G Lut
). University

THE APPLICATIONS OF SHAPE MEMORY MATERIALS IN MODERN CAR
INDUSTRY AND FUTURE TRENDS

Lappeenranta—Lahti University of Technology LUT

Bachelor’s Programme in Technology and Engineering Science / Mechanical Engineering,

Bachelor’s thesis

2023

Author’s name: Yuxuan Guo
Examiner(s): Professor Harri Eskelinen

Katriina Mielonen, D.Sc.



ABSTRACT

Lappeenranta—Lahti University of Technology LUT
LUT School of Energy Systems
Mechanical Engineering

Yuxuan Guo

THE APPLICATIONS OF SHAPE MEMORY MATERIALS IN MODERN CAR
INDUSTRY AND FUTURE TRENDS

Bachelor’s thesis
2023
36 pages, 12 figures, 1 table, and 1 appendix.

Examiner(s): Professor Harri Eskelinen and Katriina Mielonen, D.Sc.

This thesis aims to explore the advantages and prospects of the application of shape memory
alloys in the automotive field through the research on the performance and application of shape
memory alloys from five aspects: theoretical background, manufacturing, sustainability,
commercial and future trends. The thesis examines the applications of shape memory alloys in
bumpers, shape memory alloy heat engines and other components. The work will be carried out
by using an applied method triangulation including scientific literature search, commercial
literature search, and expert interviews. In addition, the thesis discusses shape memory effect,
superelasticity and other characteristics which can be widely utilized in Manufacture of auto
parts. The results show that the application of shape memory alloys can improve the safety and

energy saving of automobiles. The development of thermal engine technology is of great



significance to the realization of sustainable development goals, and its application also has
broad market prospects. The thesis summarizes the advantages of the application of shape

memory alloys, which has guiding significance for material selection in the automotive industry.

Keywords: Automotive industry, shape memory material, bumper, heat engine, additive

manufacturing, honeycomb, Nickel Titanium
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1.Introduction

1.1 Background and motivation

Shape Memory Alloys (SMA) are one type of metallic alloys that have the ability to
"remember" their original shape and return to their original shape when exposed to certain
stimuli, such as temperature changes or mechanical stress. This unique property makes them
useful in different area of applications, including biomedical, and automotive engineering.
Shape Memory Alloy actuators, which made opening and closing the hatch vent that releases
air from the trunk easier, were first used in the 2014 Chevrolet Corvette. They replaced heavy
motorized actuators. (shape memory alloy, n.d.). At the same time, with the emergence of
unmanned driving technology, the requirements for automotive sensors and actuators are also
more stringent. Shape memory alloy actuators can replace electromagnetic actuators that have
been used for many years. So, it's necessary to understand the theoretical background of the
functionality of shape memory materials and dig deeper into the application of shape memory

materials in cars to meet the sustainability development goals.

1.2 Goal of the research

The goal of this thesis is to build an overall picture about the shape memory materials used in

car industry. This overall picture will consist of the following five viewpoints:

1. To complete description of the theoretical background of the functionality for the shape
memory material.

2. To investigate the manufacturability aspects of shape memory materials and the
manufacturability of the products (e.g., MA heat engine, SMA bumper, etc.)

3. To study the sustainability and environmental aspects related to the shape memory
material group.

4. To review some commercial materials practically applied in modern cars.

5. To explore future trends from the point of view of shape memory materials.



1.3 Research problem and research questions

At present, shape memory materials are still in the development stage. For example, the use of
shape memory alloys to treat exhaust gas heat engines can be realized in theory, but due to the
low efficiency energy conversion, it has not yet reached the stage of large-scale application.
From the point of view of production and application, there are still factors such as whether
shape memory materials can achieve the expected effect under different temperature, humidity

and working environment need to be taken into consideration.

The research question of this thesis is “Why shape memory materials can replace previous
materials (such as steel and aluminium)_in modern car applications?” (e.g., SMA heat engine,
bumper, etc.) Additionally, the sub-questions are “Why the SMA bumper can protect people
during the accident?” And “Why shape memory alloy heat engines are not widely used in cars

yet?”

1.4 Research methods

The research methodology in this thesis uses applied method triangulation. It consists of
methods aspects, technical literature search, commercial literature search and expert
interviews. SWOT-analysis will be involved to discuss each aspect in a multiple perspective.
The SWOT-analysis will be utilized as a further extension of this thesis to discuss the
feasibility of shape memory materials from advantages, disadvantages, opportunities and
threats. The literature study will discuss the characteristics of shape memory materials, explore
the potential of SMAs in disposal processes, then compare the advantages of shape memory
alloy materials with common steel. Expert interviews will focus on discussing the future
direction and feasibility of the research. Furthermore, the overall structure of the thesis was
inspired by artificial intelligence, and some ideas were thought up by ChatGPT to expand on

the content of the thesis.



