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Abstract

Shape-memory polymers, SMPs were prepared by the vulcanized natural
rubber swelling with fatty acid according to the elastomer/small molecular blend
SMP technique. Two types of elastomeric products were used as a stationary
phase, or what is also called hard segment, in the preparation of the shape memory
smart natural rubber, which are:

1- The commercial elastomeric product represented by the natural rubber band of
type Latex, which is denoted in this study with the symbol (Virgin RB).

2- The laboratory elastomer product, represented by the natural rubber of type
ribbed smoke sheet (RSS-5) that is laboratory vulcanized with different sulfur
ratios ranging between (0.75-2) phr, which is denoted as Virgin RSS. Two types
of natural and saturated fatty acids were used, which are Stearic acid and Palmitic
acid, with different weight percentages (wt% fatty acid) ranging between (3.8-
43.9%) accordion to a swelling time ranging of (5-180) min as a switching phase
or what called as soft segment.

For the characterization purpose of the one-way shape memory effect (1w-
SME) properties depending on the hot classical shape memory cycle, a set of tests
were conducted that enabled the verification of the shape memory behavior (SM-
behavior) to evaluate the effect of the vulcanized rubber impregnation with fatty
acid on its behavior as shape memory smart material, these tests are:
eThe quantified shape memory effect test: Used to calculate the shape memory
factors, practically, using the self-modified Vernier instrument and Thermal
elongation device (Designed, by me and manufactured in cooperation with
engineering industrial workshop). These shape memory factors are represented by
the Shape fixity ratio, R%, Shape recovery ratio, R,% and Shape memory index
SM-index.

eThe visual photography shape memory effect test, using video-image technique.



eSurface-shape memory test, using (Designed, by me and manufactured in
cooperation with engineering industrial workshop) surface-shape memory device.
e Differential Scanning Calorimeter (DSC).

e X-ray diffraction (XRD).

In addition Energy dispersive ray spectroscopy (EDS), Field emission
scanning electron microscopy (FE-SEM), Fourier transform infrared
spectrometry analysis (FT-IR) and cross-link density tests were performed. Also,
short-time quasi-static mechanical tests were conducted such as: Tensile strength,
surface hardness, and max crushing strength at room temperature. The results
have been discussed in detail.

This study showed that the ability of the vulcanized rubber impregnated
with fatty acid to temporary fix the applied strain is related to some special
phenomena that occur according to the hot thermo- mechanical cycle protocol,
such as thermal contraction, elastic retraction, and the permanent plastic strain
accumulation. Where these phenomena play a negative role in the process of
restricting the mechanically deformed shape during shape programming stage i.e
the shape memory effect (SME) property activation stage, in this cycle the real
retained applied strain value was (58.7%) instead of (70%) thus negatively affects
the retention of the stretching work energy where it decreases from 73.71 KJ/m3
to 61.65KJ/m3. Where this study has clarified the relation of the shape memory
performance with the elastic stretching work energy that is restricted from the
spontaneous reversal during the SME property activation stage of the shape
memory cycle (SMC).

In addition to the previously mentioned, the main factors affecting the
shape memory behavior (SM-behavior) were studied, which are: the fatty acid
weight percentage, the shape memory cycle number, the applied strain, the cross-

link density. It was found that SM-behavior is improved when the weight



percentage of the fatty acid in the vulcanized rubber mass increases, while SM-
behavior is weakened with the increasing of both (applied strain, shape memory
cycle number, and cross-link density). On the other side, there is the occurrence
of the wax blooming phenomenon during the shape memory cycle, SMC. The
data of this study also observe an increase in the original shape recovery speed
time during the recovery stage of the SMC with the increase in the thermal
stimulation temperature where the original shape recovery ratio, Ry, is reached to
99.7%. A slight difference was also noticed in the SM-behavior with the change
in the nature of the cooling and heating methods, but this change has a significant
impact on the time of the SMC.

Finally, the short-time quasi-static mechanical tests at room temperature,
are means of describing the variation in the mechanical properties of vulcanized
rubber before and after it is impregnated with fatty acid. In addition to that, by
using these conventional tests, the vulcanized rubber impregnated with fatty acid
do not show shape memory behavior in spite of its impregnation with the fatty
acid, where it behaves similar to a non-smart conventional vulcanized rubber by
not showing shape memory behavior; because in these devices there are no
exceptional conditions that help in conducting a shape memory cycle to activate
and deactivate the SME property, because this property is generally not inherent

in the SMP materials.



List of Symbols

No. | Symbols Description Unit
1- €0.61,E2.E3 Is the applied strain during the SMC programming %
stepO, stepl, step2, step3 sequential.
2- Sy Tensile stress. Pa
3- Ds Mass density of toluene solvent.
4- or Mass density of initial dry sample (before the glem?®
immersion).
5- g Ground acceleration. m/sec?
6- Lo Initial length. mm
7- M Applied mass. g
8- VR Volume fraction of the test sample in swollen state. %
9- A Molar of toluene solvent cm®/mol
10- Wy Weight of sample before immersion in solvent. g
11- Whpe Dissipation elastic strain energy.
12- | Whoen | The elastic strain energy is recoverable by thermal 5
stimulation. KJ/m
13- W, Internal stretching work.
14- | W,isic | Plastic dissipation energy.
15- W, Weight of sample after immersion in solvent. g
16- Wsp1 Spontaneous recoverable elastic strain energy.
Spontaneous recoverable elastic strain energy — | KJ/m?3
17- Wip2 reduced after the occurrence of thermal
contraction.
18- AHm Latent heat of melting. Jig
19- AL Amount of change length. mm
20- Ty Glass transition temperature. C°
21- Tm Melt transition temperature.




List of Abbreviations

No. Symbols Description
1- CBS N-cyclohex1-2-benzyhiazde Sulfenamide.
2- CIE Crystalline —induced elongation.
3- DSC Differential scanning calorimetry analysis.
4- EAP Electric — active polymers.
5- EDS Energy dispersive X-ray spectroscopy analysis.
6- F(N) Stretching force.
7- FCT Flat Crush Test.
8- FE-SEM Field emission electron microscopy.
0- FT-IR Fourier transform infrared spectrometry analysis.
10- MA Myristic acid.
11- PA Palmitic acid.
12- phr Partper hundred rubber.
13- RB Natural rubber band.
Virgin RB The commercial elastomer product.
14- RB/PA band | Rubber band/ Palmitic acid shape memory polymer.
SMP
15- | RB/SAband | Rubber band/ Stearic acid shape memory polymer.
SMP
16- RSS Ribbed smoke sheet.
Virgin RSS The laboratory elastomer product.
17- | RSS/SA band | Ribbed smoke sheet / Steaic acid blend shape memory
SMP polymer.
18- S Sulfur.
19- SA Steaic acid.
20- SIC Strain — induced crystals.
21- SMAs Shape memory alloys.
22- SMCs Shape memory ceramics
23- SMG Shape memory gel.
24- SMMs Shape memory materials.
25- SMH Shape memory hybrid.,
26- 1Virgin RSS | Labrotary elastomer product at (S=0.75phr).
27- | 2Virgin RSS | Labrotary elastomer product at (S=1phr).
28- | 3Virgin RSS | Labrotary elastomer product at (S=1.25phr).
29- | 4Virgin RSS | Labrotary elastomer product at (S=1.5phr).
30- | 5Virgin RSS | Labrotary elastomer product at (S=2phr).
31- X Flory- Huggins polymer- solvent interaction term.
32- XRD X-ray diffraction analysis.




No. Symbols Description
33- Zn0O Zinc Oxide.
34- CPU Central Processing Unit
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List of Acronyms and Shape memory polymer Terminology

Acronyms and

No. Terminology Meaning

1- SMPs Shape-memory polymers: That can change their
shape in response to multiple external stimuli.

2- Hard segment Stationary phase (Net points).

3- SME Shape-memory effect property: That refers to the
ability of material to memories its shape.

One — Way shape memory effect: That can

4- 1W- SME change between temporary and original shape
many times with the need for more reshaping.

5- SM-behavior Shape memory behavior.

Shape memory index, mechanically deformed

6- | SM-index, R% and | shape fixity ratio and permanent original shape

R% recovery ratio respectively: Parameters for
evaluating shape memory performance.

7- Surface —Shape A test for evaluation the shape memory of the

memory test surface of the material.

8- Programming stage | The shape memory effect property activation
stage: It is the stage in which the fixed temporary
shape is formed.

The shape memory effect property deactivation

0- Recovery stage stage: It is the stage makes the materials recovery
its original shape.

10- SMC Shape memory cycle: It is the cycle in which the
shape memory effect property is activated and
deactivated.

11- SM- cycle Shape memory cycle.

Two —Way shape memory effect property: That

12- 2W-SME refers to that materials can change between
temporary and original shape many times
without shape need for more reshaping.

13- SRM Stimulus — responsive materials.

14- SCM Shape change material.

Multiple-way shape memory effect: That refers

15- Multiple - SME to the ability of materials that exhibit two or
more temporary shapes as well as the original
shape.

16- Temporary fixity The shape of the material is mechanically

shape

deformed after programming stage.

Vii




Acronyms and

No. Terminology Meaning

17- Fixity shape The shape of original material before SMC.,

18- Original shape Fixity shape.

19- Recovery shape The shape material after recovery stage.

20- Soft segment Switching phase.

21- SCPs Shape changing polymers.

22- | Programmability It is a term referring to an procedure by the

applied of an external stress or force during
programming stage.

Thermal transition temperature; Is the inherent

23- Tirans (°C) temp. Of SMP that permits shape change from
the original to temporary shape. This may T4 or
Th.

24- de (Mmm) Fixed deformation.

25- dmax (MmM) Maximum deformation.

26- dr (mm) Deformation recovered in a certain cycle .

27- &u (%) Fixed strain after end programming stage.

28- &p (%) Recovery strain after end recovery stage

29- em (%) Maximum strain during loading.
Shape memory cycle time: Refers to the whole

30- Tsm (S€C) necessary time for SMPs temporary shape
programming to permanent shape.

31- SM- polymer Shape memory polymer.

32- SMNR Shape memory natural rubber.

33- SM- parameters Shape memory parameters

Dual shape memory | It is the test of ability of material to change its

34- testing original shape to the temporary fixity shape and
then return back to its original shape during
SMC.

35- | Thermo-mechanical | Shape memory cycle type of Hot-Classical.

cycle
36- Target shape Fixity temporary shape,
Step0, Stepl, Step2, | Steps of Hot-Classical SMC, where step0, step1,

37- | Step3, Step4, Step5 | step2 and step3 during programming stage,
while step4 and step5 during recovery stage.

38- N Is the shape memory cycle number
(N=0,1,2,3...ect.)

39- SM- recovery Shape memory recovery stretching strain.

stretching strain

viii




Acronyms and

No. Terminology Meaning

40- | SM-temperature (°C) | Shape memory temperature: Is the transition
temperature.

41- Wax blooming The amount of fatly acid that is expelled from the

phenomena body of SMP sample during SMC.

42- W1t% difference It is weight percent difference.

43- Wi, and Wt, Correspond to the sample's initial and nth cycle
weight respectively.

Macroscopically The macroscopically demonstration of shape
44- | demonstration of SME | memory effect property by digital imaging or
property video.
45- Shape Change Molecular structure size / volume change.

Material (SCM)
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Chapter One Introduction

1-1 Introduction

Speaking of the scientific progress and development witnessed by the
countries of the world must lead the memory of scientists and engineers to the
strenuous efforts that enabled them to overcome the restrictions that were imposed
on the concepts and transforming the design into an applied construction that
actually exists, especially in the framework of the process and production by
focusing on the relation between science and technology. So that, scientists and
engineers are not only obliged with implementing the correct solutions to
problems, but also with creating radical transformations in the tools and
engineering materials resulting from the outputs of human thought represented in
innovation and technological creativity that touches all the aspects of the
engineering materials science. So, the civilized creativity in materials science
throughout history, has led to name the ages by the materials names, such as the
stone age, bronze age, and iron age, etc. Where the relationship of materials
science and ages was built with the availability of materials in that age [1,2].
Whereas in the stone age, the materials science associated with the materials
available in the nature, such as stone, wood, bones, and else of materials used by
the ancient man in his daily life. Although, with the approach of the stone age to
the end, the materials science history began to develop and modernize itself
successively by using gold, silver, copper, and bronze in the daily life mainly;
thus entering materials science in the bronze age, and then the iron age by moving
to new, advanced and renewable events that occurred with the development of
furnaces whose temperature reaches more than 1200°C, which helped a lot in the
work of many of metal alloys [2].

In general, all this development led to a real scientific rising in materials
science by moving from conventional materials to advanced materials. Examples
of that, what have been seen of electronic materials, metallic superconducting

materials, modern materials (as ceramics, advanced ceramics, and
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superconducting ceramics), semiconductors, polymers, and biodegradable
polymeric materials [2].

Due to the entry of oil into industry, the speed of polymeric activity has
increased after the setting up of many petrochemical plants in the world. In
addition, materials science entered the nanotechnology age, theoretically and
practically.

With the activity of studies in the field of internal composition that are
related to the properties required in the applications of engineering, industry,
agriculture, sport, and in other life fields according to the methodology shown in
Figure (1-1), it was possible to obtain new and renewable materials that have

exceptional required properties, reaching the smart materials [3,4].

Structure

Characterization

Properties

Processing

Performance

Figure (1-1): Tetrahedron Shape of Materials Science, The Four Component of

Discipline of Material Science and Engineering and Their Interrelationship [3,4].

Reaching the shape memory smart materials, where the smart planes, smart
textiles, smart homes, and other smart industries refer to the change of the
vocabulary of the material world with the emergence of smart materials science,
especially based on shape memory polymers. Whereas the past decades have
witnessed a tremendous growth in interest in this type of smart materials since the
publication of the first scientific articles in the early nineties on these smart

polymers. According to one of the statistics carried out by the scientific containers
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in Scopus, approximately 6500 scientific articles were published between 1992-
2014, which included 6000 scientific work and 500 reviews, as shown in Figure
(1-2). Note that publications on this topic are continuous until now (2022) and

have not stopped at the limits of the statistics mentioned in Figure (1-2) [5-9].

[ Smart polymers |
1995 2000 2005 2010 20

1990

:

ERRN

:

Number of publication on "smart polymers"

L=3
L

15

¥ear of publication

Figure (1-2): The Increment of The Scientific Publications Numbers Growth Regarding
The Topic of Shape Memory Smart Polymeric Materials in Between 1992 to 2014 [5].

It is worth noting in this field that the scientific references agree that the
science of polymeric smart materials is divided into four main categories:

hydrogels, shape memory, self-healing, and smart- packaging, as shown in Figure

(1-3) [5].

Figure (1-3): The Different Classes of Smart Polymeric Materials and The Percentage of

Publications of These Classes According to The Scientific Container of Publication in
Scopus [5].
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Where these four classes of smart polymeric materials have led humanity
to countless pioneering inventions and rapid technological development in the
twenty-first century. It is expected globally that this technological growth within
the next fifty years will be 4 million times greater than the emergence of this
thought [5,6].

| am proud, as an Iragi woman, to dive into the depths of this choppy sea
with its scientific theories and waves, and here | am presenting to you an Iragi
doctor’s thesis related to the topic of shape memory smart polymer materials, |
hope that | will succeed in this effort, the success is only from God.

1-2 Aims of the Study

Preparation and characterization of polymeric materials with shape
memory properties suitable for industrial applications and in the engineering of
medical equipment used in the field of cancer diseases.

1-3 Strategy of the Study

The work included finding the latest and best ways to manufacture or
prepare smart polymeric materials of type (shape-memory), then executing the
flowchart of the operations mentioned in chapter three, by conducting the
measurements and tests mentioned in the diagram in Figure (3-1), taking into
account that the basis of the work is to activate and deactivate the shape-memory
effect SME property, which is according to the protocol of the hot classical shape
memory cycle. The study also included studying the factors affecting the process
of activating and deactivating the SME property, as well as studying the relation
of the shape-memory cycle (SMC) time with the methods of activation and
deactivation of the SME property.

Note that this study is being conducted for the first time in the country, as

far as we know.
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Chapter Two Theoretical part and Literature Survey

2-1 Introduction

This chapter begins with an introduction about the advanced and traditional
materials classification systems reaching to smart materials, which have been
classified and their properties explained. After that, the highlight was on the shape
memory polymers, SMPs, in particular, to understand what this science discusses
with the term ‘“shape memory” and what are the unique applications offered by
SMPs that cannot be obtained from traditional polymers.
2-2 Traditional Materials Classification Systems

Solid materials have been conveniently grouped into basic classifications
[2,3,41and43]:-
2-2-1 Metals

This materials group is consisted of single or more of the following
elements: Gold, aluminum, nickel, copper, iron, and titanium, in addition to
relative small amounts of the elements that are often existed such as: oxygen,
nitrogen, and carbon which are non-metallic [2,3 and 41].
2-2-2 Ceramics

They are compounds falling in between nonmetallic and metallic materials;
mostly carbides, nitrides, and oxides. Widespread ceramics are represented by
silica (silicon dioxide, SiO,), alumina (aluminum oxide, Al,Os3), SisN4 (silicon
nitride), and SiC (silicon carbide), in addition to minerals of clay (porcelain),
glass, cement, etc. which are indicated as traditional ceramics [3,41and43].
2-2-3 Polymers

Polymers are represented by rubber and common plastic materials. Most
polymers are in fact organic compounds, their chemical composition mainly
consist of hydrogen, carbon, and other elements such as (N, Si, and O).

Furthermore, they have very large molecular structures, often chain-like in nature
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that have a backbone of carbon atoms. Some of the common and familiar
polymers are thermoplastic, thermoset and elastomer [3].
2-2-4 Composites

Composite is a material that consists of two or more of the material classes
mentioned in the above sections which are ceramics, metals, and polymers. The
composite design purpose is to reach a properties collection that is not offered by
the single material alone, as well as to combine the best features of each individual
component. Composite types that are existed in big number have different
combinations of the material classes, ceramics, metals, and polymers. Fiberglass
is considered as one of the most widespread and known composites. It is obtained
by embedding small size of glass fibers in polymer (usually polyester or epoxy)
[41,42].
2-3Classification Systems for Advanced Materials

Advanced materials are the materials that used in the applications of high-
tech. They are generally traditional materials, their properties are improved and
recently developed giving materials of high-performance. Moreover, advanced
materials may be metals, polymers, or ceramics, and are typically expensive. They
also include biomaterials, semiconductors, and what is known as “the future
material”, which is smart and nano-engineered materials, which will be discussed
below [2,3 and 41].
2-3-1 Semiconductors

The electrical characteristics of semiconductors fall in between the
electrically conductor materials such as metals and metal alloys, and electrically
insulator materials such as ceramics and polymers. Moreover, semiconductors
electrical properties are sensitive to the impurity atoms at minute-concentrations,
that very tiny spatial areas can be employed to control these concentrations.

Integrated circuits advent was mainly because of semiconductors, which have
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completely made a revolution in electronics, computer industries, and human lives
through the last three decades [2,3 and 41].
2-3-2 Biomaterials

When a part of human body is completely harmed, here comes biomaterials
that are included in the fabricated component which will be implanted replacing
the body damaged part. Toxic substances should not be produced by the
biodegradable material, also it should be body tissue-friendly; i.e. should not
cause negative effect on the biological system of the body. Biomaterials could be

polymers, metals, composites, semiconductors, or ceramics [2,3 and 41].
2-3-3 Materials of Future

2-3-3-1 Nano-engineered Materials

Until recent years, scientists use a certain procedure to comprehend
materials physics and chemistry, that procedure includes complex and large
structures studying, then investigated about smaller and simpler structures main
building blocks. This way at times named “top-down science”, although, with
appearing ‘“‘scanning probe microscopes”, that allowed examining atoms and
molecules individually, it has become potential to control and transfer them to
compose novel structures. So it became possible to employ simple atomic-level
components for designing new materials, meaning “materials by design”. New
magnetic, mechanical, electrical, and other characteristics became possible to
develop due to this capability of careful atoms arrangement, else, they are not
likely to be obtained. This approach is called “bottom-up”’; also, these materials
properties study is named “nanotechnology”. The prefix “Nano” indicates that
these structural entities dimensions are on nanometer order (i.e. equal t010° m)
like a rule, (<100nm) which nearly equals to the diameters of 500 atoms. Carbon

nanotube is an example of this material type[3,4 and 43].
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2-3-3-2 Smart Materials

Smart materials (or sometimes named “intelligent”), are a collection of new

and modern materials that are being evolved for now and will have an important
impact on a large number of technologies. The “smart” adjective means that these
materials can sense the environment changes surrounding them, then react to these
changes in pre-determined behaviors-traits which can be seen in living organisms.
Moreover, the concept “smart”, is being expanded to include advanced systems
that composed of materials that are smart and traditional. Smart system (or
material) components comprise some sensor type which work on detecting input
signal, also an actuator that has the function of responsively and adaptation.
Actuators are named according to the change type as shape, mechanical
characteristics, natural frequency, or position change in response to the change in
magnetic fields, electric fields, and/or temperature [3,4 and 43].
2-4 Types of Smart Materials

Smart materials can be generally classified into two types relying on their
functional properties as follows [4,5 and 6]:
2-4-1Energy-Exchanging Smart Materials

These materials are also called actively smart materials, as these materials
have the ability to modify their engineering properties when applying electrical,
thermal or magnetic fields; so these materials acquire the ability to convert energy
from one form to another. According to that, these smart materials work to convert
the energy from one form to another, there are two types of it:
- Irreversible Energy-exchange smart materials.

- Reversible Energy-exchange smart materials.
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2-4-2 Property-Changing Smart Materials

This type of smart materials is called “passively smart materials”. They are
inactive, despite they are smart materials, which lack the potential ability to
transfer energy. These materials change their chemical, mechanical, optical,
electrical, magnetic, thermal, and other properties in response to the changing
environmental conditions without the need for external control. Figure (2-1)

shows the types of smart materials according to the nature of the response.

