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Abstract

Thermoplastic elastomers (TPEs) retain permanent deformation after elongation, preventing

them from replacing rubber as an environmentally friendly material. To address TPE’s vul-

nerability, in this thesis, an in situ atomic force microscopy (AFM) is used to characterize the

evolution of TPEs’ microstructure and micromechanical properties before, during, and after

stretching. A finite element analysis (FEA) is then developed and implemented to visualize the

local behavior of TPE at the nanoscale. Experiments and data analysis show that solving the

hard-domain splitting problem in TPE’s microphase separated structure is crucial to increasing

its strength.

Chapter 1, ”Introduction A: Thermoplastic Elastomers”, gives an overview of the TPEs’

microphase-separated structure of the hard domain and soft matrix, as well as their mechanical

properties, which combine flexibility and toughness like crosslinked rubber. In TPE materi-

als, however, because the hard domain acts as a physical crosslinking point, the crosslinking

point’s binding force is weaker than that of chemically crosslinked rubber, and stress relaxation

and residual strain are considered inferior. The importance of elucidating the macroscopic and

microscopic structure-property relationships for TPE materials under deformation is discussed

to provide design guidelines for TPE materials that can replace cross-linked rubbers. It is

also discussed that, while molecular dynamics (MD) simulations predict hard domain behavior

during deformation, experimental techniques to validate the predictions are lacking.

Chapter 2, ”Introduction B: Atomic Force Microscopy for Polymer Science”, discusses the

principle of simultaneous measurement of structure and properties of polymeric materials by a

nano-palpation technique based on AFM, as well as the effect of deformation of the AFM tip

on the sample. It also presents a typical Johnson-Kendall-Robert (JKR) contact theoretical
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model for analyzing the load-deformation curve produced when an AFM probe is deformed

into a sample. The in-situ nano-palpation AFM is also developed and described, which allows

in-situ observation of nanostructure and physical properties of specimens under deformation,

as well as investigation of stress relaxation and residual strain in TPE materials.

Chapter 3, ”Dynamic Stress Network in the TPE”, investigates the macroscopic stress re-

laxation phenomenon of TPE materials under constant strain using a block copolymer TPE,

styrene-ethylene-butylene-styrene (SEBS). At 50% elongation, in situ AFM is used to inves-

tigate the microstructure and properties of SEBS. It has been confirmed that when the soft

matrix is elongated, stress chains connecting the hard domains form in the soft matrix, and

that the soft matrix modulus decreases while the number of hard domains increases in the early

stages of the relaxation process, before stabilizing in the later stages. Furthermore, by focusing

on a specific local region, the formation of hard domains, the emergence of new stress chains,

and the splitting of hard domains, i.e., the existence of a dynamic stress network, have been

clarified. The topology of the polymer is permanently changed by the dynamic stress network,

implying that it is caused by stress relaxation phenomena.

Chapter 4, ”Nanoscale Strain-Stress Mapping for the TPE”, develops an FEA program for

AFM images to better understand the relationship between the ”dynamic stress network” and

the property changes of TPE materials. In this program, the hard domain distributed in the

AFM deformation image is extracted as a set of discrete points and divided into each image by

Delaunay triangulation. The strain in each triangle region is calculated during the relaxation

process and combined with the AFM modulus image, the local strain and local stress can

be discussed. In the early stage of the relaxation process, severe contraction occurs inside

the material along the tensile direction and stress concentration is observed. In the later stage,

unlike the early stage, the average strain in the tensile direction becomes close to zero, the region

of stress concentration disappears, and the stress is uniformly distributed over a small area,

describing the visualization of the stress relaxation behavior of TPE materials at a microscopic

level.

Chapter 5, ”Heterogeneously Formation of the Stress Network in the TPE”, observes the mi-

crostructure and physical properties of the initial elongation process of the TPE material from

unelongated to about 45% elongation by in situ nano-palpation AFM. The micro-elastic mod-

ulus and macro-stress were measured. Since both micro-elastic modulus and macro-stress show
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a non-linear correlation with strain, the FEA method will be used to study them in detail.

Initially, almost all regions deformed regularly, but at the cost of stress concentration in some

regions. As the strain increases, non-uniform deformation due to accumulated stresses be-

gins. Finally, all the domains are simultaneously undergoing negative deformation with stress

relaxation. The number of domains decreases and then increases during this process, which

establishes consistency with the MD simulation prediction.

Chapter 6, ”AFMCharacterization of Triptycene-Appended Polymers”, investigated triptycene-

appended polymers by AFM. The triptycene units in the side chains of the block copolymer and

both terminals of the polymer are described as a special aggregation structure that improves

the mechanical properties of the original polymer.

