), and their elemental compositions were examined using an energy dispersive
X-ray spectroscope (EDS). The scanning electron microscope and energy dispersive
X-ray spectroscope (SEM, EDS) were carried out using JOEL JSM 7600F scanning
electron microscope. To investigate the alloy, an X-Ray Diffraction (XRD)

equipment was utilized in crystalline phase by identifying the diffraction peaks.

Use of Computer Software to Analyse Fatigue of SMA
Method used to Analyse Result

The procedure for analysing the data will be through the use of Multiple
Linear Regression Model (MLR) and Analysis of Variance (ANOVA).

Multiple linear regressions MLR is described as the relationship dependent (y)
and independent variables (x). It can be expressed as:

= 0F 10 F 22 F  F m e (7)

where yi denotes the dependent variable (Fatigue Life) and x; where i =
1,2,...,n denotes the explanatory or independent variables, B is called the intercept
and & (errors, or noise) are i.i.d. N(0, ¢ ). In order to evaluate the relationship
between the dependent and independent variables, the Pearson correlation test is

examined. SPSS was used for the regression and testing of the data.
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CHAPTER IV

Findings and Comments

The results and findings derived from the samples and data gathered are

presented in this chapter.

Findings for Crystal Orientation of the Samples

The results for each samples structure of material used (copper, aluminium.
Nickel and graphene) after examining them using X-ray diffractometer developed in
Japan by Rigaku Int. Corporation called Rigaku D/Max-llIC, is as presented in
Figure 33-36. The data analysis was carried out and the peaks obtained were matched

with the phases of the samples.
Figure 33.

Pattern obtained for copper via use of XRD (X-Ray Diffraction)
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Figure 34.

Pattern obtained for Aluminium via use of XRD (X-Ray Diffraction)
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Figure 35.
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The peaks obtained are similar to those Copper, Aluminium, and Nickel. They are

Face Centre Cubic (FCC) metals. Their planes are closed planes. Therefore, strongest

diffraction peak were observed from them.
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Figure 36.

Pattern obtained for Graphene via use of XRD (X-Ray Diffraction)
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Findings for Samples' Elemental Composition and Surface Structure/
Morphology

The surface morphologies of the samples were examined using a scanning electron
microscope (SEM), and their elemental compositions were examined using an energy
dispersive X-ray spectroscope (EDS). Results showing surface morphology and

elemental compositions are as presented in Figure 37-40.
Figure 37.

Surface morphology and elemental compositions of Copper (Cu) sample
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Figure 37 is the SEM micrograph of copper which is the matrix or parent metal in
developing the SMA. It is observed from the micrograph that the structure appeared
needle like having different colours. It is evidence from the structure that the copper

is fine grained which is likely to justify its high mechanical properties.

Figure 38.

Surface morphology and elemental compositions of Aluminium (Al) sample
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Figure 38 is the SEM micrograph of the aluminium surfaces used as one of the
alloying elements in developing the SMA. It is observed from the surfaces of the
micrograph that the surface has undulating layers, abhorring some particles which
are proposed to be the compound or second phases produced from the alloying

element in aluminium.
Figure 39.

Surface morphology and elemental compositions of Nickel (Ni) sample
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Microstructure in Figure 39 presents surface of the nickel used as alloying
element in copper for developing the SMA. It is clear from the microstructure that

the surface appears in form of strata lined over another.
Figure 40.

Surface morphology and specification of Graphene used.
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Figure 40 is the micrograph of graphene used as alloying element in copper for
developing the SMA. It is evident from the micrograph that the structure has many
networks of hexagonal structure connected with a layer over another abhorring many

pores.

Findings for Mass Composition of Samples

Table 8 show results for the mass of Graphene, Copper, Aluminium and Nickel
used as obtained using the principle of rule of mixtures.
Table 8.