1.5 Scope

The thesis will start with the analysis of shape memory alloys, with a particular focus on shape
memory alloy bumper and heat engine considering the combination of theoretical research and
fabrication. The thesis will be limited to comparing the properties of shape memory alloys
materials and common alloys. Additionally, the thesis examines shape memory alloy heat

engines in industrial manufacturing, innovation and future trends.

1.6 Expected contribution

This thesis is expected to provide with knowledge and information to build an overall picture
about the utilization of using shape memory materials in car industry. This thesis will
introduce the advantages of shape memory materials compared with different smart materials
and its new knowledge about applications in the field of modern cars. Starting from the shape
memory effect of materials, the feasibility of applications has been discussed such as shape
memory alloy heat engines and shape memory polymer seat belts. The study will answer the
question “Why shape memory materials can replace previous materials in modern car
applications?” form manufacturing perspective and conclude with a summary of the theory

and future trends for each application.

2.Method

The research method in this thesis will use applied method triangulation. It consists of three

aspects, technical literature search, commercial literature search and expert interviews.



Scientific Commercial

literature search literature search

Expert interview

Figure 1 Triangulation

2.1 Scientific literature search

In this part, the two applications of shape memory alloys in automobiles are mainly analyzed,

which are shape memory alloy bumpers and shape memory alloy heat engines.

2.1.1 Shape memory alloy bumper

The theoretical background for the production of shape memory alloys for automobile
bumpers is presented in the thesis. The bumper is an impact absorber. Generally, the bumper's
cross member deflects during low-speed impacts and deforms during high-speed impacts to
absorb the kinetic energy of the impact. To meet the need for lighter materials and safer
vehicle operation, bumper systems use a new type of materials made from smart materials.
Smart materials, such as SMA, are used in bumpers because they convert the damping of
mechanical energy into Internal energy within the bumper system. This results in better

passenger protection (Behera 2015, p. 271-295).

So, when researching the question "Why shape memory materials could replace previous
materials such as steel, polypropylene and aluminium in modern automotive applications?" is

considered. Nickel titanium has the following advantages over traditional materials:



10

1. Shape memory effect: The shape memory properties of Nitinol can be achieved by

heat treatment or stress stimulation. This characteristic allows Nitinol to achieve

better deformation control and recovery performance, thereby improving the safety

performance of the bumper. For example, during a collision, a bumper will undergo

plastic deformation, but the effects of shape memory alloy allow the bumper to

quickly change structure to its original shape after impact, thereby reducing damage to

the vehicle and passengers (Kapoor 2017, 66-76)

2. Superelasticity: The superelasticity of nickel-titanium alloy allows the bumper to

absorb and disperse the impact force during a collision, thereby better protecting the

vehicle and passengers. Compared with traditional polypropylene plastic, Nitinol's

superelasticity can make the bumper have higher energy absorption capacity, thereby

reducing the injury to the vehicle and passengers. Superelasticity means that the

material can achieve large deformation under the action of external force and can

return to the original shape without permanent deformation when the external force

disappears. The superelasticity of Nitinol is due to changes in the crystal structure

caused by phase transitions. When the temperature is increased, the material changes

from one crystal structure to another, a transition that cause large deformations in the

material, resulting in superelasticity (Sabu et al. 2020).

A(A)

< - 5/;
@ \o’b G2 ’ a
@ 7 3]
= 4 4 / b=
i P
4 ] 6
’ ] [
I~
’ y I3
' D
Heating 6/ /
1,2, e = = o= om ooy > (]
Strain
Shape Memory Effect
Figure 2

\ (B)

v o
_\0\\\ ©
Wt

>
>

Strain
Superelasticity

Figure 2 (A) Shape memory effect and (B) superelasticity behaviour in NiTi SMAs (Sabu et

al. 2020).
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3. Corrosion resistance, wear resistance, high strength: Nitinol has excellent corrosion
resistance, wear resistance and high strength, which can improve the service life and
stability of automobile bumpers. These characteristics enable Nitinol car bumpers to
maintain good performance in extreme environments (such as high temperature, high
humidity, etc.).

4. Lightweight: Compared with traditional automobile bumper materials, such as steel,
nickel-titanium alloy has lighter weight. This can not only improve the fuel efficiency
and environmental performance of the car, but also increase the stability and driving
safety of the vehicle.