Chapter 7, ”Summary and Open Questions”, summarizes the contents of this thesis and de-

scribes the prospects.
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Chapter 1

Introduction A: Thermoplastic

Elastomers

1.1 General

Thermoplastic elastomer (TPE) is a thermoplastic high molecular-weight material that be-

haves like a rubbery elastic material at room temperature and undergoes plastic deformation

at high temperatures1;2. Therefore, it is easy to obtain TPE products with rubber elasticity

by using a molding machine for thermoplastics. Usually, rubber products are manufactured

by kneading reinforcing fillers, vulcanizing agents, and other auxiliary agents to chain poly-

mers with low glass transition temperature and capable of micro-Brownian motion at room

temperature, then heating them at high temperature after preforming to cause intermolecular

crosslinking (vulcanization) reactions. The rubber industry has long been energy-intensive and

human resource-intensive. On the other hand, the thermoplastic products that make up most

plastics can be obtained by simply shearing the raw plastic at a high temperature above the

softening point to make it flow, then injecting it into a cold mold and manufacturing it using

various molding machines. Unlike the case of vulcanized rubber, material recovery is also easy.

Therefore, it was thought that there should be a rubber that could be molded and processed

like plastic.
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2 Chapter 1. Introduction A: Thermoplastic Elastomers

By combining the processing advantages of thermoplastics with the performance properties

of elastomers, TPEs can be processed relatively easily using thermoplastic methods such as

extrusion and injection molding, eliminating time-consuming and environmentally unfriendly

methods of rubber processing, especially vulcanization. Industrial production of TPE products

began in the 1960s. In 1965, Shell developed and industrialized a linear styrene-butadiene-

styrene triblock copolymer (SBS, Fig. 1.1) copolymer by a three-step sequential dosing method

using anionic polymerization technology, under the trade name Kraton D. At high temperatures,

the polystyrene (PS) and polybutadiene (PB) blocks in SBS are compatible and mobile. Still,

at low temperatures, they spin off and form a microphase-separated structure in which the PS

domain is finely dispersed as a spherical/cylinder phase in the PB domain on a scale of more

than 10 nm. Since the PS domain plays the role of both crosslinking point and reinforcing

material in vulcanized rubber, elastic properties can be achieved without adding vulcanizing

agents or reinforcing fillers. SBS is considered a pioneer in polymer nanotechnology due to the

characteristic length of the microphase-separated structure.

At present, there are many types of TPE that have been industrially produced3;4;5, mainly

divided into the following types: styrenics, olefins, dienes, vinyl chloride, ammonia esters,

esters, amides, organofluorine, silicone, and vinyl, etc. Below is a brief introduction.

1. Styrene-based thermoplastic elastomers (TPS, TPE-s). The type of products such as

SBS, SEBS, SIS, SEPS, SIBS, etc. The characteristic molecular structure is a three-block

polymer, the hard segment is polystyrene, the rest are soft segments (rubber phase).

2. Polyolefin thermoplastic elastomer (TPO, POE), composed of rubber and polyolefin, usu-

ally rubber components for EPDM, NBR and butyl rubber; polyolefin components are

mainly polypropylene (PP) and polyethylene (PE), TPO products in the largest amount

of EPDM/PP. TPO prepared by dynamic vulcanization process is referred to as TPV.

Such as PP/EPDM (Santoprene), PP/NBR (Geolast), thermoplastics/silicone rubber

(TPSiV), etc.

3. Polyurethane thermoplastic elastomer (TPU), from the reaction with isocyanate ammonia

ester hard chain segment and polyester or polyether soft chain segment of the mutual block
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Figure 1.1: The molecular structures of SEBS, SBS, and SIS triblock copolymer.

combination of thermoplastic polyurethane rubber, referred to as TPU.

4. Polyester ether thermoplastic elastomer (TPEE), polybutylene terephthalate (PBT) as a

hard segment, polyether or polyester as a soft segment of the block copolymer.

5. Polyamide thermoplastic elastomer (TPAE), such as polyester amide, polyether ester

amide, polycarbonate-ester amide, polyether-amide and other hard segments for polyamide,

soft segments for polyether and/or polyester segmented block copolymers.

6. Diene thermoplastic elastomers, mainly natural rubber isomers, is called trans-natural

rubber (T-NR). The main varieties are T-NR-trans polyisoprene rubber (TPI) and be-
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tween the same 1,2-polybutadiene (TPB).

7. Organofluorine thermoplastic elastomer (TPF)

8. Polyvinyl chloride thermoplastic elastomer, mainly divided into thermoplastic PVC (TPVC)

and thermoplastic chlorinated polyethylene (TCPE) two categories.

9. Acrylate thermoplastic elastomer

10. Silicone rubber thermoplastic elastomer

All TPE terms used in this thesis default to the most widely used styrene-based TPE.