Type of smart material

l
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Figure (2-1): Type of Smart Materials According The Nature of Response [4,5 and 6].



Chapter Two Theoretical part and Literature Survey

2-5 Properties of Smart Materials
2-5-1 Bionicity

Smart materials, which want to give the original traditional materials
human characteristics, are above all characterized by their bionic nature. The basic
characteristics of its materials are also based on the adaptive systems created by
bionics. Human beings will create and improve intelligent materials based on the
laws that have been generalized to biological systems [43].

2-5-2 Sensor Ability

The sensing function is the function of accepting signals from the outside
world. In the field of civil engineering, it is possible to establish spatial monitoring
of the entire structure. Although smart materials do not have a central system
inside them like a conventional CPU, the molecular properties inside them. The
recognition of changes in the environment allows this function to be achieved
[43].

2-5-3 Adaptability

The most important functional feature we need to introduce smart materials
into the civil engineering sector is the ability to adapt. In detail. This means that
self-diagnosis and identification can take place during the restoration process.
Although the materials do not speak, they can communicate with humans by using
special signals that inform the user of their current state [43].

2-6 Shape Memory Materials (SMMs)

Shape memory materials are those type of materials which are able to
memorize or retain an obvious (lasting) shape, which can be controlled, stabilized
or fixed to a brief and torpid shape under stress and temperature specific states.
Then they can return to the initial state, stress free condition under electrical,
thermal, or environmental order. This recovery is correlated with the elastic

deformation prior to manipulation.

10
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SMMs have stirred unusual attention from scientists and researchers due to
their ability to be in two shapes at several circumstances. This property gives
SMMs a great potential for plenty of applications as media recorders, sensors,
smart devices, and actuators [44].

There are different types of advanced and untraditional SMMs such as the
following as illustrated in Figure (2-2) [44,45]: -

- Shape memory alloys (SMAS).
- Shape memory polymers (SMPs).

- Shape memory ceramics (SMCs).

Stimulus-responsive materials (SRM)
Change in physical properties
¥
Change in shape
Shape change material (SCM) Shape memory material (SMM)
Shape memory Shape memory Shape memory Shape memory Shape memory
alloy polymer(SMP) hybrid (SMH) ceramic (SMC) gel (SMG)
‘ | /
Shape memory composites

Figure (2-2) A Schematic of Tree of Shape Memory Materials (SMMs)[44,45].

2-6-1 Shape-Memory Alloys (SMAS)

SMAs are a group of metal compounds that experience a shape change in
accordance to mechanical or thermal stimuli which are able to be preprogrammed
in the material. This is attributed to the two crystallographic phases that this

material can be transformed through the transformation (martensitic thermo-
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elastic), these phases are “martensite” and ‘“austenite”. That transformation is
affected by three parameters; temperature, strain, and stress. The phase
“martensite” is easily deformed, and when the stress is absent, martensite is stable
at low temperatures. It experiences a change in shape with increasing stress or
temperature. Multi variant crystal structure is induced with higher temperatures
named “twinned martensite”, while single variant crystal structure is induced at
higher stress named“‘detwinned martensite” [46].

2-6-2 Shape-Memory Polymers (SMPs)

SMPs are materials collection that can change their shape in response to
multiple external stimuli e.g., light, solvent vapors, laser heating, heat, leg
pressure, moisture, solvents, pH, microwaves, and electricity [46].

2-6-3 Shape-memory ceramics (SMCs)

Ceramic ZrO; can undergo a transformation from tetragonal to monoclinic
structure, such as the thermal transfer of martensite through the application of
stresses, this is called “martensitic ceramics” [3].

2-7 Shape Memory Polymers and Shape Memory Alloys

Advantages and Disadvantages Comparison
The comparison of SMPs and SMAs properties shown in Table (2-1) refers

to the great number of advantages/disadvantages of these shape memory materials

classes [45].
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Table (2-1): Properties of Shape Memory Polymers and Shape Memory Alloys [45].

Shape Memory

Material Property Polymers

Shape-Memory Alloys

Density/g cm™ 1 6-7
Extent of deformation (%) 50-600 6
Stress required for deformation (MPa) 1-3 50-200
Stress generated during recovery (MPa) 1-3 150-300
Corrosion performance Excellent Excellent
shaping easy difficult
At low temperature rigid soft
At high temperature soft hard
Heat conductivity Low High
Can be biocompatible Some are biocompatible
Biocompatibility and biodegradability and/or biodegradable (i.e. Nitinol), not
biodegradable

High temperature (>1000

. ... °C
Processing conditions <200 °C, low pressure : )
and high pressure
required
cost Low high

It can be simply seen that the SMA deformation extent (%) is much lower
than that for SMP. Moreover, SMPs are superior to SMAs in many points as ,
SMAs are heavier, have shaping difficulty, costly, and need higher fabrication
temperatures. According to many SMAs disadvantages and limitations, a chance
is given to develop other materials specially SMPs materials [45].
2-8 Shape-Memory Effect (SME) Property

The shape memory effect (SME) property refers to the ability of some
materials to remember a specific shape on demand, even after very severe
deformations [12]; or it is a property that refers to the ability of the material to
change its shape under a variety of external stimuli [47]. Also, this property refers
to the ability of the material to memories its shape [48], it also means the ability
of the material to trap the deformation mechanical energy or back stress in the
fixed temporary shape and then release it through morphology changes or changes
in the molecular relaxation rate. This property is sometimes known as a

phenomenon that expresses a reversible process that allows to store and recover
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the deformation mechanical energy during the shape change cycle which is called
“shape memory cycle”, SMC.

On the other hand, (SME) property refers to the material ability to change
its properties by changing its shape as a behavior response for undergoing heat
effects or stimuli; usually these shape changes are reversible [1]. Moreover, SME
property indicates the capability of some materials to store a prescribed shape
indefinitely and recover it by the specific external triggers such as heat [49].

The SME property expresses the possession of some materials a memory
that memorize their permanent original shape [1], it is established that this term
refers to the recovery of the original shape or size of the material as a result of
heating above a distinct and specific temperature [50]. From what was mentioned,
It can be said that the definitions may differ, but the effect has the same result, as
shown in Figure (2-3) [51]. This property arises due to morphology and
processing conditions, so it is considered an intrinsic property in shape memory

materials with all their types [46,50].

Figure (2-3): Photographs of The Polymeric Material Showing Shape Memory Effect
[51].

For example, the shape memory behavior of SMPs derives from a
association of their deformation history and molecular architecture. Where
molecular architecture rely on the polymerization process and composition, that
is hard to change at the moment of polymerization process completion, while the

deformation history can be practically changed by external forces, which is
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termed as "training” or “programming”. Under that fact, shape memory is an
engineered system characteristic and it is not an intrinsic property in the material.

Shape memory polymers should be trained, educated, or programmed for
the SME property demonstration. This is unique for shape memory polymers
since traditional polymers as indicated by their name cannot experience physical
or mechanical changing without polymer damaging. Therefore, programming
provides a solution for engineers, rather than chemists, to change the behavior of
polymers at will [1]. Meaning that polymers do not display this effect by
themselves [52]. The shape memory effect (SME) is a special mechanical

phenomenon usually described by the shape memory cycle (SMC)[53].
2-9 Mechanism of the Shape-Memory Effect (SME) in SMPs and

SMAs

In SMAs, shape memory effect depends on the phase transition between
the crystalline phases marten site and austenite, see Figure (2-4). While with
SMPs, the polymeric chains rearrangement is the responsible for SME property.
On the other hand, the changes in shape memory effect of polymers are attributed
to the mechanical properties change above and below “temperature of thermal
transition”. Here, polymers SME has the most concern, specially elastomers. SME
property within elastomers is usually joined with other effects, which increase

their applications [50].

15



Chapter Two Theoretical part and Literature Survey
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Figure (2-4): (A) Crystalline Structure Changing During SME of Alloys, (B) Mechanism
of SME of Polymers [50].

2-10 Types of Shape Memory Effect (SME) in SMPs
2-10-1 One-way Shape Memory Effect (1W-SME)

The shape reversibility is lost in SMP materials, i.e. when the original shape
Is recovered, in order for the temporary shape to be induced, second step is
needed.

2-10-2 Two-Way Shape Memory Effect (2W-SME)

They are materials that can change between temporary and original shape
many times without the need for more reshaping. They may also be named
“reversible SME”. Regarding the polymers having SME property, they are termed
“reversible SMPs”.

2-10-3 Multiple-Way Shape Memory Effect (Multiple-SME)

They are materials that exhibit two or more temporary shapes as well as the
original shape. Transformation from one temporary shape to the other is permitted
by applying external stimulus, more stimulation allows the material to be back on
the original shape [45,54].

The SMPs various shape memory effects, are presented in Figure (2-5)
[54].
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Figure (2-5): Various Shape-Memory Effect (SME) of SMPs, (a) (1W-SME), (b) (2W-
SME) and (c) Multiple-SME [54].

2-11 Activation and Deactivation of SME Property During the
Shape Memory Cycle (SMC)

The complete process is known to demonstrate the shape memory effect
(SME) property by the shape memory cycle, SMC [45,55], where this type of
cycles includes two stages, as shown in Figure (2-6):

- Programming stage: It is a process in which the SME property activation is done
under different external conditions by allowing the material to be mechanically
deformed and fixing that deformation temporarily, where after the end of the
programming stage this temporary fixed mechanical deformation is called the
programmed shape.

- Recovery stage: A process in which SME property is deactivated when restoring
the original external conditions by allowing the temporary fixed shape material to
return to its permanent original shape [1,45,52,55 and 56].
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Programming stage Recovery stage
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Figure (2-6): Shape Memory Technique Includes Two Stages Understood as

Programming and Recovery Stages [51].

In general, there are classifications of the shape memory cycle according to
the SME property activation method, which are [1,45,52 and 55]:-

First: Shape memory cycle with cold-programming (SMC-cold programming). In
this cycle, the SME property is activated based on stress relaxation.

Second: The classical shape memory cycle with hot-programming, also called
“thermo-mechanical cycle”. In this cycle, the SME property is activated based on
thermal induction, which is one of the most popular types of cycles used in shape
memory elastomer materials [1].

The recover stage may occur in any of these cycles by four methods in order
for SMP to recover its original shape, these methods are [55]: -
- Direct or indirect thermal activation.

- Solvents.
- Light (Frequency).
- Mechanically driven.

Thermal activation, whether direct or indirect, is considered as one of the
most widely used methods for deactivating SME property during the shape
memory cycle.

Finally, in this chapter, the focus will be on the importance of the thermo-
mechanical shape memory cycle, for the features achieved by this cycle,
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represented by the possibility of fixing a wide range of mechanical deformations
during the programming stage.
2-12 Thermo-mechanical Cycle

The SMP usual thermo-mechanical cycle is conducted through the
procedure shown below, as illustrated in Figure (2-7):-
- Fabrication of SMP into an original shape.
- Thermal transition temperature (Tans) IS determined, the sample is heated above
the transition temperature, with no applied stress.
-Next to the programming time, the sample is stressed until it deformed, at this
moment the shape memory effect must be studied (em).
-Applying stress is continued till cooling down the sample temperature below the
transition temperature, fixing the temporary shape, then removing the applied
stress. The material ability for fixing the temporary shape can be determined in
this step.
-lastly, reheating the polymer above Tyans for the initial shape recovery, then
determining the material ability for the original shape recovery.

This procedure should be cyclically repeated [45,51].

Appling Force Energy stored Outputing Force
Heating _,' I Coollngl ' Heatin Q_I I—t

Original shape T>T,,,s Pre-deformed shape T>T,.., Recovered shape
T<Tirans T<Terans (= Original shape)

Figure (2-7): SME Schematic Diagram During a Typical Thermo-Mechanical Cycle [45].
2-13Net-Points and Switching Phase in SMP

The difference between shape memory polymers, SMPs classified in Figure
(2-1) and shape changing polymers is what it called “programmability”. Shape

changing polymers, SCPs are a class of smart polymers whose their shape change
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iIs limited to their size change as shown in Figure (2-8) by instant and spontaneous
way in response to the external stimuli.

While shape memory polymers (SMPs) are characterized by a procedure

by which external stress or force is applied during the programming stage of the
shape memory cycle, in which the shape shifting pathway is defined. That
procedure, which is called programmability, primarily is not related to how the
shape memory polymer fabricated or prepared.
Shape memory polymers fall within this distinct class of SCPs, where after the
fabrication step, they can be programmed to set the temporary fixation step for
the subsequent recovery of the original shape using stimulation (typically
heating).

As it is clear, all of the fixation and recovery processes include two main
shapes, which are temporary and permanent shapes, all of this is indicated by the
phenomenon termed as dual shape memory effect symbolizing for the most usual

-known shape memory polymers [57].

Programmab'e Non'PrOgrammable

a.One way shape memory polymers c. Hydrogels

b. Two way shape memory polymers

l e
! ¥ 7 %

ik,
NN PN

Figure (2-8): Classification of Shape Changing Polymers [57].
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For obtaining shape memory effect, the polymer material must have at least
two various phases, which are [13]:-
2-13-1 Net-Points

Hard phase (segment), otherwise known as “net points”, it retains the shape
memory article permanent shape. At the soft segment transition temperature, this
hard phase (segment) does not soften or melt. These net points might be
entanglements or local structures characterized by cross-linking and rigidity, they
do not disentangle at the temperature of recovery.
2-13-2 Switching Phase

Soft phase (segment), also known as “switch units”. During heating, they

softened and have the role of a switch for remembering the article original

permanent shape, as shown in Figure (2-9).

Recovery (Heating)

A& T

Temporary

Permanent
shape

shape

- F

Programming (Heating, temporary
shape fixing, and cooling)

Glzfs.s Melting Physical Chemical
transition transition cross-linking cross-linking

R
ARTE - Lo

Figure (2-9): Schematic Diagram Switching Units and Net Points in a Thermally
Induced SMP [58].
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2-14 SMP Characteristic Parameters During SM-Cycle

The shape memory polymer ability is quantified by using two basic

parameters which are the “shape fixity ratio” otherwise known as strain fixity
ratio,(Ry) and shape recovery ratio, also known as “Strain recovery ratio, (R;)”,
[51,53,59-62].
2-14-1Shape Fixity Ratio

Shape fixity ratio refer to SMP ability for fixing the strain transmitted into
the sample through the step of deformation after succeeding cooling and

unloading. Shape fixity ratio, R; expression is given by [51,53,59-62]:-

. Fixed deformation, d
Shape fixity rate,R; = : : ...(2.1)
Maximum deformatian, d

2-14-2 Shape recovery ratio

Shape recovery ratio refers to SMP ability for recovering the accumulated
strain through the step of deformation after succeeding cooling and unloading
when reheating thermal transition temperature (Tians). It can be defined by two:-
- First way is expressed as [45,50,60 and 62]:-

Deformatian recovered inacertaincycle, d,
Shaperecovery rate,R. = . _ x100% ....(2.2)
Maximum deformatia, d

- The second way is expressed as [45,59 and 60]:-

Deformatian recovered inacertaincycle, d,
Shaperecovery rate,R. = : i ....(2.3)
Fixed deformatian, d

Rr and R, ratios are generally linked with the mechanical deformation and
recovery ability of the original shape, they can also be calculated utilizing the
following equation [50,61]:-

(en—¢,) &, —&,

R, (%) = 2% %100, R (%)= 100 Or R, (%) =

m m u

x100....(2.4)
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Where:-
em -Maximum strain during loading; ,: Fixed strain after cooling and removal of
load; &, = Recovered strain after sample reheating.

The parameters Rsand R, will be mentioned as shape memory cycle steps
in chapter (3).

Also, there are main parameters must be counted in the characterization of
SMPs, which are[51,59].

2-14-3 Recovery Time

The shape-recovery speed was expressed by the time when SMP reached
the maximum recovery ratio.

2-14-4 Shape Memory Cycle Time (tsm)

Refers to the whole necessary time for SMPs temporary shape
programming to its permanent shape. It is significant for choosing shape memory
polymers for certain applications needs. Shape memory cycle time, tsm, relies on
the material geometry, characteristics, and experimental circumstances; so that, it
must always be reported in the presence of these parameters for suitable selection.
2-14-5 Shape Memory Index

Shape memory effect (SME) can be assessed by the shape memory index
(SMI or SM-index), which is a combination of two parameters calculated above
and attained by the following equation[61]:-

SM-index =(R¢x Ry) x100% ....(2.5)

2-15 Structural Categorization of SMPs

More than twenty type of SMPs have been fabricated and researched
widely in the last years. SMPs will be classified according to structure as shown
in Figure (2-10) [33,45 and 50].
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SMPs

Thermosetting SMPs (chemically
cross-linked SMPs)

k.

Shape memory materials of

Thermoplastic SMPs
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Figure (2-10): Schematic Diagram of Structural Categorization of Shape Memory
Polymers (SMPs) [33, 45 and 50].

2-15-1 Thermoplastic Shape Memory Polymers

Thermoplastic shape memory polymers comprise of two separated
domains. The first domains are termed as “hard domains” which are linked with
the highest temperature of thermal transition. They work as physical net points.
In addition, the second domains are termed as “switching segments” which are
linked to relatively lower temperatures of thermal transition. They function as
molecular switches. Thermoplastics could by more categorized as branched,
linear, or complex polymers [45].
2-15-2 Thermosetting Shape Memory Polymers

They are networks that are cross-linked covalently which have structures
that are chemically interconnected. These structures determine the shape memory
polymers original macroscopic shape. The chemically cross-linked shape memory
polymers switching segments are mainly network chains between the net-points.
The shape memory switch here is represented by the polymer segment thermal

transition.
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The two mostly used thermosets as SMPs are [45]: -
2-15-2-1 Thermosetting Styrene-Based Shape Memory Polymer
The SME property is exhibited by the cross-linked structure in the styrene-
based SMP. The co-monomers wide availability and the many ways for styrene
polymerization have made these important features reachable. Polymerization of
styrene could be done through many of methods as free controlled radical,
anionic, or cationic polymerization methods. Tunable glass transition temperature
(Tg), good SME, and mechanical properties are shown by the styrene-based SMPs
when controlling the polymer backbones and cross-link densities. Moreover,
styrene based materials exhibit superior shape fixity and recovery ratios, and
exhibit good programming characteristics through plenty of shape recovery

cycles.

2-15-2-2 Thermosetting Epoxy Shape Memory Polymer (SM-
Polymer)

Particularly, it is a thermosetting resin of high performance which has a
special thermo-mechanical characteristic along with SME. For shape memory
epoxies, “Ty” is the temperature of transformation. Epoxies performance is
affected by molecular mobility, cross-link density, and high-chain flexibility. The
determination of the epoxies permanent shape is done by the cross-links made
throughout the cycle of curing, while their temporary shape is formed as a result
of the mechanical deformation applied at T4 on the curing samples. Epoxy shows
elasticity at temperature beyond T4. The conformational changes are allowed to
occur because more of mobile polymer chains preserves minimum internal energy
and maximum entropy. The fixation of these conformational changes can be done
with the subsequent cooling which gives the temporary shape that can be

recovered by heating it over again.
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2-15-3Shape Memory Materials of Rubbers

The term “rubber materials”, or what are sometimes called “polydiene
elastomers”, refers to a group of polymers that exhibit an elastic behavior, where
these materials quickly return to their initial dimensions and original shape after
the stress is removed. These materials are processed in two stages, in the first
stage called “primary processing”, from which a suitable and marketable raw
material is obtained, while in the second stage, the raw material is converted into
a final product by the process of vulcanization that links the chains of these
materials together with three-dimensional bonds called “cross-link”.

Polydiene elastomers can be divided into two types [63-65]:
e The first: natural Rubber (NR)

It is a hydrocarbon polymer (isoprene) polyisoprene with a chemical
formula (CH,CCH3;CH=CH,), flexible, extracted from the sap of some plants
called (Hevea brasiliensis). Where raw natural rubber is classified into several
types differ from each other by the drying method, percentage of rubber, and
color. The most important of these types are:-

- Preserved and concentrated latex.
- Ribbed smoked sheet.

- Pale latex crepe and sole crepe.

- Field coagulum crepe.
-Technically specified rubber.

e The second: Synthetic Rubber

It is obtained by controlling the polymerization process of certain
chemicals. There are different types of synthetic rubber, each of which differs
from the other according to the different primary chemicals used and which are
being polymerized. The most important types of synthetic rubber are the

following: -
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- Synthetic cis- polyisoprene (PI).
- Styrene-butadiene rubber (SBR).
- Silicone rubber.

- Polyurethane rubber.

In general, the superiority of rubber in many characteristics, the most
important of which is that it possesses high flexibility, adhesion, and resistance to
tensile stresses, made it an attractive material by entering the manufacture of
shape memory smart polymeric materials, by reducing cross-link density or by

swelling it with fatty acids or wax [26,27and 33].
2-15-3-1Lightly Cross-Linked Shape Memory Natural Rubber

(SMNR)

Lightly cross-linked SMNR networks possess a cross-linking density less
than 0.4%. After releasing the force of stretching, the crystals still present, where
they stabilize the network in the very stretched state, reaching 1000% at room
temperature. This network recovery could be triggered by heating the network
beyond its melting temperature, which is termed as the “trigger temperature”.
SMNR trigger temperature can be adjusted in between (20-50)°C. This material
is quickly elongated and stays on this shape, without recovering its original shape.
A small heat is enough for it to recover its original shape, as the heat of the bodly.
So that, lightly cross-linked NR are programmable under its trigger temperature,
also, semi-crystalline polymer stretching gives incomplete recoverability.NR
cross-liking inbetween heat and thermoplastics permits crystal formation under
strain that can tolerate the network at high elongation temperature. SMNR tepical
formulation is listed in Table (2-2) [14,50].