Mass Composition of Specimen

Specimen Graphene Copper (%)  Aluminium (%) Nickel (%)

(%)
A - 464.92 65.63 20.957
B 0.8359 469.0897 62.218 21.147
C 1.644 460.629 65.023 20.764
D 2.46 458.5 64.720 20.69
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Findings for Characterization of SMA
XRD (X-Ray Diffraction) result for alloy produced is presented in Figure 41.

Specimen A, B, C and D were four samples produced.
Figure 41.

Pattern obtained for Sample A, B, C and D via use of XRD ( X-Ray Diffraction)
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Results obtained have peak akin to those of sample A, B, C and D where C
represents graphene. Sample A (control sample) without graphene added is shown in
the Scanning Electron Microscope (SEM) micrograph in Figure 42(a). The alloy's
structure, which appears as several rock fragments arranged one on top of the other

to form undulating layers, is evident from the micrograph.



Figure 42.

The composition of elements and surface morphology of Alloy specimen A (a) SEM
micrograph (b) EDX result.
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The various shapes and sizes of the debris found in Figure 42(a) suggest that
the alloy hardened from melt to form dendritic grains, which expanded at varying

rates until they intersected and interlocked to form the structures that were seen.
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The EDS (Energy Dispersive X-ray Spectroscope) result that was obtained to
show the elemental analysis of the structure is shown in Figure 42(b). It shown that
microsegregation takes place inside the alloy as a result of variations in the content
of each element found in the alloy from one location to another. The main elements
found at spectrum 27 are nickel, copper, aluminium, and graphene (carbon). The
silica sand used to make the mould may have contributed to the silicon detection.

The microstructure characteristics of the graphene-reinforced CuAINi SMA
are displayed in the micrographs in Figures: 43, 44, and 45.

Figure 43.
The composition of elements and surface morphology of Alloy specimen B (a) SEM

micrograph (b) EDX result
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Every microstructure displays an ash-like structure that detests phases that
resemble darkness or blackness. Figure 43(a), which depicts CuAINi SMA with
0.15% graphene, shows that the black phase is sparsely distributed inside the host,
which resembles ash. The centre of the structure, which has dense particle
agglomerate, is where evidence of particle agglomeration is proven. Certain
chemicals that are created when graphene interacts with any element in the matrix or
based alloy are responsible for the black phase. This is clear from the results of the
Energy Dispersive X-ray Spectroscope (EDS), which indicate the alloy's constituent

compositions in Figure 43(b).
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Figure 44.
The composition of elements and surface morphology of Alloy specimen C (a) SEM
micrograph (b) EDX result
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The SEM result acquired for SMA involving 0.3% graphene is shown in
Figure 44(a) above. The microstructure exhibits secondary black phase clustering in
several structural locations. Additionally, the structure of the host resembles
striations that are connected to create an undulating layer structure.

In Figure 44(b), the elemental compositions at spectrum 34 are revealed by
the EDS (Energy Dispersive X-ray Spectroscope) result. This verified that the alloy
was based on copper. It is likely that nickel is not discovered in this area because its
concentration is too low to be detected at this time or because other elements that

have been detected have blocked or marked the nickel's reflected x-ray.

Figure 45.
The composition of elements and surface morphology of Alloy specimen D (a) SEM
micrograph (b) EDX result
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A micrograph of CuAINi SMA with 0.45% graphene is shown in Figure
45(a). The finding shows that the host plain structure detests black particles that are

grouped together and rounded grains. The simple structures resemble strengthened
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egg threads. Because of the second phase particles' rather equal dispersions, a
reasonably homogeneous structure is seen here.

The elemental compositions at spectra 37 and 38 are revealed by the EDS
(Energy Dispersive X-ray Spectroscope) data, which are displayed in Figures: 45 (b)
and 45 (c). The elemental compositions at various locations confirmed that copper,
which acts as the host for every other component found in the alloy, is abundant in
various alloy parts. The silica sand used to make the mould may have contributed to
the silicon detection.

Findings for Mechanical Testing of SMA

Table 9 below is the results of the Rockwell hardness test (RHI) using a

diamond indenter of Kgf 150 using Scale C.
Table 9.