5. kinetic energy absorption. After experiments, it can be concluded that when the shape
memory alloy is hit, the kinetic energy can be converted into internal energy, which
will lead to the dissipation of kinetic energy. The energy curve during impact was
shown in Figure 3 (Asadpoori, A., Keshavarzi, A., & Abedinzadeh, R. 2020)

60

40
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—o— Intemal Energy
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Energy (J)

20 A

Time (s)

Figure 3. Kinetic energy converted to internal energy during impact (Asadpoori, A.,

Keshavarzi, A., & Abedinzadeh, R. 2020).

Traditional car bumpers are mostly made of steel and aluminium alloy, which are relatively
high in toughness and strength, but in a collision will produce a large impact, which may cause
greater damage to the vehicle and passengers. The bumper made of shape memory alloy has a

very good cushioning effect. When a car collides, the bumper will undergo reversible
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deformation, converting kinetic energy into internal energy, thus reducing the damage to the
vehicle and passengers. When a car has a collision with an obstacle, the bumper absorbs the
energy of the impact, produces reversible deformation, and converts it into internal energy.
During this process, the shape memory alloy undergoes a phase change, and its lattice
structure is altered, resulting in a reversible change in the shape. When the collision force
disappears, the shape memory alloy will change back to its original shape again, realizing the

cushioning effect of collision energy.

In addition to the application in automobile bumpers, shape memory alloys can also be applied
to other parts of automobiles, such as suspension systems and braking systems. In braking
systems, SMAs can be used in several ways. One potential application is as an actuator for
brake pads, where the SMA wire is prestressed and then released when heated to expand the
brake pad, providing additional braking force. These applications can improve the safety
performance and comfort performance of automobiles and meet the ever-increasing demand

for automobiles.

To sum up, the excellent performance of nickel-titanium alloy can make it widely used in the
production of automobile bumpers, with higher safety performance, longer service life, higher
energy absorption capacity, better durability Advantages such as corrosion resistance and
lighter weight. This is the theoretical reason why shape memory alloys can replace traditional

steel.

Next, consider the advantages of shape memory materials in terms of manufacturing and

sustainability aspects.

When the thesis investigates shape memory materials in terms of manufacturability and
sustainability. There is weakness in manufacture the shape memory alloy (Nickel titanium). As
Darwin said “Conventional machining of NiTi-based shape memory alloys is very strenuous
due to higher toughness, severe strain hardening, and fatigue hardening” (Darwin et al. 2022,

p.1718-1723).
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One example of the potential of shape memory materials from a manufacturing point of view
was inspired by a journal (Zhou, H., Xu, P., & Xie, S. 2016). The researchers (Watkins, R.,
Shaw, J., Triantafyllidis, N., & Grummon, D. 2011) used a combination of shape memory
materials and a honeycomb structure to create a lightweight and energy-absorbing system
which can be utilized in bumper. The SMA material was incorporated into the honeycomb
structure as a series of thin sheets that were deformed and absorbed energy during impact.
After the discovery of a new honeycomb structure, the manufacture of shape memory alloys
can effectively solve the problem of light-weighting. After understanding the selection of laser
melting to manufacture NiTi, NiTi and Ni-Ti-based composites prepared by traditional hot
isostatic pressing, and NiTi prepared by electron beam technology After various types of shape
memory alloy manufacturing methods. It can be seen that the compressive strength of SLM

NiTi alloy can exceed 3000 MPa.
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Figure 4 (a) Nitinol compressive strain comparison (b) Nitinol tensile strain comparison

(Yang, Haizhou & Chao 2023, p.55-74).

The best shape memory alloys (SMAs) with excellent properties are NiTi SMAs. However,
full potential application of NiTi has been severely constrained by the shortcomings of
conventional manufacturing processes and its poor manufacturability. Therefore, 3D printing,
also known as additive manufacturing, has the potential to be an option for fabricating
complex NiTi smart structures. The manufacture of shape memory alloy-NiTi by selective

laser melting (SLM) has become a reliable technology for manufacturing precision parts. As
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Chua said “The SLM process has the advantage of fabricating complex structures in a layer-

by-layer fashion without the need for machining” (Chua 2014).

In another study, it investigated the feasibility of buffering energy absorption and self-recovery
properties of NiTi bionic structures fabricated using additive manufacturing (AM) technology.
Nickel titanium SMA was utilized as the basic material, and the proposed model was
manufactured using additive manufacturing technology. Static compression experiments were
carried out as well to investigate the model's energy absorption, carrying capacity and strong
elasticity. The structure was then heated in a water bath for the form memory recovery test
after the mechanical test. When a structure has a specific level of compression strain, it can
achieve a nearly 100% shape recovery rate and the material has good shape recovery ability

even under significant deformation (JU, DENG 2023)

Omm 3. 5mm 10.5mm

Figure 5. The principle of selective laser melting (SLM) technology. (Yu et al. 2022, p.1684—
1698).