Table (2-2): Constituents to be Counted When Producing SME Natural Rubber [50].

Components Phr
Natural rubber 100
Sulphur 0.2

ZnO 0.15

Zinc diethyldithiocarbamate 0.15
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2-15-3-2 Elastomer/Small Molecule Blend SMPs

Conventionally, shape memory polymers are synthesized by chemical or

physical cross-linking. These processes incorporate the permanent and reversible
networks directly into a single polymer with a wide range of choices of different
network formers. However, there is also an alternative method to synthesize shape
memory polymers by blending an elastomer and small molecule additive together,
a shape memory blend can be acquired. The elastomer will serve as permanent
network and small molecule additive will serve as temporary network.

The elastomer-small -molecule blend synthesis is superior in many aspects.
Firstly, its process is much easier than that of conventional chemical or physical
cross-linking. By simply blending specific elastomer with choice of small
molecule, certain shape memory blend can be fabricated. Secondly, in some cases,
researchers would use commercial rubbers as elastomers. They are not only
cheaper but also offer more varieties. Many commercial rubbers are available that
have consistent chemical and physical properties. Some of them have excellent
performance when used as elastomer in shape memory blends.

These cross-linked polymers would form permanent network in the blend
which gives the material rubbery properties including elasticity. On the other
hand, choice of the small molecule form the temporary networks. Their switching
behavior according to temperature is the key to the shape memory effect. With
different choice of combination of elastomer and small molecule, shape memory
of different mechanical properties and switching temperature can be easily
fabricated. Since the separation of the synthesis of cross-linked polymer network
and reversible network formation makes these two components contribute to the

properties of shape memory blend respectively in specific aspects [33].
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2-16 Fatty Acids
Fatty acids are of high energy/gram fat (37kJ/g). They play many important

roles in metabolism including free fatty acids and those which are a portion of
complex lipids. More important, they are main metabolism energy providers,
whether transmitted energy as blood lipids (triacylglycerol in lipoproteins), or
stored energy as (triacylglycerol in adipose tissue). Fatty acids are major cell
membranes constituents of all types such as (phospholipids), and they function
signaling molecules as gene regulators (binds to transcription factors). In addition,
that, dietary lipids supply polyunsaturated fatty acids (PUFAs) which are
precursors of powerful locally acting metabolites, as the eicosanoids. Fatty acids
as part of complex lipids, they are necessary for electrical and thermal insulation,
and for mechanical protection. Furthermore, free fatty acids and their salts may
work as detergents and soaps, attributing to their amphipathic characteristics and
micelles formation.

Fatty acids represent 30-35% of total energy intake in many industrial
countries and the most important dietary sources of fatty acids are vegetable oils,
dairy products, meat products, grain and fatty fish or fish oils [66].

2-16-1 Fatty Acids Types

Fatty acids are carbon chains with a methyl group at one end of the
molecule and a carboxyl group at the other. Natural fatty acid may be saturated or
unsaturated.
2-16-1-1 Unsaturated Fatty Acids

Monounsaturated fatty acids, MUFAs, possess one (C=C) bond, that may
take place in various positions. The length of chain of most familiar MUF .3Asis
(16-22). Their structure is characterized with double bond of cis configuration.

For example, Oleic acid (C15H340).
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2-16-1-2 Saturated Fatty Acids
Saturated fatty acids, SFAs, are hydrogen-saturated. Most of SFAs have

chains with straight hydrocarbon with carbon atoms even number.
according to the length of chain, SFAs are usually divided into subclasses. The

common once contain carbon atoms (12—22) as shown in Figure (2-11):-

O
)k CHj

HO (CHn;//
Caprylicacid n=6

Capricacid n=38

Lauricacid n =10

Myristic acid n = 12

Palmitic acid n = 14

Stearicacid n =16

Figure (2-11): General Structural Formula of The Saturated Fatty Acids [67].

The main fatty acids sources are: fatty fish (or fish oil), vegetable oils, meat
products, gains, and dairy products.

Palmitic acid is the most mutual saturated fatty acid in plants, animals, and
micro-organisms. Stearic acid is a main fatty acid in animals and some types of
fungi. It is a minor constituent in most plants. Myristic acid has wide presence,
infrequently as a main constituent. Saturated acids of shorter-chain (8-10) carbon
atoms are available in coconut triacylglycerol and milk [66].

2-16-2 Properties of fatty acids

- Poorly soluble in water.

- The influence of a fatty acids structure on melting point.

- Saturated fatty acids very stable, unsaturated acids are susceptible to oxidation
[67].
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2-17 Application of shape memory materials.

Shape memory polymers have made history in succeeding in the
commercial field. The applications of SMPs are being developed so fast and got
through many industries as SMP aircraft rivets, heat-shrink tubing, and medical
implants. In this section it was attempted to show SMPs examples that have
witnessed some type of commercial success. This comprises reaching both
commercial sales and the use regulatory acceptance needed by law as in
biomedical applications. This paragraph is not meant to be intensive summary,
but instead a way of exciting the creative process for the designers who are
intending to use these unique-functionalized materials for their own application
[55]. Table (2-3) clarifies in general some of SMP applications, while Table (2-

4) clarifies specifically shape memory rubber applications.
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Table (2-3): Examples of SMPs Application.

Retrae

c-After heating again for shape recovcry

Shape — memory cloth

house. structure.
o Small display e Reduce the time [68]
areas. required for
eTemporary construction.
shelters. e Reduce reuse and
eTemporary recyele.
parking areas. e Can be reused for
anther structures.
Movable window '/ Can be used in hinges
blinds BN of the blind [69]
Mivetieii structures.
J by SMPs
Winter Summer
Window blinds
Pillow
Can be adjust its
shape to the contour
of the neck and
shoulder according to [70]
body temperature .
Shape -memory pillow
Sock- shoes Piece without modification (grey) modified piece
(blue)
’ Programmable by
process:- Heating by
hair dryer + wearing,
(71]
Demonstration of the fitting process of shape
memory sock-shoe.
a- Original shape.
b- During programming process.
¢c- Temporary shape.
Cloth a- Original shape
Cloth can be
programmed at room
&l temperature or body
b1.2 -After stretching to different length temperature.
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Table (2-3) (Continued).

Potential application Photograph of SMPs in application Features achieved Ref.
Avoid localized
over —stretching
during wearing
Shoe many through holes
are made to make it
more stretchable.
a- Shape memory shoe. | . Shape memory shoe
for 3D printing
Perfectly fit the
profile of a
Slipper shoes Slipper particular foot for
manufacturing casual wear [71]
Shape memory slipper
(a) Original
3D printed The SME in 3D
insole printed insole using
flexible.
[68]
Aerospace
IMPEDE-FX Embolization Plug
[72]
Cardiovascular 3 '8 S
devices '
cartacouth oot @
< <
Medical Delivery and implantation of the IMPEDE and IMPEDE-FX
equipment IMPEDE Embolization Plug. Embolization Plugs in their erimped
engineering shape and expanded shapes.
; ¥ Devalue smart
degradable for [73]
Degradable biomedical
sutures 20°C 37c 41c application
The temperature — induced shrinkage of fibber suture
Orthopedic [68]
R ]
Shape memory splint
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Table (2-4): Examples of Shape Memory Rubber Application.

Potential application Photograph of shape memory rubber in application Features Ref.
achieved
SM- behavior of
Surgical Shape- memory Surgical natural rubber [68]
tube fibe: surgical tube swollen
with stearic acid,
Medical glove from
Shape- memory medical SMPs in shapes [74]
glove optimized for
Medical working and wearing
glove
. It 1s able to fit the
Medical Shape memory fingerless particular shape of a
equipment clove hand in the
engineering - meantime , provides
flexibility and
protection by the
hand.
(b1) (c1)
Elbow 7]
hand )
Comfort fitting
elbow hand.
a- Original
b1.2- After wearing c- After taking off
(during programming (temporary shape).
process).
Halluy valgus
Orthopedic correction device to
provide comfort
fitting and just right
for correction.
B L e pisce bc'*.tore (top) | 4. Afeer fitting into the position
and after ( bottom) fitting (after % R i
: S (during programming process).
programming process)
Splint tape
Shape memory splint
programming by [38]
warm water.
1- Original shape of splint.
2- Splint in warm water (15sec).
3.4- Splint was wrapped around fractured finger and locked.
5.6- Temporary shape.
Comparison of imprint prepared from different techniques. Thermo plastic
= ] Sl SMPs based natural rubber
Objecttypes  Markingobiesl (08 o Forntic gade) TONR. (TPNR) shows fine
: o : S | imprint with )
Forensic application Cincket - : i [29]
obiect ; performance and it is
easy to handle on
compared to the
Bullet marks other silicone —
based material.
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2-18 Literature Survey

In 1984, the term shape-memory polymer, SMP, formally emerged under

the trade name “polynorbonene”, which was referred to by (CDF Chimie)
company for describinga novel class of polymeric materials that have the ability
to fix the mechanically deformed shape as a temporary shape after removing the
applied load. Whereas this shape remains stable until this type of polymer is
exposed to a suitable external stimulus that trigger it to recover to its original
shape upon demand. While the company (Japan Nippon Zeon) commercialized it,
thus a new age has begun in which significant progress was being made on SMP
by publishing tens of publications about SMPs, annually [10].
In 1998, F. Li et.al prepared (Maleate polyethylene/nylon6) blend with a weight
ratio of nylon6 that ranged between (5-20)%. It was found by differential scanning
calorimetry (DSC), scanning electron microscopy (SEM), and dynamic
mechanical thermal analysis DMA that this blend exhibits a good shape memory
effect (SME) property[11].

In 2002, F. et. al prepared a series of new shape memory polymers (SMPs)
by cationic copolymerization, using three types of Soybean oil (SOY),
Conjugated Losatsoy (CLS) and Losatsoy oil, (LSS), with Divinylbenzene
(DVB),Styrene (ST),and Dicyclopentadiene (DCP).It was shown that the shape
memory properties(SM- properties) of these new polymers are closely related
with the cross-I density and glass-transition temperature, T4 [12].

In a research published in 2007 by S.Rezanejad, the ability of SMP type
(cross-linked low-density polyethylene (XLDPE)) to return from the temporary
shape to the permanent original shape was proved by the heating process and that
this material often loses SME property with the increase in reinforcement of type
micro fillers of weight ratio between (20-30)%, but he also indicated to the
possibility of overcoming this disadvantage by using nano clays material with

weight ratios ranging between (0-10) wt% [13].
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In a study by B. Heuwers and his group in 2012, it was proved that light cross-
linked natural rubber (NR,CIS-1,4polyisoprene) exhibits shape memory
behavior(SM-behavior)throughx-ray diffraction (XRD) and (DSC) tests, after this
polymer material was subjected to SME property activation and deactivation
process during the shape-memory cycle (SMC) [14].

In 2013, the study conducted by B. Heuwers and his group, recommended
the need to reduce the ratio of the sulfur vulcanization agent in between (0.15-0.5)
Phr during the vulcanization process of the raw natural rubber type (latex) once
and raw rubber of type (standard Malaysian rubber, SMR) again, in order to obtain
light cross-linked shape memory natural rubber (SMNR) [15].
In the same year, several studies were conducted, including the following:

eR. Hoeher and his group succeeded in preparing a shape memory polymer
(Shape memory polyethylene) by mixing low density polyethylene (LDPE) with
dicumyi peroxide (DCP) [16].

¢J.Shin showed that adding crystallizing molecules to thermoplastic
elastomers leads to the creation of promising functional materials in industry,
where this researcher was able to prepare (elastomeric-wax shape memory blend)
by making a blend of two materials: styrene-ethylenebutlene-styrene (SEBS)
elastomers with microcrystalline wax represented by paraffin wax, hydroxysteatic
acid (HAS), and finally stearic acid (SA) [17].

In 2014, N. R. Brostowitz and his group prepared shape memory polymer
(SMP) by the technique of swelling for a cross linked natural rubber with stearic
acid(SA)at a temperature of 75°C. where this type of polymers showed shape
memory behavior by the stimulation with water using the developed wrench
machine to activate and deactivate the SME property [18].

In 2015, A. Wang and G. Li have prepared shape memory polymer of type

(styrene-based shape memory polymer) [19].
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In 2016, F. Xi and his group prepared a polymeric material (carboxyl-
terminated  polybutadiene-polycstyrene-CO-4-vinylpyridine  supramolecular
thermoplastic elastomers). Where they verified that this material possesses the
property of SME using (Vernier caliper and two binder), depending on water
stimulation according to the hot classical shape memory cycle [20].

In 2017, L. Xia and his group studied the multiple shape memory
effect(multiple-SME) of the shape-memory blend consisted of the simple physical
blending process of Trans-1-4-1,3-Polyiscoprene (TPIl) with low density
polyethylene (LDPE) material. Where it was found that the blend ratio of the
sample (TPI/ LDPE) that reaches (50/50) gave excellent dual and triple shape
memory properties [21].
In the same year, several researches were conducted, including the following:

¢J. Sze-Huawee and his group prepared a shape memory natural rubber
(SMNR) by swelling process with fatty acid. Where swelling of natural rubber
((Malaysian natural rubber grad L) vulcanized in different proportions from
Carbon black-N550) was with Palmitic acid(PA) for a period of (1hr) at a
temperature of (75°C).SM-behavior was investigated by DMA test, as well as by
SME test using an adjustable spanner instrument developed with hot water-
stimulation according to the hot classical shape memory cycle. From these tests,
it was found that the weight percentage of Palmitic acid decreases with the
increase in the percentage of carbon black, which leads to a decrease in SM-
behavior [22].

eX. Chen prepared a Stearic acid/natural rubber bilayer fatty blend using
the swelling technique with Stearic acid(SA), by immersing two layers of a rubber
product represented by the natural rubber band, attached to each other by a glue
substance in the citric acid at a temperature of80°Cfor a period of time that
reached 4hr. After that, he subjected this prepared material to the hot classical

shape memory cycle based on cooling at room temperature 25°C,where the
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original shape of the sample, represented by bend-shape, was transformed into a
flat-shape during the programming stage of this cycle, then returned to its original
bend-shape shape by stimulation with hot water at a temperature of 80°C during
the recovery stage. So, it was confirmed that this material possesses SME property
that enables it to be described as a shape memory smart material [10].

In the study of the researcher M. Pantoja and his group in 2018, it was shown that
the phenomenon of wax blooming occurs with the increase in the number of shape
memory cycles and with the change of the fatty acid nature for a shape memory
smart rubber prepared from a commercial elastomeric product represented by the
natural rubber band impregnated with fatty acid, which includes: Myristic acid
(MA), Lauric acid (LA), stearic acid (SA) and, Palmitic acid (PA) [23].

In the same year, several studies were conducted, including:

e R. Abishera prepared the material (shape memory epoxy/carbon nano
tube nano composites), where he found that this material shows shape memory
behavior(SM- behavior), after being subjected to the shape memory cycle of
type(cold-programmed cycle) [24].

e G. Capiel and his group were able to synthesize fatty acid based
monomers by adding the fatty acid of type (Oleic) once and (Lauric) again to the
material (Glycidylmethancrylate, GMA) in a one-step reaction. Thus the
researcher used these monomers in the process of preparing polymeric materials
by mixing 50wt% of these monomers with styeneby the polymerization process.
It was found that all the polymers obtained from this preparation technique
showed the shape memory effect SME property by activating and deactivating it
through temperature changes [25].

In 2019, the study conducted by N. M. Setyadewi et.al concluded that the
vulcanized natural rubber composite when impregnated with Palmitic acid for a

period of 1hr and at a temperature of 75°C, shows the classical shape memory
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behavior by stimulation with water, and that this behavior decreases with the
increase in the number of shape memory cycles [26].
In the same year, several studies were conducted, including the following:

e N. M. Setyadewi and his group observed the fact of the shape fixity
ratio(Rf)decrease and the original shape recovery ratio,(R,)increase with the
increase of vulcanization sulfur ratio of the smart rubber prepared by the
technique of swelling with Stearic acid [27].

e L. Xia and his group prepared shape memory blends by the physical
blending process between low density polyethylene (LDPE) and natural
Eucommia Ulmoide gum (EUG). It was clear through shape memory tests that the
cross-linked network of LDPE represents the fixed domain in the mixture (LDPE/
EUG SMP), while the network of EUG works as the reversible domain [28].

e T. Sengsuk and his group prepared shape memory polymers (SMPs)
based thermoplastic natural rubber (TPNR) by the blending technique; by making
a blend of natural rubber (NR) in weight percentages ranging between (30-60)%
with a thermoplastic material called Block-CO-polymer based polyolefin
(BCO).Where they found that increasing the weight percentage of the natural
rubber leads to a decrease in the shape memory parameters; where the shape fixity
ratio (R) reached 70%, while the shape recovery ratio(R,) reached 60% [29].

e N. M. Setyadewi studied the effect of black carbon types (N220, N330,
and N550) on the thermal characterization of shape memory natural rubber
(SMNR) prepator by swelling process natural rubber with Stearic acid for a period
of (1hr) at a temperature 75°C.It was found that the initial degradation temperature
using thermal gravimetric analysis (TGA) test apparatus for the SA (stearic acid)-
free vulcanized rubber is higher than that of the shape memory rubber (SMNR);

which means thermal stability reduction of the shape memory vulcanized rubber
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(SMNR). Moreover, the weight loss for SA-free vulcanized rubberby all types of
carbon black is less than for shape memory vulcanizedrubber [30].

o\W. Wu and his group took the issue of rubber recycling, expressed in their
paper as an insurmountable issue. Shape memory rubber was prepared from
mixing Carboxylated styrene butadiene (XSBR) with a degradable (Caboxy
methyl chitosan (CMCS)) by soaking this smart rubber in water. Smart rubber
samples when subjected to the shape memory test, showed that they are
distinguished with impressive SM-behavior in a temperature range specified in
the study. This makes this material well suited for the smart medical device design
for the human body [31].

e Q. Yang and his group studied the one-way shape memory effect (1W-
SME) and the two-way shape memory effect (2W-SME) properties of a high-
strain shape memory polymer (SMP) prepared from a combination of two
substances: (CiS-1,4-Polybutadiene - (CPB-PE) semi crystalline copolymer
(CPB-PE)) with 2-ureido-4[1H] pyramidinone (upy) side groups (UHPB). It was
found that the one-way SME property is a function of recrystallization and re-
melting of (PE) phase during the programming and recovery stages of the non-
reversible shape memory cycle. It was found that the 2W-SME property is a
function of crystalline-induced elongation (CIE) and melting-induced contraction
(MIC) of the PE phase of the reversible shape memory cycle (SM-cycle) [32].

e L. Zhou prepared shape memory rubber by swelling process of a
commercial elastomeric product represented by a rubber band of type (Etylen
propylene Dien monomer (EPDM)) using (Stearic acid, SA) and temperature
75°C for periods of time ranging from (15-300)min. Where he investigated the
shape memory behavior (SM-behavior) of this prepared rubber through the
quantified shape memory test to practically calculate the shape memory

parameters represented by R R, using a dynamic mechanical analyzer (DMA)
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device, as well as through the macroscopic shape memory test using video
imaging [33].

In 2020, J. Teng and his group hybridized the matrix represented by(Trans
1,4-polyisoprene (TPI)) using a reinforcing-phase represented by low-cost high
density polyethylene (HDPE), to prepare the TPI/HDPE hybrid shape memory
polymer. It was found by subjecting this prepared material to a shape memory
cycle through the shape memory test, that the shape memory and thermodynamic
properties are excellent [34].

In 2021, Y. Ren and his group invented shape-memaory polymers of typepoly (I-
lactide) (PLLA), where they studied the mechanically deformed shape
programming and original shape recovery properties of these prepared materials
throughwater-responsive shape-memory. It was possible to measure the shape
fixity ratio (Ry), which reached (92%), in addition to measuring the shape recovery
ratio (Ry), which reached (94.2%) [35].

In the same year, several studies were conducted, including:

eR. Zhang and his group worked on improving the shape memory
parameters represented by Ry and R, for (Ultra-high-molecular-Wight
polyethylene (UHMWPE)) using graphene Nano-plates (GNPs) [36].

¢C. B. Cooper and his group demonstrated that combining two materials
(flexible backbone polypropylene glycol (PPG)) with (methylene bisphenyluren
(MPU)) creates a shape memory polymer with one-way shape memory effect
(1W-SME) property. In addition to toughness, stretch ability, and high network
junction density [37].

e N. Lehman and his group invented a shape memory thermoplastic natural
rubber represented by the material (shape memory polymer (SMP) based on
thermoplastic natural rubber (TPNR)), which is used in soft-touch applications by

combining of polycarolactone (PCL) and epoxidized natural rubber (ENR). It was
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found by the shape-memory test using water-responsive elongation machine
according to the hot classical shape memory cycle based on abnormal cooling,
that this combination between the two materials mentioned above achieved a
significant improvement in the shape memory behavior (SM-behavior) compared
to the un-modified natural rubber [38].

In 2022, F. Quadrino and his group manufactured shape-memory epoxy
composites by press-molding of the carbon fiber-reinforcement (CFR) pre-
impregnated with un-cured epoxy powder, where the number of cardboard
fiberslayers ranged between (2-8) and thickness (300um-100um). Optimal
adhesion was obtained on the structural and functional levels through tests based
on the single thermo-mechanical shape memory cycle andmultiple-programming
[39].