Rockwell Hardness (RH) test, C-scale, results with diamond indenter of Kgf 150.

Specimen Trial 1 Trial 2 Trial 3 RH
A 26.0 43.0 29.0 32.7HRC
B 42.0 43.5 46.5 44.0HRC
C 38.5 44.5 42.0 41.8HRC
D 40.0 40.0 41.0 40.5HRC

The results show an increased in hardness value for sample B, sample C and
sample D.

The graph in Figure 46, shows that Sample B has the highest hardness value as
compared with A, C and D. It can be inferred from the graph that graphene addition

to the alloy actually increased the mechanical property i.e. hardness value.
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Figure 46.
Impact of graphene on SMA as determined by the hardness test findings
Graphene's impact on Shape Memory Alloy
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Findings for Fatigue Testing of SMA

A study of how much stress or amount of cycles a component can endure
before failure of the component of a specific kind is referred to as the fatigue life for
that component/material. The result presented in Table 10, show the value of the
applied moments to each component and the equivalent stress values. The number of
stress cycles each component sustained before failure by fatigue occurred is also
presented. This referred to as the fatigue life for that stress value. The fatigue life is
shown on the S-N (Stress-Number of Cycles) curve. This graphs illustrate the
relationship between the number of cycles (N) before fatigue failure and stress (S),
see Figure 47-51.

Table 10 shows the fatigue test results obtained for specimen A, B, C and D.
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Table 10.

Results of Fatigue testing of specimen A, B, C and D.

GUAGE FINAL

MOMENT LENGTH LENGTH INITIAL FINAL DIAMETER STRESS NO OF CYCLES
(Kgfem) (m) (m) REVOLUTION REVOLUTION (mm) (MPa) (10%)
Sample A
65 45.35 52.52 5052 5053.7 5.4 412.31 1.7
130 45.35 52.52 5054 5055.2 5.4 824.62 1.2
195 45.35 52.52 5056 5056.7 5.4 1236.94 0.7
260 45.35 52.52 5057 5057.5 5.4 1649.25 0.5
Sample B
65 45.35 52.52 5058 5059.5 5.4 412.31 1.5
130 45.35 52.52 5060 5061.1 5.4 824.62 1.1
195 45.35 52.52 5061.1 5061.7 5.4 1236.94 0.6
260 45.35 52.52 5061.7 5062 5.4 1649.25 0.3
Sample C
65 45.35 52.52 5062 5063.8 5.4 412.31 1.8
130 45.35 52.52 5064 5065 5.4 824.62 1.0
195 45.35 52.52 5065 5065.7 5.4 1236.94 0.7
260 45.35 52.52 5066 5066.5 5.4 1649.25 0.5
Sample D
65 45.35 52.52 5067 5067.9 5.4 412.31 0.9
130 45.35 52.52 5068 5068.7 5.4 824.62 0.7
195 45.35 52.52 5069 5069.4 5.4 1236.94 0.4

260 45.35 52.52 5069.4 5069.2 54 1649.25 0.2




Figure 47.

Fatigue Life (S-N) graph for specimens A.
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Figure 49.

Fatigue Life (S-N) graph for specimens C.
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Figure 51.

Fatigue Life (S-N) graph for the combined graph
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From the graphs in Figure 47-50 showing the S-N curves obtained, the
fatigue type is a low cycle fatigue, as the fatigue failure occurs at high stress and low
cycles, less than 10* (George, 1988). Additional observation made was that as the
value of applied stress reduces, the resulting number of stress cycles yielding fatigue
failure reduces. The graph combined (Figure 51) helps to compare the fatigue life of
specimen A, B, C and D. Specimen A and C at a particular value of stress on the
combine graph, falls towards the right of specimen B and C, which indicates higher
value of stress cycle or fatigue life. Increasing the stress value to 1649.25MPa,
sample C containing 0.3% graphene display an optimum value of fatigue when in
comparison with specimen/sample A, B and C. Sample D containing the highest
amount of graphene of 0.45% gives the least fatigue life at a stress value of
149.25MPa, when compared with samples A, B and C. This is as a result of

increased in graphene content above optimum amount.
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Figure 52.