In this paper (Yu et al. 2022, p.1684—-1698), inspired by the principle of structural bionics of
honeycomb structure, four bionic lattice structures are studied: common p-n junction structure
(CH), multiple quanta well structure (ZPRH), Separate Confinement Heterostructure (SCH)
and Implanted Buried Heterostructure (IBE). They clarify that the SCH structure has the best
energy absorption effect compared to the other three bionic lattice structures in the effective

stroke of the test, and the specific energy absorption can reach 6.32 J/g.
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These articles successfully (Yu et al. 2022, p.1684—1698) verify the combination of shape
memory properties of shape memory materials, additive manufacturing, and bionic structure.
To sum up, the shape memory material processing with Selective Laser Melting (SLM)
technology and honeycomb structure can not only solve the problem of difficult shape
memory material processing, but also effectively achieve the advantages of lightweight,
energy absorption during collision, and strong compressive strength of automobile bumper
parts. This will effectively promote the popularity of shape memory materials in the field of

automotive structures to gain wider popularity.

On the other hand, material thickness is a key factor affecting the production of bumpers using
shape memory alloys. In general, thinner shape memory alloy materials can better utilize their
shape memory effect and have better energy absorption and resilience performance, which can
effectively absorb energy and protect the vehicle and its occupants during a vehicle collision.
On the other hand, in impact tests from material thicknesses of two to four millimeters, the
thicker the shape memory alloy material is during the collision, the less deformation and
damage it will cause. Therefore, when designing SMA bumpers, it is necessary to consider the
thickness and strength requirements of the bumper, as well as the required energy absorption
and resilience performance, to select the appropriate material thickness in order to achieve the

best crash protection.

In addition, the material thickness also affects the cost and production difficulty of SMA.
Thinner shape memory alloy materials are usually less costly, while thicker materials may
require higher temperatures and energy to activate their shape memory effect, increasing the
difficulty and cost of production. So, it is important to take the thickness in to account during

the manufacturing.

There is one research (Asadpoori 2020) called Low-velocity impact analysis of shape memory
alloy bumper beams have investigated the impact behavior of SMAs in automotive bumper
beams under low-velocity. In this paper, the influence of vehicle weight, bumper beam

thickness made of shape memory alloy (Nitinol) on internal and kinetic energy is investigated.
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The article investigates the potential of using shape memory alloy (SMA) in the design of
bumper beams for automobiles and begins with a discussion of the properties of shape
memory alloy, including its shape memory effect and high damping capacity. These properties
make SMA an attractive alternative to traditional materials in the design of bumper beams.
The authors then describe the methodology used to evaluate the performance of SMA bumper
beams under low-velocity impacts. A series of parametric studies were performed to
investigate the influence of various design factors (thickness, weight, etc.) on the energy

absorption and crashworthiness of the bumper beam.
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Figure 6. Energy and deflection curve during impact in SMA bumper (Asadpoori 2020).

According to the Figure 5, the result shows that the amount of deflection decreased when the
bumper beam thickness was increased. This indicates that among the others thickness, the
bumper beam with a 4 mm thickness has demonstrated the best resistance. This also means
that the thicker the thickness, the less the deflection, so the better the protection for the
occupants. But when it comes to manufacturing, more factors need to be considered, such as

weight and cost caused by thickness, etc.

Overall, the paper provides (Asadpoori 2020). valuable insights into the use of SMA in
automotive safety systems and highlights the potential of this material to improve the

crashworthiness and energy absorption of bumper beams. The authors conclude that SMA
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bumper beams have the potential to be a viable alternative to traditional materials in the design

of automotive safety systems.

2.1.2 Shape memory alloys utilized for heat engines

When we talk about shape memory metals in terms of sustainability and the environment, it's

important to me that take heat engines made with shape memory alloys into consideration.

The memory effect of shape memory alloys could be used to create a heat engine that handles
waste heat. Waste heat refers to the unused heat in the process of industrial production and
energy conversion, including the exhaust gas produced by fuel vehicles and the waste heat
produced by engines. In a heat engine, waste heat can be converted into mechanical energy or
electrical energy, and heat exchange is performed between a high-temperature heat source and
a low-temperature heat source to convert thermal energy into mechanical energy or electrical

energy, thereby improving energy utilization efficiency.

Shape memory alloy heat engines could meet sustainable development goals. It has the
advantages of simple structure, easy control, no noise, etc. The heat engine is driven by waste
heat, so designing an efficient thermal cycle system is the key. The shape memory alloy heat
engine mainly includes three parts, the thermal cycle system, the crank slider mechanism and

the main shaft. The figure below shows the crankshaft eccentric heat engine.