1.2 Structure of BCP-Based TPE

The nature of the molecular structure gives TPEs a higher degree of elasticity. All TPEs

are composed of crystalline (glassy) and non-crystalline (amorphous) domains. They can be

physical blends or alloys of crystalline and non-crystalline polymers or block copolymers, which

are chemical mixtures of crystalline and non-crystalline structural blocks in the polymer chain.

In the case of TPEs and blends, the hard chain segments are responsible for the plastic proper-

ties of the final product, including ease of processing and high-temperature resistance, as well

as material properties such as tensile strength or chemical resistance. Adhesion is also deter-

mined by these properties. Soft chain segments are responsible for elastic or resilient properties.

They determine material properties such as hardness, elasticity, and the degree of permanent

deformation (Fig. 1.2).

From the SBS example, there must be a soft segment domain that shows the elasticity of the

rubber and a hard segment domain that prevents plastic deformation and provides reinforce-

ment in the material to show properties as a TPE. Since SBS development, a wide variety of

TPEs has been developed and marketed. In addition to those TPEs based on polymer syn-

thesis, such as block copolymers and graft polymers, the types of TPEs are further increased

when rubber/resin blends are included. In particular, Toyota super olefin polymer (TSOP),
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which was developed by reversing the concept of impact-resistant plastics, was introduced by

Toyota in 1991 and has become the global standard for automotive bumper materials. This

technology, in which the elastomer is a continuous phase, and the polypropylene (PP) micro-

crystals are finely dispersed, can be regarded as a model for TPE materials. However, there are

still many issues to be solved in terms of materials, such as heat resistance, creep resistance,

and fatigue resistance. In addition, TPEs have difficulties in long-term durability and stress

retention under large deformations like crosslinked rubber.
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Figure 1.2: Schematic of BCP-type TPE’s microphase-separated structure.

1.3 Methods to Improve the Mechanical Strength of TPE

In an ideal TPE material, where complete elastic deformation can occur after stretching without

damage to the internal structure, it is necessary that the phase separation structure remains

extremely stable. The material deformation pattern in this case is shown in Fig 1.3, the

bridge chain formed between the hard domains can maintain the stretch and avoid further

collapse. However, this ideal elasticity variation is very difficult for the currently marketed

TPE materials. The reason is that in a discontinuous phase separation structure like TPE,

the percentage of hard phase has to be controlled in a low range (usually less than 30%),

which results in insufficient strength of the hard phase. In this regard, there are two general

solutions, one is to improve the strength of the hard phase by molecular design6;7;8;9 or polymer

blending10, and the other is to construct new topological networks11 so that the individual hard

phases are subjected to smaller forces during the stretching process. However, either method

requires the most profound characterization of the formation mechanism of TPE deformation,
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damage, deterioration, etc., which requires the cooperation of the state-of-the-art analytical

techniques.

Phase Diagram for Melts of ABA Triblock Copolymers

The present commercial TPEs have a low limiting value (fPS < 0.3) for recoverable elasticity.

deform recover

(no loop chain)

deformation direction

Macromolecules 2012, 45, 2161-2165. Macromolecules 2018, 51, 1529-1538.

Discrete PS domains, fPS < 0.3

Scp S C

O70 G L

behavior of diblock-arm stars should be reasonably unaffected
by uncoupling their arms. Gido and co-workers27−29 have taken
this idea one step further, decomposing multigraft block
copolymers into constituent AmBn miktoarm stars and mapping
them on to a phase diagram calculated by Milner40 using the
strong-stretching theory (SST) of Semenov,41 which is the
infinite-segregation limit of SCFT.42 This has been successful in
explaining the compositional shift in the phase boundaries.
The effect of architecture on complex phase behavior is less

well understood. Experiments are far too time-consuming to
thoroughly address this issue, while theoretical calculations
have been computationally costly. Consequently, SCFT
calculations for the complex phases have been restricted to
relatively weak segregations, often with some of the potential
phases omitted from consideration. The Fddd morphology has
never been considered largely because it was not even
discovered at the time of most calculations, and similarly
many previous studies where not aware of alternatives to the
bcc packing of spheres. We now know of other potential
arrangements such as close-packed spheres (fcc or hcp) as well
as an A15 packing predicted by Grason and Kamien36 for ABn
miktoarm stars and later confirmed in experiment.43 Fortu-
nately, there have been a number of recent numerical
advances44−46 that allow the complex phases to be readily
examined up to high segregations. Therefore, we now revisit
the ABA triblock, linear ABAB... multiblock, diblock-arm star,
and AB2 miktoarm star architectures, updating their phase
diagrams from all the known morphologies and mapping the
complex phase windows to higher segregation. We also evaluate
a new phase diagram for combs with a B-type backbone and A-
type teeth, formed by stringing AB2 stars together, so as to
further test if the phase behavior of multigraft block copolymers
is equivalent into that of their constituent units.