Further Comparison of the Fatigue Life of the four specimens A, B, C and D
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Figure 52 further compares the fatigue life of samples A, B, C nd D by taking

average value obtained from the four samples.

For Sample A
Difference in Fatigue Life (Highest Value — Lowest Value)
= (1.7 — 0.5)(1000) = 1.2(1000)
For Sample B
Difference in Fatigue Life (Highest Value — Lowest Value)
= (1.5 — 0.3)(1000) = 1.2(1000)
For Sample C
Difference in Fatigue Life (Highest Value — Lowest Value)
=(1.8 —0.5) = 1.3(1000)
For Sample D

Difference in Fatigue Life (Highest Value — Lowest Value)



From the comparison above, we can further comfirm that sample C has the

optimum Fatigue Life.

— (0.9 —0.2) = 0.7(1000)

Findings for the use of Computer Software for the Fatigue of SMA

D-Optimal Model Formulation

86

Based on D-Optimal design which is a sub-division of combined

methodology of the Design Expert Software version 13.0, the model obtained for the

accurate predition of the fatigue life in terms of the coded factors is shown in Table

12.

Table 11.

Experimental runs (input) and responses (output)

Input Output
Graphene Cu Al Ni Fatigue Life
(%) (%) cycles to failure (x10%)
0 84.3 11.9 3.8 1.7
0 84.78 11.25 3.8 1.2
0 84.05 11.32  3.79 0.7
0 83.92 11.85 3.78 0.5
0.15 84.3 11.9 3.8 1.5
0.15 84.78 11.25 3.8 1.1
0.15 84.05 11.32  3.79 0.6
0.15 83.92 11.85 3.78 0.3
0.3 84.3 11.9 3.8 1.8
0.3 84.78 11.25 3.8 1.0
0.3 84.05 11.32  3.79 0.7
0.3 83.92 11.85 3.78 0.5
0.45 84.3 11.9 3.8 0.9
0.45 84.78 11.25 3.8 0.7
0.45 84.05 11.32  3.79 0.4
0.45 83.92 11.85 3.78 0.2
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A total of sixteen runs were carried out as part of the experiment (See Table
11). The linear model (see equation. 8) for forecasting fatigue life in terms of coded
factors was created using the Design Expert Software version 13.0.
Table 12.

Fatigue life in terms of coded factors

Source Sum of Squares Df Mean square F-value P-value
Model 3.22 9 0.3580 6.41 0.0174
Linear 2.38 3 0.7933 14.20

Mixture

AE 0.0277 1 0.0277 0.4961

BE 0.0349 1 0.0349 0.6249

CE 0.0243 1 0.0243 0.4343

DE 0.0295 1 0.0295 0.5277

AE? 0.0009 1 0.0009 0.0165

BE? 0.0000 0

CE? 0.0429 1 0.0429 0.7685

DE? 0.0000 0

Residual 0.3353 6 0.0559

Lack of Fit 0.3086 4 0.0772 5.79

Pure Error 0.0267 2 0.0133

Cor Total 3.56 15
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Where FL is Fatigue Life. A, B, C, D represents the composition (%) of
Graphene (C), Cu, Al, Nickel, respectively and E is Stress.
FL = -1.04A+2.35B-2.30C-28.87D-1.17AE-8.37BE-3.51CE+381.67DE-0.2827AE2
+ 0.0000BE+ 8.04CE2 +0.0000DE2........c.cceviiiiiiiiiaene. (8)

The significance of each coefficient was obtained from the probability (p)
values and residual least square error. According to table 12, the linear models were
adequate in fitting the experimental result. The model F-Value of 14.85 was obtained
with a chance of 0.02% occurrence due to noise. This indicates that the model is
significant at 99% confidence interval. The stress and moment are significant model

terms, thus they have significant effect on the fatigue life.