In the same year, J. M. Yang and his group succeeded in preparing shape-
memory composite membranes, by making a blend represented by
polycvinylcohol/chitosan/sodium alginate (PCS/SA) in different proportions of
(sodium alginate, SA). The physical and chemical properties along with the shape
memory properties and mechanism were studied. They noticed that the increase
in the weight percentage of sodium alginate causes a decrease in crystallinity and
thermal stability, and that the (DMA) test works as a responsive for the shape

recovery behavior of these membranes [40].
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Chapter Three Practical Part

3-1 Introduction

This chapter includes the practical coverage of the study, it involves six
main axes:
e The first axis: shows the raw materials used in preparing the smart shape memory
polymer (SMP) materials, with an indication of their general characteristics and
properties.
e The second axis: shows the technology used in preparing this type of smart
polymers, with a presentation of some photographic images of it.
e The third axis: states the role of the hot-classical shape memory cycle (SMC)
by making this type of polymers work as shape memory smart materials by
inducing it to activate the shape memory effect (SME) property in the
mechanically deformed shape memory programming stage, also, to deactivate the
SME property in the original shape memory recovery stage with presenting the
illustration chart of this thermo-mechanical cycle.
eThe fourth axis: shows how to practically making sure of the shape memory
behavior by following two different practical procedures:
First: Shape memory behavior quantified practical measurements are carried out
in order to calculate the shape memory factors.
Second: The visual photographic procedure is carried out.
Third: Carrying out some structural and thermal tests.
« The fifth axis includes characterizing and analyzing of some mechanical
properties of shape memory polymers before undergoing the shape memory cycle.
« The sixth axis includes the indication of the devices used in the study in terms
of their quality, manufacturing point, and photographic images. As shown in
Figure (3-1), the work steps and its different stages, starting with the preparation
of the raw materials and ending with the measurements for achieving the aim and

purpose of the study.
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Select material

v v
Elastomer product Fatty acid
I [
v ] v v
Commercial product Labrotary product Stearic acid (SA) Palmitic acid (PA)
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Figure (3-1): The Flowchart of The Work Steps and Its Different Stages.
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3-2 Materials in Use:

The materials used in this study are divided into two main parts:
3-2-1 Elastomeric Product (Hard Segment)

Two types of elastomeric products were used as stationary phase or what is
also called (hard segment) in preparing the shape-memory polymer (SMP) type
elastomer/ small molecule blend SMP. These types are:

First: The Commercial Elastomeric Product
Commercial natural rubber bands type Latex were used as a materials that

play the role of the stationary phase in preparing the shape memory polymer

material in the form of transparent yellow strips with (flat length=200mm,

width=5mm, thickness=1mm), as shown in Figure (3-2) produced by GAO Jixang

Jiao Quan company of Chinese origin, which will be denoted in this study by

(Virgin RB).
(a)

() Length= 200mm

Width= Smm
Thickness= 1mm

i

Figure (3-2): (a) and (b), photographic images of the commercial natural rubber bands

used in this study (Virgin RB) as a commercial elastomer product, (c) the dimensions of

the commercial rubber band.
Second: The Laboratory Elastomer Product
The laboratory-vulcanized (ribbed smoke sheet (RSS)-5) natural rubber,
was used with different percentages of sulfur ranging of (0.75-2) Phr, which will
be denoted in this study by (Virgin RSS) as a material that plays the role of a
stationary or stable phase in the preparation of the shape memory polymer (SMP)

material.
In general, the process of obtaining a laboratory-vulcanized natural rubber

required the use of the following raw materials:
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» Raw natural rubber type (ribbed smoke sheet (RSS-5) supplied by (Weber &

Schaer Since 1844) as a basic material in the rubber mixture.

* The materials involved in the raw rubber vulcanization process(RSS), are shown
in Table (3-1).

Table (3-1): The Specifications of The Materials Involved in The Vulcanization Process of

Raw Rubber (RSS).
The specifications of the raw materials involved in the vulcanization process of the rubber(RSS)
N-cyclohexyl- 2-
Name Stearic acid (SA) Zinc oxide benzothiazode Sulfonamide Sulfur
(CBS)
Molecular - : o
f;l‘:l:l]l:l C 13H3603 n0Q C 13H15}~3.(33 S
Molecular ,
284. .39 264.. 2
weight g/mal 84.48 81 64.4 3
Color White White Light yellow -01‘ light pink Yellow
powder
Shape Particles Particles Particles Powder
Purity % 95 99.5% 09% -
Supplier Himedia .Co. India Al I\'{?};&k' Co.

3-2-2 Fatty acid (Soft segment)

Two types of natural saturated fatty acids produced by Himedia Company
of Indian origin, were used. Those fatty acids are represented by Stearic acid and
Palmitic acid, as a reversible phase or what is also called the soft segment in the
preparation of the shape memory polymer (SMP) material. Table (3-2) reviews

the specifications of the natural fatty acids used in this study.

Table (3-2): Specifications of The Natural Fatty Acids Used in This Study.

Type of | Molecular Moleculm' Mel.tmg Bol!lng Density | Purity
Iy aca i weight , MW point point ( fcm"‘) (%) Shape Color
(g/mol) O ol | e
Particles
Stearic .
'18H3603 284.4 3 3 .94 5 /
acid (SA) C13H360, 284.48 69 83 0.941 9 = | White
Partices N
Palmitic , 5 B i A .
acid (PA) Cy6H;3,04 256.42 62.9 351.5 0.853 98 White
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3-3 Laboratory Elastomeric Product Preparation Technique

Figure (3-3) shows that the process of preparing the vulcanized rubber type

(Virgin RSS) as a laboratory elastomeric product requires two stages as follows:

Electric grinder
—

L

Gridding each of SA,

Electronic balance

k: .

Cutting the raw rubber

iy s — (RSS)

Zn0. CBS Weight of prumary
materials

Brabender mixer

(3-4 min)
Raw (RSS) rubber mastication
]
v
(1-2 min) : : z
Vulcanizing (1-2 min) (2-3 min) (2-3 min)
activator stearic |——— Vulcanizing Vulcanizing Cross-link agent
acid activator ZnO accelerator CBS sulfure _I

v

Brabender mixer

Mastication process
continues for (3min)

Rubber dough

mould coated by

Rubber dough is plased metal

castor oil

'

Heat press

Curing at 170°C. under
pressure of 10 MPa for 40 min

A 4

Making (Virgin RSS) moulds

(Labrotary elastomer product)

Figure (3-3): Schematic of Preparing The Laboratory Elastomeric Product Type (Virgin

RSS).
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3-3-1 Stage of Preparing the Rubber Dough

This stage includes four steps:
e Cutting the raw RSS rubber with a scalpel to reach the required quantity.
e Grinding each of SA, ZnO, and CBS separately by electric mill.

eAdding the materials according to the times listed in Table (3-3).
Table (3-3): Times of Adding The Rubber Mixture Materials.

Operation Time (min)
Mastication of raw natural rubber (RSS) 4
Zinc oxide(Zn0) 2
. Stearic acid (SA) 2
Addition of CBS 3
Sulfur 3

e The Mastication Process of the Rubber Mixture Materials.

The mastication and homogenization of the rubber mixture is carried out
by means of a mastication machine by adding the mixture materials, each material
separately, by the master batch method according to Table (3-4). In return, this
mastication process continues after adding all the vulcanizing agents to the raw

rubber for a period of time up to (3min).
Table (3-4): The Materials Ratios Added to The Rubber Mixture.

Loading (Phr)
Materials | 1- Virgin 2- Virgin 3- Virgin 4- Virgin 5- Virgin Function
RSS RSS RSS RSS RSS
RSS 100 100 100 100 100 Raw elastomeric
material
/n0 35 3.5 35 3.5 35 .
SA 1.25 1.25 1.25 1.25 1.25 Actvator
CBS 1.25 1.25 1.25 1.25 1.25 Accelerator
Sulfur 075 | 125 15 ) Across link agent
sulfur
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3-3-2 Sheets Molding Stage of the Vulcanized Rubber Type (Virgin
RSS)

After the end of the mastication process, the rubber mass mixture is placed
inside a metal mold coated with a non-stick thin layer of castor oil. The mold and
mixture are heated without applying load for a period of time reaches (5min) to
make sure of the rubber flowing inside the mold; taking care of opening the mold
and cover set partially between (2-3) times, to get rid of the air pockets. After that,
the pressure of (LOMPa) is applied and fixed for (40min) at a temperature of
(170°C). Then, the mold is cooled to room temperature (to avoid shrinkage in the
sample dimensions) with pressure remaining to maintain the product dimensions.

Thus, vulcanized natural rubber samples were obtained with different ratios

of sulfur, with dimensions (13.7x14.2x0.16) cm?, as shown in Figure (3-4):

Labrotary elastomer product

(2Virgin RSS) at (4Virgin RSS) at
(sulfure =1Phr) (sulfure =1.5 Phr)

(5Virgin RSS) at

(3Virgin RSS) at .
(sulfure =2Phr)

(sulfure =1.25Phr)

Samples (Virgin RSS)

\ 4
(1Virgin RSS) at
(sulfure =0.75Phr)

Figure (3-4): A Photographic Image of The Vulcanized RSS Rubber Sample With
Different Ratios of The Sulfuric Cross-Linking Agent Used as a Laboratory Elastomeric
Product, Denoted by (Virgin RSS).
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Then the moldings were cut into strips of (13 cm) length and (0.5 cm) width

in order to prepare them for the next step.
3-4 Shape-Memory Natural Rubber (SMNR) Preparation

Technique

Elastomer product/small molecule blend SMP technique was used to
prepare the shape-memory natural rubber (SMNR) under study; based on the
swelling process through impregnation of the commercial and laboratory types of
elastomer product with fatty acid according to the references
[10,18,22,23,26,27,33and75], as it follows:
3-4-1 Preparation of Shape Memory Natural Rubber Type (Rubber

Band/Stearic Acid Blend SMP) Sample Code (RB/based SA)
RB/based SA preparation process comprised three steps:
3-4-1-1 Stearic Acid (SA) Preparation
eThree quarters (375ml) of a 500ml beaker is filled with SA powder. This amount
of SA is chosen for being enough for the complete submerging of five under study
rubber bands in it in the preparation process next steps.
e SA powder was put on the magnetic stirrer surface at 75°C (which is beyond the
melting temperature of SA, that is 69.3°C), see Figure (3-5-a).
3-4-1-2 (RB/based SA) Preparation Technique
Utilizing the swelling technique, RB/based SA is prepared as in the next
steps: 1-The electronic balance was used to weigh the under study rubber band.
As mentioned earlier, before immersion in the molten of SA, RB weight is
denoted by (Wy).
2- The rubber band is fully immersed in SA molten for a pre-determined period
of time according Table (3-5) at the temperature (75°C), Figure (3-5-a).
3- RB is taken out of the molten of SA after ending the specified time using

stainless steel tongs, as shown in Figure (3-5-b).
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4- Immersing the rubber band after impregnating it with SA, directly in isopropyl
alcohol for a period of (1min) at room temperature (23+2)°C, in order to free its
surface from SA additional layers, as shown in see Figure (3-5-c).

5- The SA-impregnated rubber band (previously denoted as RB/based SA) is
stretched in a slight way by hand, then scraping it little a bit to get rid of the

remaining layers, see Figure (3-5-d).

Figure (3-5): Photographic Images Taken During Preparation of RB/based SA, a-

Preparation of SA for Melting Process, b-The Process of Removing The Rubber Bands
After Impregnation With SA, c- Forming Some Residues of SA on (RB/based SA)
Surface, d- Scraping process of SA Residues off The Surface of (RB/based SA), e- Dry
The RB/based SA at Room Temp.

6- Instant immersing in (75°C) hot pure water; to eliminate deformations
attributed to swelling and stretching (by hand).

7- Leaving the sample to dry for overnight at room temperature (23+2°C), see
Figure .(3-5-¢).

8- Weighing the rubber band impregnated with SA, so, the W reading is recorded.
The increase in weight was recorded in the form of the percentage of swelling or
absorbency of the rubber band for SA molten (the weight percentage of SA) using
equation (3.1), which will be mentioned in paragraph (3-4-1-3).
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3-4-1-3 Addition Ratio.
RB/based SA was prepared with a constant value of (SA) weight

percentage, using the following equation [10,22,33and75]:-

W, —W,

d

Swelling percentage or Stearic acid ratio(%) = x100% ...(3.1)

Where:
Wy is the weight of the rubber band before immersion in SA molten (before
swelling), measured in (g)units.
W; is the weight of the rubber band after being immersed in SA molten for a
predetermined time, measured in (g)units.

Table (3-5) shows the sample code for different swelling times and type of

networks in this type of shape memory rubber samples.
Table (3-5): The Sample Code for Different Swelling Time and Type of Network Sample.

Sample code Swelling time (min) Type of network sample
Virgin RB Stearic acid (SA)

RB/based SA | 5,10,15,30,40,60,80,100,120,180 | Permanent network Temporary network (soft

(hard segment) segment)

3-4-2 Preparation of Shape Memory Natural Rubber Type (Rubber
Band/Palmitic Acid Blend SMP) Sample Code (RB/based PA)

This molding included SMNR consisting of a commercial product
represented by rubber band impregnated with Palmitic acid (PA), through
swelling process for a period of (2hr) at a temperature of (75°C) by following the
same previous steps mentioned in the sample preparation section of type
(RB/based SA).
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3-4-3 Preparation of Shape Memory Natural Rubber Type (Virgin

RSS/Stearic Acid Blend SMP) Sample Code (RSS/based SA)

This molding included the SMNR as shown in Figure (3-6), consisting of a
laboratory product represented by the natural rubber type RSS, impregnated with
Stearic acid (SA) through swelling process for a period of (2hr) at a temperature
of 75°C. This type of SMNR can be reached by following the same steps

mentioned previously in the sample preparation section of type (RB/based SA).

Figure (3-6): Photographic Image of laboratory Elastomeric Vulcanized Rubber After
Being Impregnated With SA Molten Denoted as (RSS/based SA).

Table (3-6) shows the sample code for different percentages of the sulfuric
cross-linking factor and the type of networks in this type of shape memory rubber

samples.
Table (3-6): The Sample Code for Different Sulfur Ratios and Type of Network Sample.

Sulfur Swelling time Type of network sample
Sample code : : _
ratio Phr (min) Virgin RB (SA)
1RSS/ based SA 0.75
2RSS/ based SA 1
3RSS/ based SA 1.25 120 Permanent network Temporary network
4RSS/ based SA 1.5 (hard segment) (soft segment)
5RSS/ based SA 2
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The prepared natural rubber/fatty acid blend shape memory polymer (SMP)
IS cut into regular samples according to the specifications of the tests that were

conducted, as shown in Table (3-7).
3-5 Characterization and Test Methods of SMP.

Nine types of tests were conducted to characterize the materials under
study, as shown in Figure (1-3) and table (3-7).

3-5-1 One-Way Shape Memory Test

According to the references [1,10,18,21-23,26-28,75-84], this test is
divided into three types through which the verification of the dual shape memory
behavior can be made, which are:

First: Quantified shape memory effect (SME) test.
Second: Visual photographic shape-memory effect (SME) test.
Third: Surface shape-memory effect (SME) test.

For the characterization of the shape memory behavior of the prepared
materials, these tests require before starting doing them taking into account some
conditions that must be worked by and predetermined according to the
methodology of the references followed in this study, these conditions are:

1- Using the dual shape thermo-mechanical cycle of hot-classical type, to

activated SEM property on two models:

e The first model: It is the dual shape thermomechanical cycle, based on
normal cooling.
e The second model: It is the dual —shape thermomechanical cycle based on

abnormal cooling.
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Table (3-7): The Standard Specifications for Each of The Tests That were Conducted in
This Study.

Type of test Test sample the conditions
1-Differential scanning e 2—-%&
5 2 A = 5-10mg —
calorimetry analysis (DSC) _ =
2- X-ray diffraction analysis

(XRD)

Length =lcm
Width=0.5cm

3- Energy dispersive X-ray

spectroscopy analysis (EDS)

4- Field emission scanning
electron microscopy
(FE-SEM)

5- Fourier transform infrared

Length =2cin
Width=2cm

Small flat sample

spectrometry analysis (FT-
1R)

Solid sample:

Length =2cm. Width=

2cm

Powder sample:

5-10mg
6- Optical microscopy Length =10 cm o
Width=0.5¢m Rectangular strips
Tensile
strength

Shore-A

ASTM-D412

durometer
hardness
7- (Quasi-static)
mechanical test
at short time

ASTM-D4240

Flat crush
test (FCT)

Length =lcin
Width=0.5cm

Small flat sample

8 Measurement of cross link
density

Quantification of

ISO 1817

Length =50mm

Small rectangular

Dual —shape

memory (SME)
testing

(SME) testing

Width=5mim
Thickness =1-2mm

9- (One—way)
shape memory

Visual photographic
(SME) testing

property test

Length =10 -15cm
Width=0.5-0.9cm
Thickness =0-2cm

Surface shape memory effect (SME)
testing

Length =10 cm
Width=0.5cm

Rectangular strips
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2- Using the thermal transition temperature (Ttans) to move from the original shape
of the samples under study to the temporary mechanically deformed shape with a
value of up to (75°C), that is, above the melting point of the fatty acid used in
preparing shape memory polymeric materials of all kinds of type SMNR in this
current study.
3- Prior choosing for the mechanical deformation as a value or as a shape before
conducting a shape memory cycle.
3-5-1-1 Quantified Shape-Memory Effect (SME) Test

This test is divided into two parts according to the type of thermo-
responsive stimulation used in activating and deactivating the quantified one-way

shape memory effect (SME) property according to the references, as follows:

3-5-1-1-1 Air-responsive shape memory effect test.

Thermal elongation device of local origin (Designed, by me and
manufactured in cooperation with a local engineering industrial workshop), built
according to the standard specifications determined in the reference [85], was
used in activating and deactivating(SME) property by the hot-air stimulation.
Where, this device is featured by a thermo-chamber with a temperature-controller
device that contains a heating element at the back of the chamber; in addition to a
water bath with a pump which controls the cooling of the sample by atomization,

as shown in Figure (3-7).
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Figure (3-7): Photographic Image of The Self-made Thermal Elongation Device Based
on Thermal Stimulation by Hot Air.
Test Procedure:

The steps of the dual-shape thermo-mechanical cycle, using the Thermal
elongation device, are based on two models:

First model: the dual-shape thermo-mechanical cycle is based on normal cooling
at room temperature.

The practical scenario of the hot classical shape memory cycle is based on
normal cooling at room temperature (23+2°C), as shown in Figure (3-8), which
agrees with the research works as it consists of two parts:

1- SME property activation stage (the deformed shape programming stage)
for the material under study. It consists of three steps:

e The test sample heating process in step0: Heating the test sample under study at
room temperature to 75°C (above the melting point of all types of fatty acid used
in this study), gradually, for a period of (11min); to ensure the occurrence of the
thermal equilibrium.

eThe process of applying a tensile load in stepl: applying atensile load to one end
of the sample causes the strain to be fixed during the activation stage, that was

previously determined.
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eCooling process with tensile load applying in step2: Cooling the sample by
turning off the thermal heating system used in this study with opening the heating
chamber door, and leaving the sample at room temperature for a period of (30
minutes) under tension; to allow the fatty acid to solidify while taking into account
the continuation of the loading process, then taking the elongation reading which
represents the value of the change in length (AL) in step2.

e The process of removing the applied load in step3: Removing the applied load
off the material, then leaving it for 10min. After that, the reading of the elongation
scale was recorded, which represents the value of the change in length (AL) in
step3.

2- SME property deactivation stage (permanent original shape memory
recovery stage). It consists of two steps:

e Reheating the test sample in step4: Reheating the test sample from room
temperature to 75°C, with recording the elongation reading, which represents the
change in length (AL) in step4 at the end of the recovery process.

e|_eaving the sample after the end of the recovery process to cool down to room

temperature.
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Step0 (heating from room

i <

Initial length
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2 L7 Original shape at 75°C
g E E — _f{;covery
fgn ! 3 le;%;rlé at
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Tensile s;ress,( 81) Shape —
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length at 75°C (SMC)
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_Y_ length at
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—
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released at length at
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Fixity temporary

shape (target shape).

Figure (3-8): Is a Schematic Diagram of The Hot-Classical Shape Memory Cycle (SMC)
Based on Normal Cooling at Room Temperature (23£2°C) for The Samples Under
Study.
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Depending on the results obtained from each step of the hot classical shape
memory cycle steps followed in this study, SME property can be described by
calculating the shape memory factors represented by the following:

1- Calculation of the mechanically deformed shape fixity ratio during the SME
property activation stage (the deformed shape programming stage) according to
the following equation [10,18,22,23,26,27,38,75-77]: -

Rf(N):%..”(az)

where:

Rt (N): is the mechanically deformed shape fixity ratio.

N:Is the shape memory cycle number, which takes the values N =0,1,2,3, etc., for
experiments with only single SMC, N=0.

&1(N): is the applied strain during the shape memory cycle programming stagein
stepl, which is called “loaded strain”, calculated according to the following
equation:

AL at stepl

g x100% ....(3.3)

Where:

AL at stepl: It is the amount of change in length representing the dial gauge
reading at stepl after applying the tensile load, measured in (mm)units.

Lo: is the distance between the two loading points measured in (mm), which
represents the initial length of the sample that is fixed tightly in between the grips
of the SME test before starting with the shape memory cycle, which represents
the initial clamp gap.

&, is generally predetermined as one of the conditions to be worked by before

the start of the shape memory cycle.
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&(N): It is the value of the applied strain after the process of removing the

applied load in step3, which is called the fixed strain or unload strain for the cycle
number (N), which is given by the equation:

AL at step3
63(N)=¥x100%....(3.4)

AL at step3: It is the amount of change in length representing the dial gauge

reading at step3, measured in (mm)units.
2- Calculation of the permanent original shape recovery ratio during the SME
property deactivation stage (the recovery stage) according to the following
equation [10,18,22,23,26,27,38,75-77]: -

_a(N)-2,(N)
RNI= 2 )= ) 20 - (3:5)

Rr(N): is the shape recovery ratio for the cycle number (N).

where:

£,(N): It is the value of the (irreversible permanent) or (residual) strain in step4
of cycle number (N) after reheating the sample to the pre-determined thermal
transition temperature (Tyans) temperature, which is (75°C), as one of the
conditions to be worked by before starting with the shape memory cycle (SMC)
based on the thermal specifications of the temporary network in the prepared
shape memory polymeric material, it is given by the equation:

AL at step4
54(N):%x1000/0....(3.6)

AL at step4: It is the amount of change in length representing the dial gauge

reading at step4, measured in (mm)units.