This is a relatively common type of shape memory alloy heat engine research at present. It
relies on six nickel-titanium alloy springs to achieve rotation under the condition of only a
temperature difference of three to four degrees Celsius. The eccentricities of the cranks are not
in the same plane. The shape memory alloy spring stretches in low temperature air and
contracts in high temperature water. The shrinkage force at high temperature is greater than the
stretching force. The difference between these two forces is the power source of the rotation.
The speed of this heat engine is limited by the water temperature, ambient temperature, and

the thermal conductivity of the spring.
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Figure 7. crankshaft eccentric heat engine (Abubakar et al. 2020, p.30).

According to the article, without forced cooling (i.e., zero airflow speed), the hot machine
speed is three rounds per minute. As the forced cooling airflow speed increases. The speed of
the hot engine gradually rises. When the airflow speed reaches ten meters per second, the
maximum speed of the heat machine is 40 rounds per minute (Wenqin 2013). Therefore,
improving the crankshaft eccentricity is one of the keys to the function of the heat engine. It is
to improve the thermal conductivity between the shape memory alloy material and the low

temperature source.

This literature review examines two articles related to the use of shape memory alloy in low-
grade waste heat recovery. The first article, published in Energy Procedia (Langan, M., &
O’Toole, K. 2017, p.188—195) provides a theoretical introduction to the application of shape
memory alloy in calculating recovery efficiency, economic benefits, and cost of low-grade
thermal energy recovery. The article also proposes a new technology for cost-effective low-
grade waste heat recovery. Specifically, the focus is on the use of shape memory alloy in

recovering low-grade thermal energy from automobile exhaust.

The second article, published in Applied Thermal Engineering in 20230, focuses on the
theoretical knowledge of heat exchangers and the design and testing of a smart heat exchanger
based on shape memory alloys. The article suggests that by using temperature control shape
memory alloy, a lattice channel can be formed in the heat exchanger channel when the
temperature reaches a certain critical value, and a standby mode can be formed in low
temperature. The application of this technology can be utilized in the automotive field, and

shape memory alloy can be used instead of sensors to achieve the same effect. Both articles
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provide valuable insights into the use of shape memory alloy in low-grade waste heat recovery
and have important implications for the development of cost-effective and efficient waste heat

recovery technologies.
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Figure 8 Opposite crank model (Niccoli 2015, p.652—-662).
Figure 9 Twin crank SMA heat engine model (Niccoli 2015, p.652-662).

The crank heat engine consists of four springs. The crank heat engine consists of four springs.
The shape memory effect is also achieved by different temperature to drive the heat engine

rotation.

The study on crank heat engines (Niccoli 2015, p.652—662) show a thermo-mechanical model
for shape memory alloy-based crank heat engines, which convert thermal energy into
mechanical energy. The authors investigate the potential of using shape memory alloys
(SMAs) as the active material in these engines, considering the material's unique properties,
such as its shape memory effect and high energy density. The model simulations indicate that
the proposed SMA-based heat engine has the potential to achieve high efficiency and power

output.

The authors also investigate the effects of various design parameters, such as the heat transfer
coefficient and the dimensions of the SMA actuator, on the performance of the engine. The
article provides valuable insights into the potential of SMAs as active materials in heat engines
and could have significant implications for the development of efficient and sustainable energy
conversion systems. This has an impetus for future heat engines produced using shape

memory alloys. In order to achieve the Sustainable Development Goals (SDG) more quickly.
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Figure 10. Reciprocating Engine Generators Energy Flow (Langan, M., & O’Toole, K. 2017,
p.188-195).

This picture shows the energy flow of a reciprocating engine. Low-grade waste heat accounts
for 30 % - 40%, and exhaust gas accounts for 20 % -30 %. A lot of energy is wasted. How to
use this energy has become one of the directions to achieving sustainable development. The
models mentioned above of the two heat engines of the shape memory material are the
example of the energy recovery and utilization of the shape memory material. It means the

theoretical basis for the material (SMAs) to realize energy reuse.
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Figure 11. Operation principle of shape memory alloy heat engine (Langan, M., & O’Toole, K.
2017, p.188-195).
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Further research has been conducted, and a newer technology has been proposed called The
Exergyn Drive. The theoretical basis is that the shape memory alloy switches between
martensite and austenite when the temperature changes, resulting in a change in length. The
stretching length is about 2% to 4% (Langan 2017, p.188—195). At the same time, it can drive
tens of the movement of a kilogram. The biggest difficulty in this technology is the fatigue life
of shape memory alloys. According to indoor experiments, The Exergyn Drive has exceeded
10 million cycles without significant degradation. It proves that the technology is expected to

be applied in practice.