Analysis of Fatigue life using ANOVA (Analysis of Variance)

As indicated in Table 8 for the analysis, as inputs for the experiment, two
parameters were chosen: the percentages of Cu and Graphene (C). The output
parameter in this case was the number of cycles to failure, which determines the
fatigue life.

From the Analysis of Variance result shown in Table 13, and by considering
graphene and copper being dominant elements. The importance/significance of each
coefficient is obtained from the residual least square error values and probability (p).
It was observed that the linear model fits the results of the experiment at probability

value of p < 0.05 adequately according to Table 13.
Table 13.

ANOVA (Analysis of Variance) for Fatigue Life

Source DF Seq SS Contribution AdjSS AdjMS F-Value P-Value
Graphene (%) 3 0.5725 16.09%  0.5725 0.19083 9.41 0.004
Cu (%) 3 2.8025 78.78%  2.8025 0.93417 46.07 0.000
Error 9 0.1825 5.13% 0.1825 0.02028

Total 15 3.5575 100.00%
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Table 13 is the ANOVA results and it signifies that Cu (%) with p-value far
less than 0.05 is the most important factor affecting the fatigue life.

Table 14.

Summary of the model
S R-sq R-sq(adj) PRESS R-sq(pred)
0.142400 0.9487 0.9145 0.576790.  83.79%

According to the model summary in Table 14 above, the fatigue life
mathematical model indicates a satisfactory fit. The model's ability to forecast
fatigue life is demonstrated by its R-squared result of 0.9487 and adjusted R-squared
result of 0.9145.

Similarly, a 3D response surface plot is used to study the mutual interaction
between input and output parameters (see Figure 53-55). These plots were generated
using the Design Expert Software version 13.0. They show the relationships that

exist among different parameters at a time in three dimensions.

Figure 53.

For fatigue life, a three-dimensional response surface plot A
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Figure 53 shows that by increasing percentage of graphene with a decrease in

the percentage of copper, fatigue life increases with a decrease in stress value.

Figure 54.
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Figure 54 shows that by decreasing the percentage of graphene with an
increment in the percentage of Aluminium, fatigue life increases with a decrease in

stress value.

Figure 55.

For fatigue life, a three-dimensional response surface plot C

Fatigue life (cycle (10*3))

E: Stress (N/m2) D: Ni (%)
4127378 A: Graphene (%)
040



91

Figure 55 shows that by decreasing percentage of graphene with an increase
in the percentage of Nickel, fatigue life increases with a decrease in stress value.

Lastly, from the 3 D plots showing the mutual interaction of number of cycles
and percentage content of copper (Cu), aluminium (Al), and graphene (C), Ni (nickel)
and stress value, it is also observed that a higher fatigue life is attained at lower stress
value. Thus increasing the applied stress on a component result to a reduction in its

fatigue life.
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CHAPTER V

Discussion

The findings from this research show an improvement in frontier of

knowledge in the study of alloys having shape memory effect.

Crystal Orientation of the Samples

The peaks obtained are similar to those of Copper, Aluminium, and Nickel.
They are Face Centre Cubic (FCC) metals. Their planes are closed planes. Therefore,
strongest diffraction peak were observed from them.

A scanning electron microscope (SEM) was used to analyze the samples' surface
morphologies, and an energy dispersive X-ray spectroscope (EDS) was used to
analyze their elemental compositions. Figures 33-36 display the results, which
include surface morphology and elemental compositions.

The SEM micrograph of copper, the matrix or parent metal used to form the
SMA, is shown in Figure 33. The micrograph shows that the structure looked like a
needle with many colors. The structure provides proof that the copper is finely
grained, which probably explains its excellent mechanical qualities.

The SEM micrograph of the aluminum surfaces utilized as one of the alloying
materials in the creation of the SMA is shown in Figure 34. The surface of the
micrograph exhibits undulating layers, and certain particles that are thought to
represent the compound or second phases formed from the alloying element in
aluminum are repelled.