3- Calculation of the shape-memory index (SM-index), according to the
following equation [86]:

SM —index (%) =R, xR, ....(3.7)
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4- Calculation of the mechanical work energy consumed by specimen
deformation during the followed thermomechanical cycle, according to the
references [15,55-59,74 and 85]:-

e Calculation of the internal stretching work energy consumed in deforming the
sample during the SME property activation stage (the deformed shape
programming stage) according to its steps, as follows:

a- Calculation of the internal stretching work energy in stepl.

W, (at stepl) = 5, x &, (KJ/m?®)....(3.8)

Where:-
o, is the applied stretching stress, which can also be denoted by ( O,ypied ) in Stepl,

which is given by the following equation:

F Mxg
o, =—=—-"(Pa
T AT A (Pa).....(3.9)
Where:

(F): is the stretching force (N).

(M): is the applied mass (g).

(9): is the ground acceleration (9.8m/sec?).

b- Calculation of the internal stretching work in step2.
W, (at step2) = 5, x&, (KJ/m?)....(310)

c- Calculation of the internal stretching work in step3.

W, (at step3) = &, x &, (KI/m?)....(3.11)

e Calculation of the internal stretching work in step4 of the recovery stage.
W, (at stepd) =5, xg, (KI/m®)....(3.12)

5- Calculation of the storing or retaining efficiency of the elastic strain energy
[15].
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W, at step3

n:W, at stepl

.(3.13)

Second model: The dual-shape thermo-mechanical cycle based on abnormal
cooling using the Thermal elongation device shown in Figure (3-7).

In this model, the same practical scenario of the shape memory cycle
mentioned in the first model, is followed, except that in (step2) of the
programming stage in this second model, the process of cooling is conducted
using iced water until the sample temperature reaches 10°C.
3-5-1-1-2 The Water-responsive Shape-Memory Effect (SME)Test

In this current study, the Chinese-origin digital VVernier was self-modified
and turned into a stretching instrument upon request, to activate and deactivate
SME property of the materials under study, as shown in Figure (3-9).1t was similar

to the method that created by Brostowitz and his group after the development of

(wrench) [18] which was adopted by many researchers in the SMP field
[20,22,26,27,29,38 and 75].

Figure (3-9): A Photographic Image of The Self-Modified Electronic Vernier for Being
Used as a Shape-Memory Instrument Based on Thermal Stimulation by Immersing in
Hot Water.

63



Chapter Three Practical Part

Test procedure:

The protocol of the hot classical shape memory cycle based on stimulation
with hot water, as shown in Table (3-8), which includes the following:
1- Length of (10mm) was marked at two sides of the center of rectangular strip
by two distance lines as initial length, L.
2- The specimen was clamped in outside the jaws of Vernier caliper.
3- Programming the deformed shape (target shape) according to the following
steps:
e Step0: The marked rectangular strip sample was immersed in hot water at 75°C
for (30sec) before stretching.
e Stepl: The marked distance on the specimen was elongated to the desired length,
L, at 75°C for (10sec).
e Step2: The elongated specimen was cooled in iced water (10+1°C) for (30sec)
under load.
e Step3: The stretched specimen is removed out of the modified Vernier jaws
(removing the external force), then the fixed length of the fixed specimen is
measured after leaving it for 60sec to relax at room temperature (23+2°C).
Where the length Ls, which includes (the distance between the two lines) is
measured by means of a ruler or a Vernier.
4- The stage of the original shape recovery according to the following step:
e Step4: The fixed sample is reheated to the recovery temperature to recover its
original shape, which is done by re-immersing it again in the water bath at 75°C
for 30sec. Then the marked distance (the distance between the two lines) is
measured, which represents “L,”in this step. Where L4, is measured by means of
a ruler or a Vernier.

From the obtained results, the shape memory factors are calculated

according to the previously mentioned equations.
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Table (3-8): The Water-responsive Shape Memory Effect (SME) Test Method in Images
Using The Developed Vernier.

Test protocol Photos
Gaamsk 3
1- Drawing two distance lines tﬁ.
RSy
2- Clamped on modified
Vernier
StepO
Sample immersion in hot water for (30sec)
3-Programming
stage of Hot-
classical (SMC) Stepl
Step2
Stretched sample in cold water for (30sec).
Fixed sample
Step3 = "'—“
| ssm——
Stretched sample remove from jaws of
Vermier at room temp.
Recover sample
-_—
4- Recovery Step4
stage Hot-
RO _;i
Fixed sample reheating by immersion in hot
water.
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3-5-1-2 Visual Photography (Macroscopic) Shape Memory Effect
(SME) Testing

This type of the macroscopic SME property demonstration test requires the
use of a video camera to record images for the fixed temporary shape that
represents the target shape to be formed in the fixed temporary shape
programming stage (SME property activation stage). Moreover, recording the
original shape recovery process in the recovery stage (SME property deactivation
stage) of the hot classical shape memory cycle based on the thermal stimulation
with hot water.
- Test procedure:
1- The original and the target shapes were determined before the start of the shape

memory cycle, as shown in Table (3-9).

Table (3-9): Determination of The Types of The Target Shape That is Previously Fixed in
the Visual Demonstration of SME Property, With The Fixation Tools.

Shape of test Name of sample No. of step
. . Work tools
sample shape in (SMC) in (SMC)
Straight - shape Original - shape Step0 e Hot-water bath.
Long strip - e Cold cushion pack/
shape eTarget-shape fixation tools are:
Spiral - shape
1-Long-strips 2- Holding | 3- Holding U-
shape holding the spiral shape with
Fixed temporary with hands. shape with laboratory
hape (Target 3 | pliers or pipette
shape (Targe A i i
p g Step3 ~ | index finger
shape) or
U- shape
(Deformed shape)
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2-Taking snapshots with the video camera for the test sample with the original
shape represented by the straight-shape, after undergoing the steps of the
programming stage shown in Figure (3-10), to reach the fixed temporary shape or
called the target shape (deformed shape).

3- Taking snapshots with the video camera for the programmed test sample of the
fixed temporary shape, while it is recovering its original shape during the
reheating process in the recovery stage of the water-responsive hot classical shape

memory cycle.

Type of Step1: Heating by hot water bath at Step2: Cooling by cold
(target —shape) 75°C and applied force load for cushion pack under load for | Step3: Load removed
(30sec). (30sec).

Long-strip shape

Spiral- shape

U- shape

Figure (3-10): Snapshots Taken With The Video Camera of The Fixed Temporary
Shape Programming Stage Steps.
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3-5-1-3 Surface Shape-Memory Effect (SME) Testing

Surface shape memory device of local origin (Designed, by me and
manufactured in cooperation with a local engineering industrial workshop) was
used to activate and deactivate the surface-SME property. Its idea is based on
using a ball penetrator with a diameter of (11.7 mm) of ceramic material,
according to the references [79,81], where this penetrator is fixed by a holder and

it is affected by a compressive load, as shown in Figure (3-11).

Based on Thermal Stimulation With Hot Water.

Test Procedure:

1- The test sample is put in the surface-SME device specified place, then making
the ball penetrator touches the sample surface with a fixing load of (0.05 kg).

2- Determining the compressive load value to be applied to form the fixed
temporary shape of the surface before starting with the hot classical shape
memory cycle based on thermal stimulation with hot water.

3- Taking snapshots with the video camera and optical microscope for the sample
surface after undergoing the programming stage, as shown in Table (3-10).

4- Taking snapshots with the video camera and optical microscope for the

programmed test sample surface while it is recovering its original surface shape
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by reheating it with hot water at a temperature of 75°C, for a period of (30sec) in

the followed shape memory cycle recovery stage.
Table (3-10): Pictures of The Surface Shape Memory Effect (SME) Test Method Using

Ball Penetrator.

Sample was immersed in hot
water at 75°C for (30sec).

Applied constant load using
Stepl | ball indicator at 75°C for
(10sec).

Step2 | Cooling at room temp. under
load for (30min).

Fixed sample remove from
Step3 | Surface — SME device.

Fixed sample reheating by
Step4 | immersion in hot water at
15°C:
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3-5-2 Physico -Chemical Characterization Tests

3-5-2-1 Differential Scanning Calorimetry Analysis (DSC) Test

The French origin (DSC) device was used with a heating rate of
(20°C/min), calibrated using a standard indium specimen, as shown in Table (3-
7), in studying the relation of the latent heat of fusion, AHp, for the samples
subjected to this test, with the SME property condition, whether it is activated or
deactivated.
3-5-2-2 X-ray Diffraction (XRD) Test

The Japanese origin (XRD) device, which is shown in Table (3-7) (Cu-BF
target, scanning step 50°/min, current (1.5A), and input voltage 220V/50Hz), was
used to obtain the x-ray diffraction patterns of the samples subjected to this test,
to study the effect of SME property activation and deactivation on Xx-ray
diffraction parameters.
3-5-2-3 Fourier transform infra-red (FT-IR) Test

The German (FT-IR) spectrometer, which is shown in Table (3-7), was
used to prove that there was no chemical reaction between the vulcanized rubber

samples and the fatty acid after the impregnation process.
3-5-2-4 Field Emission-Scanning Electron Microscopy (FE-SEM)

Test
The Dutch-origin (FE-SEM) device, which is shown in Table (3-7), was
used to study the samples surface subjected to this test, after coating them with a
layer of gold using the sputter coater system.
3-5-2-5 Energy dispersive X-ray spectroscopy analysis (EDS) Test
The elemental chemical composition of sample was investigated by the
energy dispersive x-ray spectroscopy system (Oxford instruments X-Max EDS,
UK). The test sample stage with conductive paste, and the applied voltage was 20
KV as shown in Table (3-7).
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3-5-2-6 Determination of the Vulcanized Rubber Cross-Link
Density by Solvent Swelling Method

This is the simplest and most common technique for measuring the cross-
link density of vulcanized rubber according to the references [21,84,87-89].
-Test procedure:

1- Measuring the mass of the test samples before immersion in toluene, using an
electronic balance sensing readings of four decimal places.

2- Submerge the test samples in plastic bottles containing toluene, as shown in
Table (3-7), in a dark place at room temperature (23+2°C) for 7 days.

3- Taking the test samples off the bottles after the end of the specified immersion
time, then drying them using filter paper, then quickly measuring the mass of these
samples.

4- Calculating the volume fraction value for the rubber samples while they are in

swollen state from the following equation [21,84,87-89].

1
v, = ..(3-14)
R 1+ pr+(vvs _Wd)

ps Wd

Where:

Vr is the volume fraction of the test sample in swollen state.

05 is the mass density of toluene solvent (0.867 g/cm?3).

or 1S the mass density of the initial dry sample (before the immersion).
W; is the weight of swollen test sample after (7days).

Wy is the weight of initial dried test sample (before the immersion).

5- Calculating the cross-link density using Flory —Rehner equation [89]:

V. =-{In @1=V.)+V, +V2]12v, (v —%VR) ...(3.15)
Where:

Vs is the molar of toluene solvent (106.83 cm3/mol).
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X is Flory —Huggins polymer - solvent interaction term. The value of this
parameter depends on the type of polymer and the type of solvent such as for
natural rubber —toluene. The value of (X) can be calculated by following equation
[89]:

X =0.44+0.18 V,....(3.16)

3-5-3 Quasi-Static Mechanical Tests at Short Time

3-5-3-1 Tensile Strength Test

The Tensile testing machine of type (HSOKT), British origin, with
operability (50KN) and operating voltage (220V/50Hz), as shown in Table (3-
7),was used to measure the tensile strength at room temperature (23+2°C).
3-5-3-2 Hardness Test

The manual durometer hardness type Shore-A of Chinese origin was used
to conduct the hardness test for the samples subjected to this test at room
temperature (23+£2°C). This test is done by the point penetrator indenting the
surface of these samples under the influence a certain load leads to giving a
reading that represents a measure of the surface indentation of the material, as
shown in Table (3-7).
3-5-3-3 Flat-Crush Test (FCT)

A Spanish-origin crush tester device was used to measure the crush
resistance at room temperature (23+2°C) for the samples subjected to this test , as
shown in Table (3.7).
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Chapter Four Results and Discussion

4-1 Introduction

This chapter includes all the results obtained in the current study, with their
discussion and interpretation. They are illustrated in graphical Figures for each
case and for all shape-memory tests subjected to the hot classical shape memory
cycle, structural tests, and Qusti- static mechanical tests based on short loading at
room temperature. In addition to presenting and interpreting the results of the role
of time of shape memory cycle in determining the shape memory polymer

appropriate type for a particular application.

4-2 Analysis of Commercial Natural Rubber Band Swelling in
Stearic Acid (SA) Molten

It is clear from the results of energy-dispersive- x-ray spectroscopy (EDS)
as shown in Figure (4-1) and Table (4-1) that the natural commercial rubber band

is one of the chlorinated vulcanized rubber products.

05 1 15 2 25 3 35 keV

Figure (4-1): EDS Measurement of Commercial Natural Rubber Band.

Table (4-1): The Weight Percentage of The Commercial Natural Rubber Band
Components.

Element | Wt% | Wt% Sigma
C 78.74 1.86
@) 8.51 1.40
Si 3.49 0.60
S 1.80 0.53
Cl 7.47 1.06
Total: | 100.00
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Figure (4-2) represents the swelling behavior of the rubber band (Code
Virgin RB) in stearic acid (SA) molten at 75°C (above its melting point which is
69.3°C).

Virgin RB

A
v

|

40 1 I | 1I
1
|

30 A Swelling
behavior zone

Equilibrium
swelling zone

SAwt %
[ 5]
[—]

0 20 40 60 80 100 120 140 160 180 200

Time swelling (min)

Figure (4-2): Swelling Behavior of The Commercial Natural Rubber Band (RB) in
Stearic Acid (SA) at (75°C).

Generally, the (SA wt%-time swelling) curve represented in Figure (4-2)

can be divided into two zones according to the swelling behavior or sometimes
called the diffusion behavior as follows: -
1-The swelling behavior zone: This is a region that represents the diffusion
behavior of monotonic increase during swelling duration of (0-2)hr, due to the
transition of Stearic acid (SA) molten molecules from the high to low
concentration area by penetrating the rubber molecules by the impregnation
process.
2- Saturation limit or equilibrium swelling behavior zone: it represents the zone
in which SA begins to accumulate in clear form to the naked eye, On the surface
of the rubber sample whenever it heads toward the peak during a swelling duration
of more than (120min). These results that were reached are in agreement with the
findings of the references [10,18,23,33].

On the other hand, Figure (4-3) shows images taken by field emission
scanning electron microscope, (FE-SEM) of the surface of the commercial rubber
band (RB) sample after impregnating it with Stearic acid for a period of 2hr.,
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which is denoted as (RB/ based SA), that is a continuous network consisting of
analogous platelet network that encapsulates the rubber molecules with a
percolated layer, which gradually grows until it reaches the peak stage, this result

is consistent with the findings of the reference [18].

Figure (4-3): (a,b,c,d) Represent FE-SME Images at Different Magnifications for The
Rubber Band Sample (RB/ based SA) Impregnated With Stearic Acid for 2hr.

Figure (4-4) indicates the FT-IR spectrum of the commercial rubber band
non-impregnated with stearic acid (SA), which was denoted by (Virgin RB) in
this study. The peaks appeared at (3411.77) cm 1, (2959.31) cm™,  (2917.98)
cm?, and (2849.72) cmt; which are attributed to the natural rubber. The peaks
(1093.65) cm™ and (1016.28) cm,are attributed to silica. This is consistent with
the findings of researcher Nicole and his group [18].
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Figure (4-4): FT-IR Spectrum of The Rubber Band (Virgin RB) and Reference Spectra

for Natural Rubber and Silica.

Figure (4-5) indicates that the Fourier transform infrared (FT-IR) spectra
of Stearic acid (SA) particles, which shows main peaks at (1698.97) cm™,
(2849.80) cm, and (2914.75) cm; which are consistent with the data of the
stearic acid (SA) material present in the FTIR device library according to the

Vesta software, as shown in Figure (4-6).
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Figure (4-5): FT-IR. Spectrum of The Stearic Acid (SA).
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Figure (4-6): The Match Between FT-IR Spectrum of Stearic Acid (SA) Particles Used in
This Study and The (FT-IR) Spectrum of Stearic Acid Present in The FT-IR Device

Library.

While Figure (4-7) indicates the results of the Fourier transform spectrum
of the rubber band material after impregnation with the material (SA), (Code RB/
based SA), for a period of 2hr., where it shows a peak at (2915.93) cm™ attributed
to (SA), also a peak at (1111.69) cm™ attributed to silica.

As for Figure (4-8), it indicates that some of the (RB/ based SA) peaks
match the data of the device library (FT-IR) represented by the data of Stearic
acid only; because the device library does not contain data on the rubber band
material (Virgin RB).

In general, the presence of peaks expressing SA, natural rubber, and silica,
each separately, is the best evidence that the process of impregnating the rubber
band with stearic acid was a physical process represented by the diffusion of
Stearic acid between the rubber band chains, this result agrees with the reference
[18].
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Figure (4-8): Matching the Stearic Acid (SA) Data in The Device Library (FT-IR) With
Some Peaks of The RB/ based SA Spectrum.

4-3 Characterization of Commercial Rubber Band Impregnated
with Stearic Acid as Shape Memory Smart Material.

Figure (4-9-a) shows that process of the commercial rubber band

impregnation with Stearic acid (SA) of a weight percentage of 30.4%, i.e
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(swelling time=2hr), has caused retention of (58.7%) of the applied strain, which

IS 70% in this current study.
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Figure (4-9): The Relation of The Applied Strain during The Hot Classical Shape
Memory Cycle Based on Normal Cooling of The Commercial Rubber Band Before and

After Impregnation Stearic Acid (SA) with No. of step.

After removing the load applied in step3, which represents the last step in
the shape memory effect (SME) property activation stage, also called the
mechanical-deformed shape programming stage during the hot classical shape
memory cycle(the first part of the cycle) to temporarily keep this mechanical
deformation after removing the applied load as mentioned previously (which is
called as the temporary fixity strain),where the shape fixity ratio, R¢is 83.8%. So
that, this material will not return to its permanent original shape, which it was in
before the shape memory effect (SME) property activation unless this property is
deactivated by completing the second part of the followed shape memory cycle
represented by the recovery stage of the permanent original shape before the
mechanical deformation occurrence, in which the material (RB/based SA) is
required to be reheated above the melting point of stearic acid, SA which is 75°C
for this type). As the heating temperature rises little by little, the strain formed
previously according to the programming stage, will also be released little by little
accordingly with this temperature increase in step4, until the original shape

recovery ratio, R,, is reached, which is estimated by 99.7%. So that, no matter the
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time the sample (the sample impregnated with SA, which was denoted in this
study by (RB/based SA) was left in under the influence of the reheating stage, R,
will not raise more than it reached; because the original shape recovery ratio
depends on the material nature, the applied strain, and the type of the shape
memory cycle. While the shape fixity ratio, Ry was equal to zero for the
commercial rubber band free of Stearic acid (SA) with swelling time =0 hr (which
was denoted in this study as Virgin RB) after undergoing an (SME) property
activation stage (the mechanically deformed shape programming) (Figure 4-9-
b);since Virgin RB showed a complete disappearance in mechanical deformation,
where the value of the applied strain in step3 was equal to Zero, after removing
the applied stress in step3 of the programming stage. These results are in
agreement with the scientific research [10,23,75].

Thus, Virgin RB is considered as a traditional polymeric material, since it
did not achieve the two aims together of the shape memory cycle correspondingly,
as it follows:
eHigh performance in retaining the temporary mechanical deformation by the
(SME) property activation.
e High performance in recovering the original shape before the mechanical
deformation occurs during the (SME) property deactivation stage. This agrees
with the reference [1,85,90].

Although, this rubber band can be easily converted from a traditional
polymer material to a shape memory polymer if it was combined between the
natural (Virgin RB) rubber elastic network with the reversible switching network
of Stearic acid (SA) that can melt and crystallize by changing temperatures with
each other. As in the aforementioned (RB/based SA) sample, through the
impregnation process, whereby this impregnation process results in physical net

points. With this physical blending, the virgin (RB) rubber band is coated with
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Stearic acid, and this is shown by the microscopic images taken by the scanning

electron microscope Figures (4-10) and (4-11).

Figure (4-10): (FE-SME) Microscope Image of The Sample Surface of Type (Virgin RB).
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Figure (4-11): (FE-SME) Microscope Image of The Sample Surface of Type (RB/based
SA).

Figure (4-10) shows that surface of the rubber band sample that is not
impregnated with (SA) material (represented by Virgin RB), appears as flat.
While the microscopic image (Figure 4-11) of the same rubber band surface, but
after impregnation with Stearic acid, showed high crystal formation. Where the
rubber band impregnation with (SA) causes the growth of analogous platelet
crystals on the rubber band surface, this, in turn, leads to impeding the rubber
segments movement, which leads to the rubber band showing the shape memory
effect after undergoing a shape memory cycle, this agrees with what the researcher
found [18,22 and 75].
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Thus, the reversible switching phase in this study is represented by SA
material. As mentioned previously, SA has the role-play of the lock in the elastic
rubber band network, which allows of this rubber band through the shape memory
cycle to lock and cancel the strain-induced crystals (SIC) by melting and
crystallization SA network.