2.2 Commercial literature search

Shape memory alloys (SMA) belong to the metal category of shape memory materials.
Compared with traditional actuators based on electromagnetic, pneumatic and hydraulic
principles, shape memory alloy actuators (SMAA) have simple structure, large power-to-
weight ratio, no noise (electromagnetic noise), and self-sensing functions, low-voltage drive,
lightweight, Features such as miniaturization and structural diversification. After years of
exploration and application in academia and industry, it has been applied in some fields. Shape
memory alloy actuators can not only replace traditional actuators in function and performance,
but also effectively reduce the cost of manufacturing and using actuators. Especially in the

application fields of high power-to-weight ratio and lightweight actuators.

The market demand for sensors and actuators is soaring in the electrification and intelligence
of modern vehicles, and there will be more and more actuator structures in the vehicle. At
present, there are about 100 to 200 actuators in an ordinary car, and many Using mature and
safe motors as actuators, many linear or simple rotary actuators have not been technically
optimized. Therefore, automobile manufacturers have carried out related research on new

actuators that can reduce volume, quality, and cost.

Regarding material costs, the market prices of Chinese material suppliers in 2022 will be
investigated. For specific data, it can be referred to the corresponding website

https://www.made-in-china.com



https://www.made-in-china.com/
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Figure 12. Existing and potential Shape memory alloy applications in automotive (Mohd Jani
etal. 2014, p.1078-1113).

There are many types of shape memory materials today. This thesis mainly analyzes the

development status of nickel-titanium alloys and copper-based alloys

1. Nickel-titanium shape memory alloy

Nickel-titanium alloys are the most superior and most widely used shape memory alloy
materials. Nickel-titanium alloys have shape memory strength, good ductility, corrosion
resistance, and stability, but their cost is high. The shape memory behavior of this type of alloy
has two types: one-way and two-way, and the temperature range in which the memory
behavior is exhibited can be increased or reduced by improving the alloy. Several countries
have been focusing on improving nickel-titanium alloys in recent years, further improving
their performance and reducing their cost by adding other elements. For example, adding
copper or vanadium, aluminum, chromium, zirconium, and trace calcium can greatly improve
its toughness, process ability and machinability; another example is adding rare earth elements
and boron, silicon, phosphorus, sulfur, etc. to nickel-titanium-copper alloys Elements, shape
memory alloys with significantly improved recovery properties can be obtained. The diameter

of a nickel-titanium alloy wire developed by Japan is only half that of hair, which has good
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compounding and weaving properties, at the same time, this alloy is elastic and very sensitive
to heat, so it is used in automobile valves, Water heaters, water volume regulating valves and

small electric heating regulators, etc. are widely used.

2. Copper-based shape memory alloys

Copper-based shape memory alloys are cheaper and easier to process than nickel-titanium
memory alloys, so they have great potential for development. However, the strength of copper-
based shape memory alloys is not as good as that of nickel-titanium memory alloys, and the
shape memory ability of repeated heating also decays faster. In order to improve the
mechanical properties of copper-based memory alloys, trace amounts of titanium, manganese,
and zirconium can be added. Copper-zinc-aluminum alloys have the best performance and the
widest application among copper-based shape memory alloys. Copper-zinc-aluminum alloy
has high thermal conductivity and is sensitive to temperature changes. It can be used to make
heat-sensitive elements and be used in automatic control switches to adjust the temperature

inside the car.

Based on market data as of September 2023, all price data can refer to Chinese material

suppliers, the corresponding website link is https://www.made-in-china.com

The following are the approximate price rankings in 2022, including Nitinol, steel, aluminum

alloy and polypropylene.

Nitinol: Nitinol is a high-end alloy material, which is more expensive due to its higher
manufacturing process and material costs. Depending on the specification and manufacturer,

its price may range from 5,000 to 20,000 USD/ton.

Steel: Steel is a common structural material and is relatively inexpensive. Different types of

steel have different prices, usually between 500 to 2,000 USD/ton.

Aluminum: Aluminum alloys have the advantage of high strength and light weight and are
widely used in the automotive and aerospace industries. Its price is relatively high, usually

between 2000 to 4,000 USD/ton.


https://www.made-in-china.com/
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Polypropylene: Polypropylene is a widely used plastic material with a relatively low price.

Depending on the type and size, its price usually ranges from 500 to 1500 USD/ton.