The surface of the nickel employed as an alloying element in copper to develop
the SMA is shown in the microstructure in Figure 35. The microstructure makes it
evident that the surface is composed of strata arranged one above the other.

The graphene micrograph utilized as an alloying element in copper to develop the
SMA is shown in Figure 36. The microscope clearly shows that the structure is made
up of numerous interconnected networks of hexagonal structures with a layer over

another abhorring many pores.
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SMA Composition/Production

The Shape Memory Alloy developed through this study contains the
following composition: Sample A (100 wt.%, SMA, 0% C), Sample B (99.5 wt.%,
SMA, 0.5% C),Sample C (99.7 wt.%, SMA, 0.3% C), and Sample D (99.55 wt.%,
SMA, 0.45% C) as in Table 15 and the alloy was continuous stirred to achieve a

mixture which is homogeneous in the course of production.

Table 15.

SMA Percentage Composition of Samples

Sample C (%) Copper (%)  Aluminium (%) Nickel (%)

A - 84.3 11.9 3.8
B 0.15 84.78 11.25 3.8
C 0.3 84.05 11.32 3.79
D 0.45 83.92 11.85 3.78

The results from literature that include a quaternary, Table 16, are consistent
with this. The quaternary element was introduced to CuAINi SMA in traceable
amounts. Continuous stirring was used to blend the mixture until it was
homogeneous (Saud, et al., 2015; Karaduman & Canbay, 2021).

Table 16.

SMA Percentage Composition derived from literary works

(%) C (%) Co (%)Ti (%) Mn Copper Aluminium Nickel

(%) (%) (%)
- - - - 84 11.9 4.10
- : - 0.97 82.94 1193 4.16
- - 0.99 - 82.92 1194 415
- 1.14 - - 82.96 11.9 4

0.55 - - - 84.78 11.25 3.8
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Effect of graphene on the Alloy Characterization

Comparing the micrographs in Figure 31-34, show that Figure 32, 33 and 34
have black particles that may be connected to compound precipitations as a result of
graphene contact, which creates new compounds with black hues. This is not present
in figure 31, which is the control sample and does not contain graphene.

The alloy with 0.45% graphene (sample D) had the largest quantities of
carbon, which were related to the secondary black component found in each of the
graphene-reinforced alloys (Figures: 43, 44, and 45). More resistance to dislocation
movement is provided by the host’s secondary phase particles which are black,
increasing dislocation obstruction or impingement. For the sample to get indentations
during the hardness measurement, dislocation movement necessitates additional
force. When compared to sample A (control sample) without secondary black
substance, this is the reason why each of the Shape Memory Alloy having quaternary
(graphene), i.e. specimen B, C, and D, had higher hardness values (Figure 42).

The alloy's rather homogenous microstructure, as seen in Figure 42, may be
the reason why sample C, which included 0.3% graphene, was able to withstand the
most cycles during the fatigue test. The likelihood of local deformations that can
result in failure by fatigue at fewer numbers of cycles is decreased by evenly
distributed carbon. This is seen in Figure 45 i.e. quaternary with 0.45% graphene
(specimen D), which exhibits rounded grain presence and other discontinuities in the

structure.

Effect of graphene on the Hardness of CuAINi SMA

Cu—Al-Ni shape memory alloys (SMA) have been identified as materials
with great potential for use at high temperatures. Their great thermal stability at
temperatures exceeding 100°C is the reason for this (lojen, 2005). However, these
alloys have drawbacks, including significant brittleness due to the emergence of
brittle phase at grain boundaries and a large increase in grain size that is mirrored by
a high elastic variation (wayman, 1986). As a result, these alloys' commercial use has
been limited due to their drawbacks. Grain refinement is one method to address this
issue; by changing the compositions of Ni or Al or by adding alloying elements such
Ti, Mn, V, Nb, B, and others, the mechanical characteristics of the traditionally Cu-

Al-Ni SMAs showed some improvement (vajpai, 2011). This enhancement is
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ascribed to the presence of alloying elements, which purify the grains and limit their
expansion. However, because of their development as a second phase structure in the
microstructure, these alloying elements significantly impact the mechanical
properties of Cu-Al-Ni SMAs (zhu, 2009).