Generally, this difference in thermomechanical behavior between (Virgin
RB) and (RB/based SA) occurred during the shape memory cycle, can be
explained from the perspective of differential scanning calorimetry (DSC) as well

as from the perspective of x-ray diffraction (XRD) as follows:
4-3-1 DSC Test

The method of thermal analysis for this test depends on the physical or
chemical changes that occur to the material as a result of the temperature change
that is usually accompanied by the emission or absorption of thermal energy.

Accordingly, samples were prepared for the DSC test of these materials
under study represented by (Virgin RB) and (RB/based SA) after they were
subjected to the (SME) property activation and deactivation stage; in order to
observe the success indications of these materials in their characterization as
shape memory smart materials, by identifying some of the information taken from
the heating curves of the DSC test for these materials Figures (4-12) and (4-13).

Virgin RB
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Figure (4-12): Heating Curve Taken During DSC Test of Virgin RB Sample, Which was
Previously Subjected to The SME Activation Stage.
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Figure (4-13): Heating Curve of The Sample (RB/based SA), Which was Previously
Subjected to The SME Activation Stage.

In general, Figure (4-13) of the sample (RB/based SA) is distinguished
from Figure (4-12) of the sample (Virgin RB) in that, it contains one endothermic
peak, which puts it in the rank of materials that undergo a phase change during
the thermal range extending from 41.9°C to 61.9°C, which requires the absorption
of thermal energy of 141.1 J/g for this thermal event to occur. While the sample
(Virgin RB) falls under the character of thermally stable materials within the
thermal range from 23°C to 152°C; because no absorbent peak appears on its
heating curve, and these indicators refer that the absorbent peak belongs to the
Stearic acid (SA) material that coats the structure of the rubber band. The melting
temperature of the Stearic acid (SA) after penetration into the structure of the
rubber band decreases from its original value Figure (4-14). This decrease is
attributed to the fact that the continuous phase in RB/based SA is rubber band,
this is consistent with the findings of the scientific research [14,20,38,75 and 86].
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Figure (4-14): Heating Curve Has Taken During DSC Test for The Stearic Acid (SA)
Sample.

Anyway, the Virgin RB sample DSC curve with this stable characteristic
refers to no occurrence for any restriction process for the strain-induced crystals
after removing the applied load in step3, and that this material does not have the
ability to restrict the mechanically deformed elastically network during the first
part of the shape memory cycle; thus, it is not considered as a shape memory smart
material.

So that, the direct responsible for restricting the strain-induced crystals is
the presence of Stearic acid (SA), so, it was found that the heat fusion, AH¢
required for the phase change in RB/based SA material after SME property
activation is more than it is in the case of deactivating the SME property, which
is shown in Figures (4-13),(4-15) and (4-16). Where this increase in the heat
fusion, AHs is attributed to melting of SA crystals in addition to the removal of
restricted strain-induced crystals (SIC), where there is a direct relation between
the heat fusion and the degree of crystallinity, and these results are consistent with
the findings of the researchers (Y.Y.Kow) et al. [75], and (F.Xie) et al. [20].
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Figure (4-15): The Heating Curve Taken During DSC Test of (RB/based SA) Sample
After (SME) Property Deactivation.
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Figure (4-16): The Effect of The Latent Heat of Melting, AHm in The SME Property
State.

4-3-2 X-ray Diffraction (XRD) Patterns Examination

The results of XRD examination in Table (4-2) obtained from the
diffraction patterns shown in Figures (4-17) and (4-18) using the Williamson-Hall
and Debye-Scherrer equations according to the Vesta software program, showed
that the degree of crystallinity of the RB/based SA that subjected to a SME
property activation stage during the hot classical shape memory cycle, is of higher
value than that of the sample but after being subjected to the SME property
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deactivation stage. Therefore, the important question here: is the degree of
crystallinity of the (RB/based SA) sample after being subjected to the deactivation
stage (i.e. removing the mechanical deformation), an indication of the
disappearance of the strain-induced crystal layers? The answer immediately, yes.
The common phenomenon that occurs to natural rubber is the entangling of this
rubber type elastic networks with each other to undergo the crystallization
process, by forming the aforementioned strain-induced crystal layers during
mechanical deformation, which quickly disappear after removing the applied load
by the reaction force of the natural rubber network sulfur bonding entangling
(cross-linking), which leads to its return to the equilibrium shape. That what was
happened to the non-impregnated with SA Virgin RB sample, this means that SA
in the rubber band impregnated with it has played the role of a lock that can be
closed on the mechanically deformed shape by the aforementioned SME property
activation stage, also to be opened by SME property deactivation stage This
agrees with the reference [14]. Thus, RB/based SA material of activated SME
property is characterized by two types of crystallization sources, which are:

e Strain-induced crystals restricted by SA network freezing during the SME
property activation stage.

e Bi- crystalline layers of Stearic acid (SA) network.

Table (4-2): X-ray Diffraction Parameters of The Sample RB/based SA of Activated and
Deactivated SME Property.

Type of Lattic parameters Unit - Degree of | Crystallite | Dislocation | Micro- | Type of
SME a | b | ¢ |Alpha | Beta | Gama cell crystallizity | size (nm) density strain | unit cell
property (o) B) ) volume (%)
status (A")"
Activation <

]

16.1512
=Y

9
11.5146
90
99 368"
9UII
796.11
67
19.712
0.25735
4
0.09164

Deactivation

90"
p=120"

8.16133

7.24931
Monoclinic a#b#c#a

11.08430
90".0000
109.0862"
90.0000"
619.740951
47
39.849
0.0629
0.006165
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Figure (4-17): X-ray Diffraction Curve of RB/based SA Sample of Activated SME
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Figure (4-18): X-ray Diffraction Curve of RB/based SA Sample of Deactivated SME
Property.

These crystallization sources work side by side in increasing the x-ray
diffraction during the XRD examination. This diffraction increase is translated
into an increase in the degree of crystallinity from the data of the Figure (4-17), if
it was compared to the x-ray diffraction when the strain-induced crystals
disappear after the SME property deactivation stage, Figure (4-18). As shown by
the results of XRD examination, as shown in Table (4-2), the RB/based SA sample
of activated SME property has the same unit-cell type after SME deactivation,
where there is no difference in both stages, the composition of the unit cell is of a

monoclinic type (az=b=c, a=Y=90°and B=120°), but the difference was clear in
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some results of the XRD examination that confirm the aforementioned facts about
the formation of strain-induced crystals during the SME property activation stage
and their disappearance during the SME property deactivation stage, which are:-
e The unit-cell size of the sample after the SME property activation stage is greater
than the unit cell size of the sample after the SME property deactivation stage.
e The degree of crystallinity of the sample after the SME property activation stage
Is greater than the degree of its crystallinity after the SME property deactivation
stage.
e Crystallite size of the sample after the SME property activation stage is less than
the crystal size in the sample after the SME property deactivation stage.
Moreover, among the data of the XRD examination is the determination of
the value of dislocations density and micro-strain as shown in Table (4-2), which
indicate the presence of non-reversible permanent deformations in the (RB/based
SA) body. Where the dislocations density and micro-strain in the sample after the
SME property deactivation stage is less than they were after the SME property
activation stage, and this result is consistent with the fact shown by Figure (4-9)
from the accumulation of part of the applied strain in the form of non-reversible,
permanent, plastic strain in step4 of the hot classical shape memory cycle.

Generally, these results agree with the findings of the scientific research [14,16].
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4-4 The Role of the Melting and Crystallizing of the Stearic Acid
Network in Retaining and Releasing the Mechanical Deformation

Energy

From the Figure (4-19), several points can be summarized:
eAs it showed by Figure (4-19-a), applying stretching stress of the value
(105.3KPa) in (stepl) easily formed a strain estimated by 70% when heating the
(RB/based SA) sample in (step0) to a temperature (75°C) which is higher than SA
melting point, that is 69.3°C, as shown in Figures(4-19-b) and (4-19-d). This
attributed to the change of the SA network from crystalline to molten state in the
sample body, this result is in agreement with the references [10,18,22].
e As shown in the Figures from (4-19-a) to (4-9-d) the temperature decrease of
the mechanical deformed (RB/based SA) material from 75°C to room
temperature, under the conditions of the continuous application of the stretching
load in (step2), that leads to the transformation of the SA from the molten to the
crystalline state in the body of (RB/based SA). Thus the crystallization of the SA
network leads to the freeze of the deformed configuration of the (RB/based SA)
who is still under the influence of the applied load. As agrees with the reference
[18,23,75 and 85].

As referred by the references [74,85], maintenance process of the SMP in
a mechanical deformation state, necessitates maintaining two thirds (2/3) of the
stored applied load Accordingly, for the mechanical deformation residue in step3
after the removal of the applied load, (70.2KPa) must be maintained of
(105.3KPa) as the stored applied stress in the sample body, for restricting the
rubber band cross-linking entropic recovery force.

So that, at the hot classical cycle, SA network crystallization and melting
factors are correlated with the (RB/based SA) temperature, where the reversible

phase is represented by SA network. Whereas the factor of the entropic recovery
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force of the RB network (which indicates to the RB/based SA stable phase) is
correlated with SA weight percentage, also with the SM cycle protocol used in
this work. This agrees with the references [18,23,75,85].
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Figure (4-19): Represents the Profile of The Hot Classical Shape Memory Cycle Based
on Room Temperature Natural Cooling for (RB/based SA). Where (a) Shows The
Temperature Relationship, (b) Shows The Stress Relationship, (c) Shows The Time
Relationship, and (d) Shows The Stress Relationship, With The Number of The
Programming Stage Steps of The Shape Memory Cycle Followed.
Figure (4-20) shows FE-SEM characterization image of Stearic acid (SA)

after freezing, where it is representing the natural rubber particles coated by bi-
layers analogous platelet crystals, this agrees with the references [10,18,23,26,75
and 85].
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SEM

Figure (4-20): FM-SEM Image of The Surface of (RB/based SA) That Appears in The

Form of Bit Layers’ Analogous Platelet Crystals of SA Material Coatingthe Rubber

Band Molecules in Their Crystalline State.

As shown earlier in Figures (4-19-a) and (4-19-b), it can be noticed during
the process of transition from stepl to step2, the domination of the temperature
change view from 75°C to room temperature. This ending to a part loss of the
applied internal stretching work energy(W,), because of the occurrence of the
thermal contraction phenomenon, as clear in Figure (4-21). On the other side, the
emergence of the elastic contraction phenomenon (as indicated by Figure (4-21))
through the process of transition from step2 to step3 is attributed to the Stearic
acid weight percentage utilized in the (RB/based SA) preparation, which reached
(30.4%) when swelling time was (2hr). The occurrence of these phenomena do
not permit the completion of the entropic recovery force movement restriction,

this result is in agreement with references [10,26,59,85 and 90].
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Figure (4-21): The Physical Phenomena Accompanying The Programming Stage of The
Hot Classical Shape Memory Cycle of RB/based SA.

So that, the way for the applied strain (meant to be fixed) decreasing is
briefed in releasing a part of the strain which is represented as spontaneous elastic
strain in addition to the non-desired physico-mechanical phenomena through the
deformed shape programming stage of the hot classical cycle (activation of the
SME property). Consequently, in this cycle the real retained applied strain value
was (58.7%) instead of (70%),as shown in Figure (4-22).
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Figure (4-22): The Difference in The Value of The Applied Strain That is Fixed in Step3
From its Actual Value Applied in Stepl During (RB/based SA) Deformed Shape
Programming Stage in The Hot Classical Thermomechanical Cycle Based on Normal

Cooling at Room Temperature.
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Contrariwise, the fixity of this strain in the deformed shape, which named
“fixed temporary shape”, may last forever except when the Stearic acid network
Is stimulated to move from crystalline to molten state. Figure (4-23) shows the
moment after (RB/based SA) gradual reheating, starting from room temperature
and ending to 75°C again. The fixed strain will fade gradually through the stage
of recovery as a result of SA network re-melting which permits for the network
of the mechanically deformed rubber band to be back to its original molecular
architecture con Figure ration that was in before deformation nearly by a ratio
equal to(R=99.7%). This is attributed to the material tendency to pile up the non-

reversible permanent plastic strain in its body during the deformation stage in
stepl, as seen before in Figure (4-21).
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Figure (4-23): The Relation of The Shape Memory Recovery Strain (Retained Strain) to
The Shape Memory Recovery Temperature (SM-Temperature).

Figure (4-24) refers to the (RB/based SA) molecular architecture con
Figure ration accompanied by photographs of it prior to the mechanically
deformed shape programming having the shape denoted by “shape A”, and after
the programming stage in step3 taking the shape denoted by “shape B” after

removing the load. The sample is back to its original form (shape A) during
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reheating in (step 4) with slight difference because of the occurrence of the non-

reversible permanent plastic deformation.
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Figure (4-24): The Analytical Framework for The Change of Molecular Architecture
Con Figure Ration for RB/based SA During the Hot Classical Thermomechanical Cycle

Based on Normal Cooling at Room Temperature.

Mostly, the SME property is evidenced by forming the “shape B” in (step3)
after removing the load, after that the sample returned to its initial shape “shape
A” in (step4) but with slight difference.

Therefore, it can be indicated that the applied strain can be divided into three
classes in stepl during the shape memory cycle as the following:
The first class: it is named as the “frozen elastic deformation “that can be

reversed by thermal stimulation to the SA freezing phenomenon on the network

of the mechanically deformed rubber band.
The second class: it is named as the “elastic deformation” that reversed

spontaneously, attributing to the phenomena “elastic retraction “and “thermal

contraction”.
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The third class: it relies on the material nature, denoted as “non-reversible

permanent plastic deformation” because of the plastic strain accumulation. It can
be seen from Figure (4-25), the frozen elastic strain is the cause for continuing the
(RB/based SA) material temporarily deformed shape after the applied load
removal. By this strain formation, the first purpose of the SMC (shape memory
cycle) is reached. On the other hand, the second purpose of SMC is reached by
one of the external stimulating methods such as hot air as it is followed in the
present study the elastic strain releasing through untying the freezing of the
entropic recovery force by the ridding process of the stored tensile stress (the
material here becomes in state of stretching), this process is accomplished by the
melting of the Stearic acid crystals, by so, the material has recovered its original

shape, this is shown by Figure (4-26).

Type of mechanical deformation during prog.
stage of SMC

Application of stretching

stress at stepl Applied imposed [stretching deformation
Spontaneous reversible elastic Non reversible permanent

deformation at stepl plastic deformation at stepl
Dissipation elastic deformation in Frozen elastic deformation + Spontaneous

surrounding of sample at step2 reversible elastic deformation at step2
Due Thermal
contraction
A
. 2 ‘ v

Dls.glpa.mn Elasnc. E Frozen elastic deformation at

deformation in swrounding at U le— step3
step3 E E -
= [
» 3
= )
Due elastic | At end of prog. Stage
retract ‘
Frozen elastic deformation + permanent plastic
deformation

Figure (4-25): A Schematic Diagram of The Applied Strain Retention Process in The
RB/based SA Material After Completion of The Programming Stage of The Hot
Classical Shape Memory Cycle.
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Type of mechanical
deformation during the
recovery stage of SNC

l

Frozen elastic deformation+ permanent plastic
deformation formed afier the end of the
programming stage.

Moving from step3 to step4 l

Reheating at
75°C during
stepd

Thermal recovery stretching
deformation at stepd

Non reversible permanent
plastic deformation at step4

The second aim of
SMC

Figure (4-26): Schematic Diagram of The Strain Releasing Process From The RB/based
SA Deformed Shape into Its Surrounding Medium During The Recovery Stage of The
Hot Thermomechanical Cycle.

This agrees with the results of Ingrid and others, which clarify that the SM
material shape recovery and fixity are controlled by the strain that depends on
strain relaxation, thermal contraction, and spontaneous elastic recovery [59].

So that, Figure (4-27) demonstrates that the main condition for a material
to have the property of continuing on a temporary mechanical deformation state
and recovering its original shape again (the shape it was on prior to the mechanical
deformation) is its capability to store and release the elastic elongation work
energy through thermal stimulation. Where it is a positive relation between the
elongation work energy, applied in (stepl) (wanted to be fixed in the temporarily
deformed shape) and the elastic elongation work energy frozen as a result of the
freezing of (SA). Nevertheless, the practical achievement of the classical SMC in
applied elongation work energy storing as spontaneous non-reversible storing still
not reaching the goal, because of the physico-mechanical phenomena resulted
with the hot classical SMC, which have negative relation with the applied
elongation work energy [15,55 and 59].
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Rubber band network elastic
deformation (restriction)
freezing phenomenon

h
+
SA network melting 4 The applied stretching - Thermal contraction
i phenomenon
state work energy in stepl
SA network freezing + | meant to be temporarily
retained (stored)

Accumulation of the permanent
plastic deformation

- Elastic retraction
phenomenon

state

Figure (4-27): Schematic Diagram of The Practically Observed Physico-Mechanical
Phenomena During The Hot Classical Shape Memory Cycle and Their Relation to The
Applied Elongation Work Energy Meant to be Retained. (+) Positive Role, (-) Negative

Role.

Figure (4-28) shows that the elastic retraction, thermal contraction, and
permanent plastic strain accumulation phenomena are practically classified from
this current study as the phenomena that reduce the applied stretching energy
meant to be temporarily retained from (73.71 KJ/m®) to (61.65KJ/m3®) and
efficiency of elastic strain energy n=83.6%. Also, the applied stretching energy
of the quantity (12.06 KJ /m?), is considered as not temporary restricted according
to the hot classical shape memory cycle steps. This part of the stretching work
energy is lost as dissipated energy in the (RB/Based SA) structure as anon-
reversible permanent plastic deformation and as the energy dissipated to the
surrounding medium of this material. Figure (4-28) shows that the applied
mechanical work energy can be divided into several sections according to its
images in the followed thermomechanical cycle, as follows:

1- Elastic strain energy lost by the spontaneous reverse in the surrounding
medium, Wp e by[15,55 and 59]:
e Thermal contraction

Wo e (due thermal contraction)=6, x (¢, —&)(KI/m®) .... (4.1)
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e Elastic retraction
Who e (due elastic retraction)=4, x (¢, — &)(KJ /m°) .... (4.2)
2-The internal energy consumed by the sample deformation is[15,55 and 59]:

ePlastic dissipation energy,Whardening Y the plastic strain.
Wolastic= 51 X 54(K\] /mg) ....(4.3)

&, . Non-reversible permanent strain at deformation temp (residual strain).

eThe elastic strain energy is recoverable by the thermal stimulation (frozen elastic
Straln, Wfrozen).

Whrozen= 0, (&5 — &,)(KJ /m®).... (4.4)

&, . 1s the recovery strain at a particular temperature.

This means that each step of the shape memory cycle steps is one of the
applications of the energy conservation law. The first step includes the energy
consumed by the sample deformation, W, which is:

Wi = WolastictWspi. ... (4.5)

Wip1: Is the spontaneous recoverable elastic strain energy. This internal energy,
W, became in the second step of the cycle (which includes the cooling process) as
follows:

Wi = Woiastict Wsp2+ W g(due thermal contraction)- - - (4.6)

Wsp2; IS the spontaneous reversible elastic strain energy-reduced after the
occurrence of the thermal contraction.

In step3 (which includes the applied load removal), the internal energy
consumed by the deformation is:

Wi = Woiastict Wrozent Wh E(due elastic retract).- - - - (4.7)

While in the last step of the shape memory cycle (which includes reheating

the material to the deformation temperature (75°C), the internal energy consumed

by the sample deformation at the deformation temperature is:
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Wi = Wpjasiic. . .. (4.8)

While the frozen elastic energy is transformed to a thermally recovered
energy (SM-recovery elastic energy), that means the shape memory effect
property is based on the frozen elastic strain energy, Wiozen , this agrees with the
references[15,26,45].

Heating at75°C,
unstreted 1
Unloading

=Zero (unstretched),at Signd
20°C
Loading (stretched),
5y at 75°C @ o
=
Note: 61 f‘: < WI: Wﬁozen+ Wplastic
=105.3 KPa ;
W= 8x£,=73.71KJ/m’ =
1 2
' 2
Y :
Wplastic W’spl 1
Reheating
} from 20°C Step4
\&le "K/Tplast1c+\xfrsp[ t0750C

Due
Thermal Wp=81x(€1-62)=0.53 KJ/m’
Contraction

Wreco. = O1% (83-‘\ 84)
Loading (stretched),at 20°C ’ =61.65KJ/m’
W=

Y

DINS
JO Wk Puodas YL,

pIasnc + Wsp2
h
Due Tz :
Elastic WD_E:81(82'€3) =1 1.38KJ/11]3 ‘ Wplastic —51)(84:0_15 KI/m
Retract ’ .

Figure (4-28): A Schematic Diagram Showing That The Stretching Work Energy is
Neither Consumed Nor Regenerated During The Hot Classical Shape Memory Cycle,

but is Transformed From One Form to Another.

Generally, the elastic stretching work energy that is restricted from
spontaneous releasing (frozen elastic stretching work energy) will not be released
from the RB/based SA material to its surrounding medium unless it is under

temperature-controlled conditions.
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Figure (4-29) shows that the first region of the shape memory recovery
work energy curve (SM-recovery work energy) and shape memory recovery
temperature (SM-temperature) has no change in the restricted elastic stretching
work energy value. Also, the fixity continues until reaching the temperature of
41°C, where at this temperature, (RB/based SA) got rid of about (10.6 KJ/m?®) but
it still retains (51.2 KJ/m®), When the temperature increasing continues, the
material continues in ridding of the stored energy which causes to return it back
to its original shape little by little until reaching to the second region end and as

for the third region it represents a stage in which recovery steps.

70 1 | Melltingrang of SA in |
I /based SA
60 1 Il II1

SM- recovery work energy(KJ/m?)