From the perspective of price ranking, the price of nickel-titanium alloy is much higher than
that of steel and aluminium. Generally, the market price of nitinol is several times or even
dozens of times higher than that of aluminium materials of the same specification. Therefore,
from an economical point of view, shape memory alloys are more suitable to produce small-

sized actuators.

2.3 Expert interview

I had two expert interview meetings with two professors in the university, through which I
greatly expanded my horizons and showed a more detailed theoretical framework of shape
memory material. I will summarize the ideas of the two professors, and these ideas will also

serve as a guide for the entire research paper.

2.3.1 Expert interview 1

The first research field of the professor is the electrical and automotive fields. According to the
professor, shape memory materials are gradually widely used to improve the performance of
various parts of automobiles. When it comes to future trends, the professor’s idea on the
application of this material is to develop battery charging protection for electric vehicles.
According to the theory that shape memory alloys will change shape according to temperature,
it is a feasible solution to apply to battery charging protection. Prevent safety hazards caused

by battery overheating.

2.3.2 Expert interview 2
In the interview, besides nickel-titanium alloy, the professor introduced more shape memory

materials.

Table 1 Classification of shape memory materials

Shape memory alloy Ni-Ti (55- Cu-Sn(15%8Sn),Au-Cd | Fe-Mn-Si, etc
60%N1)
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Shape memory polymer | Polylactide Polytetrafluoroethylene | Ethylene-vinyl

acetate

Shape memory alloy E.g., fiber-reinforced shape memory polymer composite

The professor provided a lecture from the aspects of material comparison, manufacturing,
terminology, modern automobile requirements, different types of memory materials, etc., and
discussed the advantages, disadvantages and threats of materials in the automotive field from a
more scientific perspective. Based on the professor's lectures, I realized some of the threats in
the process of manufacturing shape memory alloys , such as large quantities of pure water
and air are required to manufacture nickel, beryllium and cobalt may cause cancer. It is
important that these factors have to be considered when selecting materials for the automotive
industry. The professor also mentioned the challenges of the application of shape memory
alloys in combination with automobiles, and the actual situation needs to be considered on a
theoretical basis. Inspired by the professor, I made a comparison of different types of material,

see Appendix 1 for details.

3.Results

The results section consists of three parts which are scientific knowledge collection and
concrete practical applications. All results serve to answer the main research question"why
shape memory materials can replace traditional materials like steel and aluminum in auto

industry”.

3.1 Scientific knowledge collection

This section will be listed including the advantages and threats of shape memory materials.
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3.1.1 Advantages

Among the alloys, shape memory alloys have better shape memory effect and
superelasticity, its superelastic strain is typically greater than 6%, while other shape
memory alloys usually have a superelastic strain of less than 3%. It can convert kinetic
energy into internal energy and mechanical energy into electrical energy.

Additive technology (selective laser melting) can be utilized for shape memory alloy
(NiTi) to create a honeycomb structure to achieve lightweight, energy absorption
during collision, and strong compressive strength.

From a commercial point of view, the market price is five to ten times that of other

steel and aluminum, copper-based shape memory alloy has similar alloy properties, the
price is more appropriate and suitable for a wide range of applications in the structural
field.

One of the development directions of shape memory alloys in the future trend is shape
memory alloy heat engine, which can convert low-grade waste heat into electrical
energy and achieve higher resource utilization.

Increasing the thickness of the shape memory alloy bumper can improve energy

absorption.

3.1.2 Threats

Nickel is not friendly to the environment, and it needs to consume a lot of water and air
resources in its manufacture. And the manufacturing process is complex and costly.
The application of shape memory alloy heat engine has challenges such as low

efficiency and difficult combination.

3.2 Concrete practical applications

According to the research questions, the theoretical basis for replacing traditional materials is

the unique superelasticity, shape recovery ability and additive manufacturing method of shape

memory materials. Combining these three characteristics, the honeycomb structure can be

manufactured by selective laser melting technology, and then the kinetic energy can be

absorbed by converting kinetic energy into internal energy. This new technology will
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effectively protect the safety of passengers in the event of an accident and achieve lightweight

due to its honeycomb structure.

The second application is the shape memory alloy heat engine. The idea of converting heat
energy into electrical energy according to the shape memory effect has become a reality. In
theory, low-grade heat energy can be reused, which is one of the very good ideas for
sustainable development. The thesis cites three different heat engine models to discuss the
feasibility of the idea. Once the heat engine is used to treat the waste heat generated by the air
conditioner and exhaust, 60 to 70% of the heat energy will be reused, greatly improving

energy efficiency.

There is a new technology, the wire made of shape memory alloy, under the circulation of hot
and cold water, can lift a weight of tens of kilograms through only one wire, and the moving
distance is about 2% to 4% of the total length. four percent. Experiments have shown that the
fatigue life of the material can reach 10 million cycles, which fully proves the feasibility of the

technology in theory and in a stable environment.