Table 9 shows the results of an investigation using a Rockwell hardness
testing machine, using the C scale. This reveals how graphene affected the
mechanical properties of CuAINi SMA. According to the test results, samples A
(SMA 100%), B (SMA 99.85%, C 0.15%), C (SMA 99.70%, C 0.3%), and B (SMA
99.55%, C 0.45%) all had higher hardness values, which is indicative of improved
alloy mechanical properties. The CuAINi SMA was subjected to Vicker's
microhardness test by other researchers after quaternary elements like Mn, Co, and
Ti were added to the alloy. The hardness value increased with the addition, according
to the microhardness value they acquired, and they credit the precipitates of the alloy
for this improvement in microstructure of CuAINi SMA mechanical properties (Saud,

etal., 2015).

Effect of graphene on the Fatigue Property

The findings in Table 5 and Figure 46 explained how graphene affected the
fatigue behaviour of CuAINi SMA. They demonstrate that the alloy's fatigue life is
increased by adding graphene to CuAINi SMA.

Based on the S-N curves produced from the graphs in Figure 47-50, the
fatigue type is low cycle fatigue because fatigue failure happens at high stress and
low cycles, less than 10* (George, 1988). The number of stress cycles that result in
fatigue failure also decreased as the applied stress value decreased. The combined
graph (Figure 51) facilitates comparison of specimens A, B, C, and D's fatigue lives.
At a given stress value, specimens A and C fall to the right of specimens B and C on
the composite graph, indicating a higher fatigue life or stress cycle value. Comparing
sample C, which contains 0.3% graphene, to specimens A, B, and C, the fatigue
value is at its peak when the stress value is increased to 1649.25 MPa. When sample
D is compared to samples A, B, and C, it has the lowest fatigue life at a stress value
of 149.25 MPa due to its maximum graphene content of 0.45%. This is because the

amount of graphene has gone beyond what is ideal.
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A 0.3% addition of graphene was found to be the ideal amount for the best

fatigue life. Other researchers that looked into the impact of adding a fourth element

to CuAINi SMA added beryllium (Be), and they found that doing so actually

lengthened the fatigue life of the Cu-Al-Ni Shape Memory Alloy (XU, et al. 2008;
Xu, Song & Mao, 2011).

D-Optimal Model Formulation

The model derived for the precise prediction of the fatigue life in terms of the
coded factors is displayed in Table 12 and is based on D-Optimal design, a subset of
the combined methodology of the Design Expert Software version 13.0. As part of
the experiment, sixteen runs were conducted in total (see Table 11). Using Design
Expert Software version 13.0, a linear model (see equation 8) was developed to
forecast fatigue life in terms of coded factors. The residual least square error and
probability (p) values were used to determine each coefficient's significance. Table
12 shows that the experimental result may be adequately fitted by the linear models.
The model's F-Value was 14.85, and noise had a 0.02% chance of occurring. At a
99% confidence interval, this suggests that the model is significant. The fatigue life
is significantly impacted by the stress and moment, which are important model terms.