15 25 5 | ous 55 | 65 75 85
3 1% T™.=61.5 C SM - Temperature (°C)

Figure (4-29): The Relation Between The Shape Memory Recovery Work Energy (SM-
Recovery Work Energy) and The Shape Memory Temperature (SM-Temperature).

4-5 Demonstration of a Macroscopic Shape-Memory Effect (SME)
Property of the Smart Rubber Band

Figures (4-30) and (4-31) show how to macroscopically demonstrate by
digital photography (videography) the SME property, that depends on
photographic documentation of the original shape change of (RB/ based
SA)impregnated for 2hrs with Stearic acid, represented by a straight-shape to a

new shapes represented by long-strip shape, spiral-shape, and L-shape again by
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the SME property activation process (programming stage) and returning to the

initial shape by SME property deactivation process (the recovery stage).

Before the start of SMC After the prog. Stage is During recovery Stage After the recovery Stage is over
over

Original permanent shape Temporary shape | Stimulus Recovery process Recovered permanent shape

Straight -shape

:v

7189

Spiral- Shape

Reheat up in water at 75°C

Long strip —shape

t=0s L t=9s t=30s

Figure (4-30): Digital Images Showing The Programming and Recovery Demonstration
of The Macroscopic (SME) of (RB/ based SA).

Before classical shape — | After the prog. During recovery stage After recovery
memory cvcle type Hot Stage is over stage is over
Original permanent | Temporary shape | Stimulus Recovery process Recovery
shape permanent shape

Shape
U-Shape

Reheat in water at 75°C

t=10s =30s

Figure (4-31): Digital Images Showing The Programming and Recovery Demonstration
of The Macroscopic SME of (RB/based SA).
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4-6 Study of the Surface Shape Memory Effect (SME) of the Smart
Rubber Band

Figure (4-32) shows the surface shape memory effect (SME) for a sample
of rubber band impregnated with Stearic acid (RB/based SA) for a period of 2hr.,
by forming a temporary surface circular trace with a diameter of (8mm) with an
irregularly dimensional hole in the center of this trace which showed by the
macroscopic and microscopic images after the end of SME activation stage.

Figure (4-32) also shows that during the SME property deactivation stage,
the circular trace disappears as it appears macroscopically. While the hole has
gradually decreased in size with the increase in the recovery time from Os to 30s,
but it did not disappear completely after the completion of the SME property
deactivation stage. As a result of the effect of surface shape memory effect
property deactivation stage, by applying pressure up to (11.33 Kg) through the
small contact area, it causes the formation of an elastic deformation followed by
a permanent plastic deformation represented by the hole in the sample body
(RB/based SA) that is not reversible by thermal stimulation during the SME

property deactivation stage; because it is a rupture.

Before the start of SMC After the surface shape memory effect During surface shape memory effect After surface (SME)
(SME) activation deactivation deactivation is over
Original permanent Surface Temporary Surface spherical g Recovery process Recovered permanent surface
shape indentation 35 shape memory
Macroscopic Digital optical E Macroscopic Digital optical | Macroscopic | Digital optical
microscope @ microscope microscope

s

Reheat up in water at 75°C

Surface without spherical indentation

t=0s t=15s t=30s

Figure (4-32): Photographic and Microscopic Images Showing The Activation and

Deactivation of Surface SME.
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4-7 Study of Factors Affecting the Smart Vulcanized Natural
Rubber Shape Memory
4-7-1 Study the Effect of Stearic Acid Weight Percentage on the

Shape Memory Behavior
Figures (4-33) to (4-36) showed an increment in both; the fixed strain (the

restricted strain in the mechanically deformed shape) and the mechanically
deformed shape fixity ratio for (RB/based SA) with an increment in the weight
percentage of Stearic acid (SA wt%) after the completion of the (SME) property
activation stage of the hot classical shape memory cycle. Furthermore, the results
clarified in the Figures (4-37) and (4-40) have shown an increment in the non-
reversible plastic strain accumulation, and a decrease in the original shape
recovery ratio. Also, there was an increment in the swelling time as well as the
Stearic acid percentage after the end of the shape memory cycle recovery stage.

The reason for that is that the increase in the period of the rubber band
immersion in Stearic acid molten leads to increase the Stearic acid percentage in
the commercial rubber band body, thus resulting in an increase in the switching
phase that is responsible for retaining the elastic deformation. With switching
phase increase, the elastic retraction phenomena decreases, which leads to an
increase in the number of retained elastic effective chains. At the same time, an
increase in the (SAwt%) percentage leads to an increase in the non-reversible
plastic strain accumulation; due to a decrease in the recovery driving force or what
is called the recovery entropic force, this is consistent with the references
[10,33,75].
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Figure (4-33): The Relation of The Fixed Strain in Step3 and The Swelling Time of (RB

based/SA) in The Stearic Acid Molten.
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Figure (4-34): The Relation of The Fixed Strain in Step3 and Weight Percentage of
Stearic Acid in The Material (RB based/SA).
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Figure (4-35): The Relation of The Shape Fixity Ratio and Swelling Time of (RB
based/SA) in Stearic Acid Molten.
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RB/based SA
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Figure (4-36): The Relation of The Shape Fixity Ratio With the Stearic Acid Weight
Percentage in The (RB/based SA) Material.
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Figure (4-37): The Relation of Non-Reversible Plastic Strain With Swelling Time of The
(RB/based SA) Material in Stearic Acid Molten.
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Figure (4-38): The Relation of The Non-Reversible Plastic Strain to The Stearic Acid
Weight Percentage in The (RB/based SA) Material.
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Figure (4-39): The Relation of The Shape Recovery Ratio to The Swelling Time of
(RB/based SA) Material in Stearic Acid Molten.
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Figure (4-40): The Relation of The Shape Recovery Ratio to The Weight Percentage of
Stearic Acid in (RB/based SA) Material.

Regarding the Figure (4-41), they show that the shape memory behavior
improves with the increase in the stearic acid percentage. In general, the SM-
behavior of RB/based SA can be classified according to the results shown) in
Figure (4-41) in comparison with the ideal SM-behavior in which (Rf = R, =
100%), follows: -
1-SM-behavioris poor when SM-index < 0.5.
2-SM-behavior is good when 0.5 < SM-index < 0.7.
3-SM-behavior is very good when 0.7 < SM-index < 0.8.

4- SM-behavior is excellent when SM-index > 0.8.
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5- SM-behavior is ideal when SM-index =1.

This classification is in agreement with the references [59,94].So that,
optimum shape memory properties are obtained when the swelling time is
120min.

RB/based SA
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Figure (4-41): The Relation of The SM- index to The Stearic Acid Weight Percentage in
(RB/based SA) Material.

4-7-2 Studying the Effect of the Imposed Applied Strain on the

Behavior of Shape Memory

Figures (4-42) and (4-43) showed an increase in both the fixed strain in
step 3 and the shape fixity ratio, Rs of (RB/based SA) after the SME activation
stage has ended, with an increase of the applied strain in stepl. Also, the results
clarified in Figures (4-42) and (4-44) have showed an increase in the permanent
plastic strain accumulation in step4, as well as a decrease in the original permanent
shape recovery ratio, R, with an increase in the applied strain in step1. The reason
for this is due to the decrease in the number of elastic effective chains to be
retained, especially at high strains, which leads to a decrease in the driving force
for recovery, and this is consistent with the references [10,23,33,65].

As for Figure (4-45), it was found that there are no significant differences

in the behavior of shape memory within this range of applied strains.
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Figure (4-42): The Relation Between The Tensile Strain Measured During The Shape
Memory Cycle, and The Number of Steps of The Shape Memory Cycle.
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Figure (4-43): The Relation Between The Tensile Strain Measured During The Shape
Memory Cycle, and The Number of Steps of The Shape Memory Cycle.
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Figure (4-44): The Relation Between The Shape Recovery Ratio of (RB/based SA) and
The Strain Applied in Stepl.
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Figure (4-45): The Relation Between The SM-index of (RB/based SA) and The Strain

Applied in Stepl.

4-7-3 Studying the Effect of Shape Memory Cycle Number on

Shape Memory Behavior

The results shown in Figure (4-46) indicate that the Stearic acid weight
percentage (SA wt%) after the end of the shape memory cycle No. (N=0), has
decreased from 30.4% to 30.27%; while this value decreased to 30.09% with an
increase in the number of shape memory cycles from N=0 to N=1, according to

following equation[23]:-

. ‘Wto _th‘
wt% difference= x100....(4.9)
0.5(wt, +wt,)

Where:

wt% difference: It is weight percent difference from the original weight.

wt, and wt, correspond to the sample's initial and nth cycle weight respectively.
The decrease in the value of Stearic acid weight percentage in the body of

(RB/based SA) with the increase of the shape memory cycle number represents

the amount of Stearic acid that is expelled from the body of (RB/based SA).This

is due to the occurrence of the “Wax blooming” phenomenon, that is exacerbated

during rapid shrinkage when moving from high temperature to low temperature
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and back, rapidly, during the shape memory cycle by its two stages in order to
reduce the strain generated by swelling.

As for the Figures (4-47) and (4-48), they show decrease in both; fixity
strain in step 3 as well as shape fixity ratio with the increase in the number of
shape memory cycles. The reason for this is due to the fact that decreasing the
value of Stearic acid weight percentage (SA wt%) with the increase in the number
of shape memory cycles leads to a decrease in the ability to restrict the movement
of the entropic recovery force in step2 of the SME property activation stage, and
an increase in the value of the spontaneously released elastic strain in step3 after
the applied load removal due to the “elastic retraction phenomenon”. While
Figure (4-51) shows that the permanent plastic strain accumulation increases with
the increase in the number of cycles, this in turn reduces the ability of (RB/based
SA) material to recover its permanent original shape, this is what shown by Figure
(4-50).

While the Figure (4-51), show that the shape memory behavior (SM-
behavior) of (RB/based SA) material can be described as good and very good,
respectively, after three shape memory cycles have passed, and that these results

are in agreement with what was reached by the references [10,15,23,26,33,59].
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Figure (4-46): The Relation of The Stearic Acid Weight Percentage Difference With The

Shape Memory Cycle Number.
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Figure (4-47): The Relation of The Fixity Strain in Step3 With The Shape Memory
Cycle Number.
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Figure (4-48): The Relation of The Shape Fixity Ratio of The Mechanically Deformed
Shape With The Shape Memory Cycle Number.
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Figure (4-49): The Relation of The Permanent Plastic Strain With The Shape Memory
Cycle Number.
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Figure (4-50): The Relation of The Shape Recovery Ratio With The Shape Memory
Cycle Number.
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Figure (4-51): The Relation of The SM-index (RmxRr) % to The Shape Memory Cycle
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4-7-4 Study of the Effect of the Fatty Acid Nature on the Shape

Memory Behavior
It is evident from Figure (4-52) that the swelling percentage of the

commercial rubber band (Code Virgin RB) after immersion at 75°C in Palmitic
acid molten is slightly more than the swelling percentage of this rubber band after
immersion in Stearic acid molten at a temperature of 75°C as well. The reason for
this is due to these fatty acids different nature in terms of chain length, this agrees
with the reference [23,66].
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As for the Figures (4-52) and (4-54), they show that there are differences,
albeit a small amount, in the fixed strain in step 3 after the end of the hot classical
shape memory cycle programming stage, as well as in the deformed shape fixity
ratio of the rubber band (Code RB/based PA) impregnated Palmitic acid compared
with the rubber band impregnated with Stearic acid (Code RB/based SA).While
the results shown in Figures (4-55) and (4-56) showed that the plastic strain is
non-reversible and the original shape recovery ratio is very close, and that the
degree of recovery was at 75°C for each sample, (RB/based PA) and (RB/based
SA),as this temperature is above the melting point of Palmitic acid (62.9°C) of
Stearic acid (69.3°C). This is consistent with the findings of the references
[22,23].

Also, it was shown in Figure (4-57) that the SM-behavior behavior of
(RB/based PA) and (RB/based SA) can be described as very good this agrees with
the references [59,86].

As for the cost, (RB/based PA) sample differs from the (RB/based SA)
sample in the price of the fatty acid used in its preparation, where 25g of Palmitic
acid reaches 9%, while the 25g of Stearic acid reaches 2.5%. In light of the
economic cost, the use of Stearic acid is the most inexpensive way to convert
vulcanized natural rubber products into shape memory smart rubber; this is a fact
consistent with the absence of a significant difference in the shape memory

behavior when using Palmitic acid in preparing this type of smart materials.
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Figure (4-52): Effect of

The Nature of The Fatty Acid on The Swelling Percentage of The
Commercial Natural Rubber Band (Virgin RB) After Immersing With This Acid.
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Figure (4-53): Effect of The Nature of The Fatty Acid on The Fixity Strain in Step 3 of

The Deformed Shape Programming Stage.
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Figure (4-54): Effect o
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Figure (4-55): Effect of the nature of the fatty acid on the permanent plastic strain
formed in the commercial rubber band impregnated with fatty acid (RB/ based fatty

acid) after the end of the hot classical shape memory cycle.
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Figure (4-56): Effect of The Nature of The Fatty Acid on The Shape Recovery Ratio, Rr
(%) of The Commercial Rubber Band Impregnated With Fatty Acid (RB/ based fatty

acid).
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Figure (4-57): Effect of The Nature of The Fatty Acid on The SM-index (RxRr)% of
The Commercial Rubber Band Impregnated With Fatty Acid (RB/ based fatty acid).
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4-7-5 Studying the Relation of the Cross- link Density to Shape
Memory of the Smart Vulcanized Natural Rubber.

From Figure (4-58), it is clear that the increase in the sulfur ratio used in
the vulcanization process of the smoked natural rubber (RSS) under study leads
to an increase in the cross-link density of this rubber after vulcanization, which
symbolized as (Virgin RSS); the reason is attributed to the increase in the
molecular chains linkage in the form of cross-linkers with an increase in the
amount of sulfur needed to obtain this cross-link, this result is consistent with the
references [15,59,63,86,91,92].
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Figure (4-58): The Relation Between Cross-Link Density and Sulfur Ratio in Virgin
RSS.

As Figure (4-59) shows, the increase in the sulfur ratio causes a decrease
in the weight percentage of Stearic acid (SA) in Virgin RSS body after being
immersed in the molten of this acid for a period of (2hr) in order to obtain a shape
memory natural rubber (SMNR) type of RSS/Stearic acid (SA) blend (SMP),
which was denoted as (RSS/based SA) after impregnation with the acid, Where
(RSS/based SA) material with sulfur ratio of (0.75phr) gave the highest weight
percentage of Stearic acid (SA) in its body compared to the rest of sulfur ratios.
That can be attributed to the decrease in the spaces between the vulcanized rubber

chains with an increase in the sulfur ratio, and this means a decrease in the areas
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that stearic acid can penetrate into; this in turn negatively affects the swelling
behavior of (RSS/SA) material in (SA) melt.
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Figure (4-59): The Relation Between The Weight Percentage of Stearic Acid (SA) and
Sulfur Ratio in (RSS/based SA).

It can be seen from Figure (4-60) the decline in the weight percentage of
Stearic acid (SA) in the (RSS/based SA) body with an increase in the cross-link
density.

RSS/based SA
swelling time =2hr

SAwt %
U
S
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Cross-link density x103 (nol / cmns)

Figure (4-60): The Relation Between The Weight Percentage of Stearic Acid SA With
The Cross-Link Density of (RSS/based SA).

Thus, it can be said that when the cross-link density is low, the number of
cross-links will be small, which causes many paths to be provided for the osmotic
of Stearic acid (SA) molten into this vulcanized rubber network through the
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swelling process. But when the crosslinking density is big, the number of cross-
links will be high, and (SA) molten osmotic paths in the vulcanized natural rubber
network represented by (Virgin RSS) will definitely decrease, which reduces the
transformation of Stearic acid (SA) into this network. This means that the force
opposing the swelling depends on the cross-link density, as the force opposing the
swelling increases with the increase in the cross-link density, and this is consistent
with the findings of the researches [59,86,91,92]. By looking at Figure (4-61), it
can be found that the fixed strain or the restricted strain in the mechanically
deformed shape of (RSS/based SA) after the completion of the SME property
activation stage of the shape memory cycle decreases in value with the increase

in sulfur ratio.

€,=70%, swelling time =2hr, N=0

Fixity Strain, €5 at step3 %

Sulfur ratio (Phr)

Figure (4-61): The Relation Between Fixed Strain and Sulfur Ratio in (RSS/based SA)
After The End of The SME Activation Stage During The Classical Hot Shape Memory
Cycle Based on Normal Cooling at Room Temperature.

The reason for this is attributed to the fact that the Stearic acid (SA)
network acts as a switcher in the (RSS/based SA) material during the phase
change from the crystalline state to the molten state or vice versa through the
stages of the shape memory cycle. Where, in the first part of the hot classical
shape memory cycle represented by the shape memory property activation stage

(SME) and exclusively to step2, SA network freezing process occurs in the
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(RSS/based SA) material while it is still under the influence of the applied load.
The effects of this SA network freezing clearly appear in step3, by remaining the
mechanical deformation after removing the applied load, by restricting the
entropic recovery force of the cross-linkers of the vulcanized rubber network; that
represents the stable phase or hard segment in (RSS/based SA) by freezing SA
network on it. This means that SA network decreasing in the RSS/based SA body
with increasing sulfur ratio will create a state of diminishing in the ability of this
material to restrict the driving force to recover its original shape in the SME
activation stage, which completely prevents the retention of the strain-induced
crystals in step2. So that, the applied strain releasing process spontaneously
increases in step 3 after the load is off the RSS/based SA, more than its fixation
(the applied strain), in conjunction with the occurrence of the elastic retract, which
is inversely proportional to the weight percentage of stearic acid (SA).

Where the activity of (RSS/based SA) material in retaining the mechanical
deformation formed in stepl is measured by the weight percentage of Stearic acid
(SA) in its body, that goes from the fact that the ability to restrict the driving force
to recover the original shape (the entropic recovery force) depends on cross-
linking which in turn decreases by weight percentage of SA in the body of
(RSS/based SA). That assists in creating a diminishing state in its ability to restrict
the driving force to recover the original shape at the SME property activation
stage, which reduces the retained strain-induced crystals in step2;so this state is
called the spontaneous elastic mechanical deformation release in step3.

As for Figure (4-62), it shows a decrease in the mechanically deformed
shape fixity ratio, R¢ of the material (RSS/based SA) with the increase in the sulfur
ratio, that eventually leads to a weak memory of (RSS/based SA) for its new
molecular architecture con Figure ration after the completion of the (SME)
property activation stage, this result agrees with the references [10,18,23,26,27
and 75].
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Figure (4-62): The Relation Between The Shape Fixity Ratio and The Sulfur Ratio in
RSS/based SA After The End of The SME Property Activation Stage During The Hot
Classical Shape Memory Cycle Based on Normal Cooling at Room Temperature.
Figure (4-63) shows that the accumulation of non-reversible plastic

deformation decreases with the increase of sulfur ratio in RSS/based SA. The
reason for this is due to the increase in the entropic recovery force due to the
increase in the cross-link density with the increase in sulfur ratio in the body of
the (RSS/based SA) material.
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Figure (4-63): The Relation Between The Permanent Plastic Strain and The Sulfur Ratio
in RSS/based SA After The End of The SME Property Deactivation Stage During The
Hot Classical Shape Memory Cycle Based on Normal Cooling at Room Temperature.

As for Figure (4-64), it shows that the permanent original shape recovery

ratio increases with the increase in the sulfur ratio in the (RSS/based SA) material
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after subjecting it to the SME property deactivation stage, or the so-called
recovery stage, which involved re-stimulating the SA network to transform from
the crystalline state to the molten state by heating. So that the elastic strain
restricted in the deformed shape of the (RSS/based SA) could be thermally
released, allowing the (RSS/based SA) to return to its original shape it was in
before subjecting it to the shape memory cycle, but in an amount that varies

according to the sulfur ratio, this result is in agreement with the references
[1,18,23,33,85].
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Figure (4-64): The Relation Between The Shape Recovery Ratio and The Sulfur Ratio in
RSS/based SA After The End of The SME Property Deactivation Stage During The Hot

Classical Shape Memory Cycle Based on Normal Cooling at Room Temperature.

In general, the material (RSS/based SA) with a sulfur ratio (0.75 phr) is
distinguished from the rest of the samples by a high shape memory performance

which is shown by the results of shape memory (SM)-index, (R¢x R;), shown in
Figure (4-65) .
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Figure (4-65): The Relation Between SM-index and Sulfur Ratio of The Material
RSS/based SA.

Figure (4-66) shows the shape memory effect (SME) property
demonstration macroscopically by the digital imaging (videography) that relies
on photographic documentation of the original shape change of the (RSS/based
SA) material of sulfur ratio (0.75Phr) represented by (straight- shape) to a new
shapes represented by long-strip shape, U-shape, and spiral-shape by the (SME)
property activation and, then returning to the original shape by (SME) property
deactivation during the hot classical shape memory cycle.

Figure (4-66) and (4-67) also show that there is a direct relation between
the shape recovery temperature and the shape recovery speed, where an increase
in the recovery temperature leads to a decrease in the recovery time. So the
temporary shape represented by the long strip—shape has returned to its original
permanent shape in less time than what was needed by both U-shape and spiral-
shape, with the use of hot water at a temperature of 90°C. It is worth noting that
the followed method on how to prove SME property is consistent in terms of style
with the researchers [28,93 and 94].
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Figure (4-66): The Macroscopically Demonstration of The Shape Memory Effect (SME)
Property by Digital Imaging for The RSS/based SA Sample.

1RSS/based SA

U- shape

50 Spiral- shape

Long strip —shape

Recovery time, (sec)

Recovery temperature °C

Figure (4-67): The Relation Between The Recovery Time and Recovery Temperature.
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4-7-6 Studying the Effect of the Different Nature of the Smart

Rubber Material on the Behavior of Shape Memory.