Since the price of shape memory alloy is 500% to 1000% of the price of steel and aluminum
on a commercial scale, they are better suited to produce sensors and controllers that need to be
compact and precise. Shape memory alloy actuators (SMAA), in comparison to conventional
actuators based on electromagnetic, pneumatic, and hydraulic principles, have a simple
construction, a high power-to-weight ratio, no electromagnetic noise, self-sensing capabilities,

low-voltage drive, and are lightweight. features like structural diversity and shrinking.

4. Discussion

4.1 Objectivity and Reliability

The thesis employs a triangulation research method for objectivity which includes scientific
literature research, business literature research and expert interviews. The objectivity of the

thesis is ensured by integrating the theoretical background of materials application, market
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status and expert opinions. The thesis also uses more than fifteen literatures to verify the point

of view, and the documents can be queried from Scopus, ScienceDirect.

4.2 Future Trends of Bumper and Heat Engines

Optimization of shape memory alloy bumper beams improves the performance of SMAs in
automotive bumper beams, several studies have focused on optimizing their design and
material properties. developed a multi-objective optimization model for an SMA bumper beam
and investigated the effect of various design parameters, such as the beam thickness and
shape, on its energy absorption capacity. The results showed that increasing the thickness of

the beam and using a curved shape improved its performance.

In summary, the use of SMAs in automotive bumper beams has the potential to improve their
energy absorption capacity and reduce their weight. Several studies have investigated the
impact behaviour of SMAs in bumper beams under low-velocity impacts and have shown that
they outperform traditional materials, such as steel and aluminium. Additionally, optimization
studies have shown that the design and material properties of SMA bumper beams can be
optimized to improve their performance further. However, more research is needed to
investigate the long-term durability and reliability of shape memory alloys in bumper beams

subjected to various loading conditions.

When it comes to the shape memory alloy heat engine, as a new type of heat engine
technology, has broad application prospects, it still faces some technical challenges in practical
application. The material properties of shape memory alloy heat engines need to be further
improved. The thermomechanical performance of shape memory alloy materials depends on
the size and stability of its shape memory effect and superelastic effect. Current shape memory
alloy materials have many limitations in terms of temperature, strain, and stress, and

improvements in material design, preparation, and processing are needed.

Secondly, the thermal performance of the shape memory alloy heat engine needs to be further
improved. Shape memory alloy heat engines need to have the characteristics of high heat

conversion efficiency, fast response time and long-term stability. The current shape memory
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alloy heat engine still has certain deficiencies in terms of heat conversion efficiency, response
time, and stability, and needs to be improved by optimizing the heat engine structure and
process parameters. There are still some challenges when it comes to the field of application.
For example, how to integrate the shape memory alloy heat engine with the existing energy
system, how to control the temperature and stress of the shape memory alloy heat engine, etc.,

all these need to be further studied and solved.

Based on the collected information. Shape memory materials are relatively promising in the
future. In addition to recovering the energy of automobile engines and exhaust gases, shape
memory alloy heat engines can also be used in automobile air-conditioning systems and the

recycling of automobile chassis components.

Automobile air-conditioning systems also generate a large amount of waste heat during
operation. Shape memory alloy heat engines can convert these waste heat into useful energy,
improve the energy efficiency of automobile air-conditioning systems, and reduce energy
consumption and emissions. The shape memory alloy heat engine can also be used in the
recycling of automobile chassis components. Automotive chassis components also generate
waste heat during driving, and shape memory alloy heat engines can convert these waste heat

into useful energy and improve the energy efficiency of chassis components.

5. Conclusion

The thesis investigates the application of shape memory materials in the automotive industry.
The thesis uses a triangulation research method consisting of scientific literature research,
commercial literature research and expert interviews. The article describes the ability of shape
memory materials to absorb kinetic energy and convert thermal energy into mechanical energy
through two applications of bumpers and shape memory alloy heat engines. In terms of
production manufacturing, the most common method additive manufacturing is introduced.
This research report discusses the development progress of shape memory alloy heat engines

in the field of sustainable by reviewing previous heat engine models and exploring the latest
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heat engine literature, presenting the opportunities and threats of this project in the process of
achieving sustainable development goals. It also evaluates the material selection advantages
and disadvantages of shape memory alloys in the automotive field through expert interviews.
Therefore, this thesis contributes to the research on the theoretical background and future
development trend of shape memory materials. It has practical significance to provide

reference for material selection in automobile manufacturing.
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Appendix 1 SMA and SMP comparison table
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