The linear mathematical model and 3D plots developed for fatigue life from
this research is a novel addition to knowledge in researches involving shape memory

alloy.
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CHAPTER VI

Conclusion and Recommendations

Alloys showing the shape memory property possess wide range of
applications, such as their use in, greenhouse window openers, eyeglass
frames,antennas which are collapsible, tooth-straightening braces, showers antiscald
control valves, fire sprinkler valves, weldless shrink-to-fit pipe couplers which is
used in aircraft hydraulic lines in aircrafts, for submarines, and subsea pipelines, and
foundationgarments for women. Copper—zinc—silicon (Cu—Zn—Si), iron—palladium
(Fe—Pd), Copper—aluminum—nickel (Cu—Al-Ni), indium—titanium (In-T1), copper—
zinc—aluminum (Cu—Zn—Al), nickel-aluminum (Ni—Al), copper—zinc—gallium
(Cu—Zn—Ga), nickel-titanium (Ni—Ti), copper—aluminum-manganese (Cu—Al-
Mn), iron—platinum (Fe—Pt), copper—tin (Cu—Sn), copper—zinc—tin (Cu—Zn—Sn),
etc., are among twenty elements in the actual periodic table region that exhibit shape
memory (dagusta, 2014). (dagusta, 2014).

Because they are less expensive, Cu-based SMAs is preferable to Ni-Ti ones
in other applications. Cu-based SMAs have been at the forefront of research and
development for many years, although they are not widely available commercially
(Callister, & Rethwisch, 2018, Rupa, 2014). These material undergo a cyclic
operation and are subjected to failures. Fatigue failure is a majour problem associated
with thses alloys. This thesis investigates’ graphene addition to the mechanical and
fatigue behaviour of a copper based Shape Memory Alloy.

Conclusion

This experimental research involving Shape Memory Alloy helps to
investigate the relevance of quaternary to CuAINi SMA hardness and fatigue
properties. The weight of each sample was determined separately with a mettler
weighing balance of 0.02 g precision for accuracy. Errors due to parallax were
avoided in taking reading on weighing balance for casting and Rockwell scales for
hardness test. Trace amount of graphene (0.15%, 0.3%, 0.45%) were added to
Copper, Aluminium and Nickel through the method of mixture to produce CuAINiC
SMA and CuAlINi (control sample) through the method of casting.

A close study of the microstructure of the alloy produced utilizing EDS
(Energy Dispersive X-ray Spectroscopy) and SEM (Scanning Electron Microscope)
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show that Secondary black compounds seen in all graphene-reinforced alloys are
associated with higher quantities of carbon, which are found in the alloy with 0.45%
graphene. This poses more dislocation impediment due to increased resistance to
dislocation movement which is responsible for the increase hardness values and
mechanical properties of SMA reinforced with graphene (CuAINiC) as compared
with the control sample without graphene (CuAINi). Similarly, CuAINiC containing
0.3% graphene display optimum fatigue properties during the test carried out on
fatigue. This possibly is explained by the alloy's rather uniform structures from the
micrograph. The likelihood of local deformations that can result in fatigue failure at
fewer cycles is decreased by evenly distributed carbon. CuAINiC containing 0.45%
graphene display least fatigue properties and this could be that because of the
spherical grains, there are discontinuities in the structure.

To investigate the relationship between fatigue life, stress, and the percentage
composition of Cu, Al, Ni, and graphene (C), Design Expert Software version 13.0
was used. One advantage is that the modelling equation is easily accessible; making
it simple to see how each input parameter affects the result. As a result, a new
mathematical model for fatigue life is created. This model's R? of 0.9058 suggests a
good fit. Therefore, this model can be used to calculate the fatigue life in SMA

studies that include a quaternary element, such as graphene.

Recommendations
To improve study in this area and for further research, the following

recommendations are suggested.

Recommendations According to Findings

1....Silicon is detected in the energy dispersive x-ray result of the produce alloy
which is possibly as a result of silica sand used to create the mould. Metal mould
may be used for further studies.

2...This research utilized the rockwell hardness test. To have a wide area for
comparison, other mechanical test show the carried out to further determined

how graphene affected the mechanical characteristics of CuAINi SMA.
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Recommendations for Further Research

1. Using Design expert software (version 13.0), a novel linear model for fatigue life
of CuAINiC was developed. Further research should utilize other simulation
softwares to predict relationship among input parameters.

2. Thermal fatigue experiments is needed to be carried out to complete the full

fatigue characteristics.
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