It is evident from Figure (4-68) that the cross link density reflects the
nature of the specimens under study, where the crosslink density of the
commercial natural rubber band represented by (Virgin RB) type (Latex) was
higher than it is in the laboratory-smoked and vulcanized natural rubber
represented firstly by the sample (1Virgin RSS) with a sulfur content of (0.75Phr)
as the lowest value used in the vulcanization process, and secondly, by the sample
(5Virgin RSS) with a sulfur content of (2Phr) as the highest value used in the
vulcanization process. This result is consistent with the content of the commercial
natural rubber band of silica as a reinforcing material, whose weight percentage
reaches (3.49wt%), in addition to the weight percentage of sulfur that reaches
(1.8wt%) according to the (EDS) examination data. On the other hand, the
samples (1Virgin RSS) and (5Virgin RSS) do not contain any type of
reinforcement, so the cross link density differs with each of:
¢ The nature of the rubber material.

*The sulfuric vulcanization agent content.
* Reinforcing materials content.

So that, the increment of content of each, vulcanization agent and
reinforcement materials is positively reflected on the cross-link density, this
agrees with the findings of references [74] and [28].

Figure (4-69) shows that the Stearic acid weight percentage in the sample
(1RSS/based SA) is superior to the value of the Stearic acid weight percentage in
the samples (5RSS/based SA) and (RB/based SA), respectively. The decrease in
the Stearic acid weight percentage in the samples (5RSS/based SA) and
(RB/based SA) is due to the decrease of the pathways through which this fatty
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acid penetrates into these samples with the increase of the cross-link density. This
result is consistent with the findings of the reference [22].

Looking at Figures (4-70) and (4-71), it has been found that the deformed
shape fixity ratio and the original shape recovery ratio depend on the rubber
material nature and the cross-link-density.

As shown from Figure (4-72), the shape memory behavior (SM-behavior)
of (LRSS/based SA) can be described as excellent because it is close to the ideal

behavior (Ideal-behavior).
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Figure (4-68): The Relation of The Cross Link Density to The Material Nature Under

Study.
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Figure (4-69): The Relation of The Stearic Acid Weight Percentage (SA wt%) to The
Material Nature Under Study.
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Figure (6-70): The Relation of The Shape Fixity Ratio, Rf(%) to The Material Nature

Under Study.
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Figure (4-71): The Relation of The Shape Recovery Ratio, Rr (%) to The Material
Nature Under Study.

€,=70%0, swelling time =2hr, N=0
1RSS/ based SA , (at S=0.75 Phr)
96 1 SRSS/ based SA , (at S=2 Phr)

94 A

92
90 1
88 1
86 A

- 7
2 | W)

78

SM- index,(Re<R,) %

1RSS/based SA RB/based SA SRSS/based SA

Type of sample

Figure (4-72): The Relation of The SM-index to The Material Nature Under Study.
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4-8 Questi-static short-time Mechanical Characterization of some

Materials under Study Before Undergoing a Shape Memory Cycle.

The shape memory behavior of the materials under study after their
impregnation with Stearic acid is related to the shape-memory cycle, where these
materials are considered traditional (non-smart) despite their impregnation with
fatty acid in the absence of the programming process, so, this process is directly
responsible for appearing the shape memory effect (SME).

Figures from (4-73) to (4-78) show that the tensile strength at fracture of
the commercial rubber band material (Code Virgin RB) and laboratory-vulcanized
and smoked rubber material with a sulfur ratio of (0.75Phr) (Code 1 Virgin RSS),
is slightly less than it is after impregnation of these samples with Stearic acid. The
values of the maximum elongation gave a decrease with the impregnation of these
samples with Stearic acid (SA). The reason of this is attributed to the fact that
treatment by swelling using fatty acid is highly affecting the cross linking. This
result is consistent with the reference [26].

While Figure (4-79) shows that the maximum crushing strength increases
with impregnation with Stearic acid of both samples; the commercial rubber band
sample (Code RB/based SA), and the laboratory-vulcanized smoked rubber
sample (code 1RSS/based SA), but it differs according to the nature of the rubber
under study.

For the Figure (4-80), it shows that the surface hardness decreases with
the impregnation of both (Virgin RB) and (1 Virgin RSS) with Stearic acid, and
the reason for this is due to the nature of the fatty acid that coats the rubber
particles. Therefore, these static mechanical tests are means of describing the
variability and difference in the mechanical properties of fatty acid swollen rubber
as a conventional non-smart rubber due to the lack of programming and recovery

stages in these means.
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Figure (4-77): Stress-Strain Tensile Figure (4-78): The Effect of The 1Virgin RSS
Curve for (1Rss based/ SA) at Room Impregnation With Stearic Acid on The
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Figure (4-79): The Relation of The Max. Crushing Strength to The Type of Sample at
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Figure (4-80): The Relation of The Surface Hardness to The Type of Sample at Room

Temperature.
4-9 Factors Affecting Hot Classical Shape Memory Cycle Time.
Determining the shape memory cycle time is one of the important factors
for selecting the appropriate shape memory polymers for a particular application,
which in turn depends on the properties of these materials and the experimental
conditions.

4-9-1 Study the Effect of the Cooling and Heating facility on the

Shape Memory Cycle Time Using the Thermal Elongation Device.
Figure (4-81) shows the difference in the temperature protocol for the hot

classical shape memory cycle according to the difference in cooling facility used
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in step2 for the smart rubber under study. This difference in cooling facility was
reflected on the shape memory cycle time as shown in Table (4-3).

While Figures (4-82) and (4-83) show that there is no significant difference
in the shape fixity ratio as well as shape recovery ratio with the change of the

cooling facility in step2 of the shape memory cycle.
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(b) When Cooling in Step2 is by Using
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Figure (4-81): Profile of The Classical Shape Memory Cycle Temperature Using

(a) When Cooling is to Room
Temperature in Step2.

Thermal Elongation Device for The Smart Rubber Under Study.
Table (4-3): The Difference of The Shape Memory Cycle Time of (RB/based SA) by
Different SME Property Activation and Deactivation Instruments During the Hot
Classical Shape Memory Cycle.
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Figure (4-82): The Relation of The Shape Fixity Ratio, Rt (%) With The Type of

Classical Shape Memory Cycle Using Thermal Elongation Device.
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Figure (4-83): The Relation of The Shape Recovery Ratio, Rr(%) With The Type of
Classical Shape Memory Cycle Using Thermal Elongation Device.
Figure (4-84) describes the hot classical shape memory cycle consisting of

two stages as follows: -
- Programming stage, consisting of three steps, which are: -

e Stepl: Loading at 75°C.

e Step2: Cooling under load.

e Step3: Remove loading.

- Recovery stage, consisting of one step, which is: -

e Step4: Recovery at 75°C.
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It appears from Figure (4-85) that the shape recovery ratio increases with

the increase in heating temperature from room temperature to 75°C.
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Figure (4-84): Characterization of Shape Memory Behavior During The Hot Classical
Shape Memory Cycle.
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Figure (4-85): The Relation of The Shape Recovery Ratio to The Original Shape
Memory Recovery Temperature (SM-recovery temperature).

In general, the hot classical shape memory cycle protocol based on normal
cooling at room temperature aims to provide a way to show (SME) property
without difficulty, so the shape memory cycle time will be higher than it is in the
shape memory cycle protocol based on abnormal cooling and this is what shown
by Table (4-3).
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4-9-2 Studying the Effect of the Heating and Cooling Method on the
Shape Memory Cycle Time Using the Modified Vernier Caliper
Tool

One of the obvious facts in the smart rubber hot shape memory cycle under
study is that the temperature profile using the modified Vernier caliper is the same
as the temperature profile of the shape memory cycle under study using the
thermal elongation device as shown in Figure (4-81-b); but this does not mean
that the shape memory cycle time using these devices is identical, that is for the
difference in heating and cooling methods during the SME property activation
and deactivation stages of (RB/based SA).Where the data in Table (3) indicate
that the use of heating method by immersion in hot water at a temperature of 75°C
instead of hot air, the time of step0 is shortened from 11min to 30sec. Also, the
use of cooling method by immersion in iced water instead of iced water spraying
at the same temperature, shortens the time of stepl from 10min to 30sec during
the deformed shape programming stage. While the process of immersion in hot
water instead of hot air, it has shortened the recovery time from 4min to 30sec
during the recovery stage.

In general, the reduction in the shape memory cycle time is a required and
important step in the applications of shape memory smart materials, and this is
confirmed by the reference [59].

As for Figures (4-86) and (4-87), they show that there is no significant
difference in the shape fixity ratio as well as the shape recovery ratio with
changing the measurement instrument of (SM-behavior), while Table (4-4) shows
the advantages and disadvantages of the thermal elongation device and modified

Vernier caliper, to study the SME property.
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Figure (4-86): The Relation of The Shape Fixity Ratio to Device Type for SME Test.
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Figure (4-87): The Relation of The Shape Recovery Ratio to Device Type for SME Test.
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Table (4-4): A Comparison Between The Thermal Elongation Device and The Modified
Vernier Caliper Tool Used in The (SME) Property Test.

SME property test Photographic image of disadvantages Advantages
device type the instrument

* Energy consumer | *Gives

¢ Long SMC time | information
about the SME
property
behavior during
SMC.

» Gives
information
about the
beginning and
end of the shape
recovery.

Thermal elongation
device

*Does not give » Easy to handle.
information about e Short SMC
SME property time

behavior.

Modified Vernier

caliper tool *Does not give

information about
the beginning and
end of the shape
recovery.
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Chapter Five Conclusions and Recommendations

5-1 Conclusions:

From the current study based on the hot classical shape memory cycle, the
following conclusions were reached:
1- The vulcanized natural rubber non-impregnated with fatty acid did not exhibit
shape-memory behavior.
2- From DSC test, the heat of fusion of the vulcanized natural rubber impregnated
with fatty acid after SME property activation is greater than its melting
temperature after deactivation of the SME property.
3- From XRD test, the degree of crystallization of the vulcanized rubber
impregnated with fatty acid and subjected to the SME property activation stage,
becomes greater than the temperature of crystallization after SME property
deactivation.
4- The physical phenomena accompanying the shape memory cycle effect on the
ability of the vulcanized rubber impregnated with fatty acid infixing its
mechanically deformed shape and recovering its permanent original shape.
5-The elastic retraction plays a more negative role than thermal contraction in the
mechanically deformed shape restriction process during the programming stage
of the shape memory cycle.
6- The shape memory performance is related to the elastic stretching work energy
restricted from the spontaneous reversal.
7- The non-reversible permanent plastic deformation reduces the shape memory
behavior of the vulcanized natural rubber impregnated with fatty acid.
8- Increasing the cross-link density of the vulcanized natural rubber negatively
effects on the process of its impregnation with fatty acid.
9- The shape memory behavior of the vulcanized rubber impregnated with fatty
acid improves with the increase in fatty acid weight percentage.

10- Wax blooming phenomena occurs during the shape memory cycle.
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11- The shape memory behavior of the vulcanized natural rubber impregnated
with fatty acid weakens with the increase of shape memory cycle number, applied
strain, and cross-link density.

12- The original shape recovery speed time during the recovery stage of the shape
memory cycle increased with increasing thermal stimulation temperature.
13-Short-time quasi-static mechanical tests at room temperature are not valid in
evaluating the shape memory behavior (SM-behavior).

14- The difference in the nature of the cooling and heating methods has a slight
effect on the shape memory behavior, while it has a significant effect on the shape
memory cycle time.

15- Thermal elongation device is an excellent mean to study the shape memory
behavior in a detailed way, but it consumes electrical energy in compare to the
modified Vernier instrument.

16-The prepared material was successfully used as a medical engineering

equipment used in the field of cancer diseases.
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5-2 Recommendations

1-Study of the materials applicability of this study in the field of medical
equipment engineering.

2- Study of the shape memory properties of the materials of this study using other
types of shape memory cycles

3- Preparation and characterization of shape memory smart rubber from the
industrial elastomeric products.

4- Studying the two-way shape memory effect (2w-SME) for the materials of this
study.

5- Study the multiple programming shape memory cycle for the materials of this
study.

6- Preparation and characterization of shape memory epoxy resins.

7- Preparation and characterization of shape-memory cross-linked polyethylene.
8- Preparation and characterization of polyurethane shape memory polymers.

9- Preparation and characterization of masks used in the field of treating cancer

patients, with a small thickness, with a high value of fixity shape ratio.
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The Classification of the Stress-Strain Curve Zones on the Basis of their
Validity to Study the Shape Memory Effect (SME) Property
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Abstract. This study attempts to emphasize a pre-step for determining the permitted deformations
(strains) extents. This is for changing the original molecular architecture shape for the materials
understudy (rubber band/stearic acid (RB/based SA) and Rubber band without stearic acid (RB
without SA). It is necessary as a basic controlling step in the choosing process of the appropriate
programming method to show the shape memory effect (SME) property. By this property. the
polymers are either described as shape memory effect (SME) or conventional polymers. If the
material was proved to have the shape memory effect (SME) property. then it will be allowed to
predict many thermo-mechanical properties. So for these materials, the (stress-strain) curve zones
have been classified according to the ability of the deformation memory. which can be erased and
programmed again after the immediate removement of the applied tensile force. This can be achieved
by calculating the residual strain ratio. The comparative results showed that the elastic and plateau
zones were classified respectively as valid for the study of the (SME) property. While for the
Hardening strain and fracture zones. they were classified as bad and very bad respectively for the
study of this property.

Introduction

The light weight. high capability for shape recovery (multiple recovery). ease of manufacture.
excellent chemical stability. high capability for recycling. reusing at low cost. and giving a broad
extent of deformations in the molecules shape allowing the designing and tailoring of these thermo-
mechanical properties according to desire or need all these features have made the shape memory
polymers (SMPs) to be active materials more than the rest materials in a set of applications such as
micro-biomedical. equipment, components. deployable. aerospace. actuation devices, etc.

[1][2][3][4][5].

The shape memory materials are a class of the smart materials which have the ability to return from
the fixity temporary shape to the permanent original shape at any point of time by applying the right
stimulus to them [1]. this is known as the shape memory effect (SME). As examples for this type of
smart materials: shape memory polymers (SMPs). shape memory alloys (SMAs). and Shape memory
ceramics (SMCs) [2].

As well as. these polymers (SMP) are considered as not smart materials in the absence of a process
called as “programming™ or “training”. Programming is considered as the direct responsible in
showing the shape memory effect property that is not inherent in this type of polymers [5][6][7]. As
mentioned. it can be said that the (SMP) polymer is a conventional not smart polymer if there are no
exceptional conditions that assist in controlling it through what is named “programming cycle” [6].

Hence the transformation process of the SMP polymer from conventional to smart polymer should
be connected to the programming cycle to get a basic idea about the prediction possibility through
experiment in wide levels of the molecular architecture shapes. For a single polymer. they are
dominant for a period of time. may be last forever as long as it is not stimulated by the right stimulus
depending on the researcher or the design requirements [3][8]. So the method of showing the shape

Al rights reserved. No part of contents of this r may be reproduced or transmitted in any form or by any means without the written permission of Trans
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Abstract

Shape memory natural rubber (SMNR) was prepared using a technique. Elastomer/small molecule blend shape memory
polymers (SMPs). by impregnating the commercial natural rubber band (RB) with molten stearic acid (SA) for 2 h and at a
temperature of 75 °C, to form commercial natural rubber band RB/based stearic acid (SA) blend SMP, (RB/based SA). Then
the success and obstacles indications have been observed in fixing the applied strain of the value of 70% and shape recovery
during the hot classical shape memory cycle. This cycle is dependent on the normal cooling at room temperature. That is
done by studying the relation of the applied strain with the physico-mechanical phenomena accompanying the activation and
deactivation stage of the SME property during this thermo-mechanical cycle. The results of the SME property examination
showed that the occurrence of the thermal contraction and elastic retraction is directly responsible for the loss of a part of the
elastic applied strain. The value of the applied strain that was restricted is 58.7% instead of 70% after the end of the activation
stage. while the plastic strain accumulation was the direct responsibility for the material not being back to its original shape
at 100% after the end of the deactivation stage. At the same time. this study shows that the relation of these phenomena to
the stretching work energy during the thermo-mechanical cycle is a relationship that falls under the dominance of the first law
of thermodynamics and that the shape memory of RB/based SA is only related to the elastic stretching work energy.
©2022 The Authors. Published by Elsevier Ltd. This isan open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Peer-review under responsibility of the scientific committee of the TMREES22-Fr, EURACA, 2022.

Keywords: Shape memory effect; Commercial natural rubber band; Stearic acid; Energy conservation law; Shape-memory natural rubber

1. Introduction

The lightweight, high capability for shape recovery (multiple recoveries), ease of manufacture, excellent chemical
stability, high capability for recycling. reusing at low cost, and giving a broad extent of deformations in the shape of
the molecule allow to obtain excellent thermo-mechanical properties. To get such desired properties, considerable
attention has been made toward researching and manufacturing the shape memory polymers (SMPs) to be active

* Corresponding author.
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The Relation of the Cross-link Density to Shape Memory of
the Smart Vulcanized Natural Rubber

Rola Abdul Al Khader Abbas ¥, Mohammed Hamza Al Maamori ¥

College of Materials Engineering- Polymer and The Petrochemical Industries, University of Babylon, Iraq

9 rola.alsaffi@gmail.com
® prof.almaamori(@gmail.com

Abstract. Shape-memory natural rubber (SMNR) was prepared from the impregnation process of the smoked natural
rubber type (ribbed smoke sheet, RSS) (after laboratory vuleanization (Virgin RSS) with different ratios of sulfur ranging
from 0.75 to 2Phr) with stearic acid (SA) molten for a period of 2hr, so as to obtainshape memory rubber samples
represented by (RSS/based SA).Then the process of testing the shape memory behavior was conducted by subjecting these
samples under study to the hot classical shape memory cycle based on normal cooling at room temperature. The
comparative results of calculating the shape memory parameters practically once and through digital imaging again, have
showed that the impregnation of the vulcanized natural rubber with stearic acid leads to its transformation from a traditional
vulcanized rubber to a shape memory rubber. This study also showed that the cross-link density increase is negatively
affects the shape memory of this smart rubber.

Keywords: Natural rubber, stearic acid, shape memory behavior, cross-link density, hot classical shape memory cycle.

INTRODUCTION

The term “rubber materials™, or what are sometimes called “polydiene elastomers™, refers to a group of polymers
that exhibit an elastic behavior, as these materials quickly return to their initial dimensions and original shape after
the applied stress is removed. These materials are processed in two stages, in the first stage called primary processing.
from which a suitable and marketable raw material is obtained, while in the second stage, the raw material is
transformed into a final product by the process of vulcanization that links the chains of these materials to each other
with three-dimensional linkages called “cross-link™ [1-3].Polydiene elastomers can be divided into two types:

1- Natural rubber (NR): It is a flexible hydrocarbon polymer (polyisoprene) with a chemical formula
(CH,CCH3;CH=CHy,), extracted from the sap of some plants called (Hevea brasiliensis). Where, the raw natural rubber
is classified into several types differ from each other by the drying method and the percentage of rubber and color,
among the most important of these types are  [2-3]:

- Preserved and concentrated latex.
- Ribbed smoked sheet.

- Pale latex crepe and sole crepe.

- Field coagulum crepe.

- Technically specified rubber.

2-Synthetic rubber: It is obtained by controlling the polymerization process of certain chemicals. There are
different types of synthetic rubber. each of which differs from the other according to the primary chemicals used and

which are being polymerized. The most important types of synthetic rubber are the following:

- Synthetic cis- polyisoprene (PI).
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Characterization of the Commercial Rubber Band as a Shape Memory Smart
Material by Swelling process with fused stearic acid

Rola Abdul Al Khader Abbas
rola.alsaffi@gmail.com

Mohammed Hamza Al-Maamori
University of Babylon/ College of Materials Engineering- Polymer and The Petrochemical
Industries

Abstract:

This study attempted to focus the light on the characterization possibility of the vulcanized.
chlorinated, natural rubber products (as the commercial rubber band used in this study) as a
shape memory smart material in the case of impregnating it with fused stearic acid by swelling
mechanism.

Where in this study. the ability of the commercial rubber band on fixing the stretching
strain chosen in this study which is of 70% after removing the applied load off the rubber band.
was measured after impregnating it with stearic acid(SA) material of weight ratio (30.4%) and
swelling time=2hr. At the same time. measuring the ability of that rubber band on rid of this
mechanical deformation once it is thermally stimulated and returning to its original shape (before
the deformation) by subjugating it to the hot classical shape memory cycle (based on normal
cooling at room temperature) with its two stages represented by the shape memory effect (SME)
property activation and deactivation stages. Also, the techniques of differential scanning
calorimetry (DSC) and x-ray diffraction (XRD) were used to know the agreement between these
tests and the SME property test results (thermomechanical cycle test).

Through the practical results of all the tests depending on the diagnosis, it was shown that the
direct responsibility for the characterization of the commercial rubber band as a shape memory
smart material is the stearic acid (SA) material, which acted as a lock in the rubber band structure
that can be opened and closed with a temperature change within the melting range of (SA).

Keywords: Rubber band. stearic acid, DSC, XRD, shape memory polymer.

1- Introduction:

After the emergence of the concept of smart materials and the concept of shape memory.
which led mankind to countless pioneering inventions, which led to rapid technological
development in the twenty-first century. it is possible that this technological growth accelerates
more and more in the coming years [1-5].

The “smart™ characteristic in these materials refers to their ability to sense changes in
their environments and then respond to these changes by changing one of their properties by the
influence of this external environment such as temperature, light, pressure or it may be electricity
and other stimuli, this property change can be repeated many times [1][4].An example of these
materials is shape-memory materials (SMMs), which are named by this because they can
undergo a change in dimensions in response to a variety of stimuli. This type of shape change
smart materials can be divided into three basic types. which are [5-9]:

1
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