■ RESULTS
There are ample descriptions of the SCFT for complex
architectures in the existing literature,31−34,38,39 and so we
forego any further repetition of the theory. It suffices to say that
we perform standard calculations for incompressible melts
using the standard Gaussian chain model with conformational
symmetry between the A and B segments.3 Our study considers
five different architectures, where the constituent units are
either the AB diblock or the AB2 miktoarm star. The relevant
parameters are the number of segments per constituent unit, N,
the standard Flory−Huggins interaction parameter, χ, and the
volume fraction of the A component, f.
After the AB diblock architecture, the symmetric ABA

triblock, formed by joining two identical AB diblocks together
by their B ends, is the most common block copolymer. Its
phase diagram is shown in Figure 2, which extends the previous
calculation31 to show the gyroid (G) channel to much higher
segregation and to include the Fddd (O70) morphology. Since
the triblock is formed by joining two diblocks together, the
phase diagram is expected to be similar to Figure 1 when N is
defined as the half of the total polymerization, and indeed it is.
Nevertheless, the phase boundaries are shifted somewhat and
the symmetry about f = 0.5 is now broken. Interestingly, the
stability regions of the O70 phase are about half again as large as
those of the diblock copolymer melt, but the regions of the
close-packed spherical (Scp) phase are somewhat narrower.
Naturally, we can create ever larger linear multiblocks by

joining more diblocks together by their equivalent ends. As the
number of blocks increases, the system reaches an asymptotic

limit,47 previously investigated by Matsen and Schick.34 Figure
3 extends that calculation by plotting the complex phase

channel to far higher segregation and testing for the O70, Scp,
and SA15 phases. As expected, the topology of the phase
diagram remains equivalent to that of the diblock copolymer
melt, since the multiblock architecture is just a string of
diblocks joined together. In the limit of an infinite number of
blocks, the phase diagram again becomes symmetric about f =
0.5. Continuing the trend from the diblock to the triblock, the
multiblock architecture has slightly larger O70 regions and
narrower Scp regions.
Another way of joining diblocks together is by connecting,

for example, the B-ends to form a diblock-arm star. This is
evidently the first system for which experiments18−20 observed
a gyroid morphology, although it was mistakenly identified as a
double-diamond morphology. This misassignment was cor-
rected48 shortly after SCFT calculations34 predicted gyroid to
be more stable than double-diamond. The SCFT calculations,
however, only explored the complex phase channel at weak
segregations and furthermore did not test for the O70, Scp, and
SA15 phases. Figure 4 now provides a more complete phase
diagram for 9-arm stars. Although the topology of the diagram
remains equivalent to that of the diblock, there are particularly
large shifts in the phase boundaries. Equally significant is the
fact that the O70 regions are far bigger than those of the

Figure 2. Phase diagram analogous to that of Figure 1, but for
symmetric ABA triblock copolymers. Here N is the degree of
polymerization of the diblocks formed by snipping the triblocks in half.

Figure 3. Phase diagram analogous to that of Figure 1, but for infinite
linear ABAB... multiblock copolymers. Here N is the degree of
polymerization of the diblocks formed by cutting all the blocks in the
middle.

Macromolecules Article
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Figure 1.3: Schematic of the elastic deformation of BCP-type TPE.

1.4 Analytical Techniques for TPE

To date, in addition to traditional testing techniques such as tensile test, rheomter, dynamic

mechanical analysis, etc., characterization techniques at the nano level are becoming more

and more dominant. Many researchers used small angle X-ray scattering (SAXS)12;13;14;15;16;17,

Fourier transform infrared spectroscopy (FT-IR)18;19;20;21, and transmission electron microscopy

(TEM)16;22;23;24;25;15;7 to investigate the deformation of BCP-based TPEs. More recently, in-situ

SAXS has been used to observe the microstructure of TPE during macroscopic elongation26. So

far, as shown in Fig. 1.4, by experiment17;26 and simulation27;28, it is found that hard domain

could be deformed, fused, and divided with the increase of strain. Although the simulations

give many predictions of the dynamic behavior of the domain, however, the existence of factors

such as different stretching speeds in the simulations than in the real experiments and the

inability of the set parameters to fully restore the real situation make it urgent to repeat the

results of the simulations using experimental techniques. Alternatively, AFM has the function

to get the force-distance curves of the surface by deforming the material with a probe and

employing contact mechanics to obtain the elastic modulus, adhesion energy, and other physical

characteristics, which makes AFM the only technology available that can simultaneously derive

the target microscopic region’s structure and mechanical properties29;30;31.
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Figure 1.4: Schematic diagram of the dynamic behavior of the TPE during the stretching
process.
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Chapter 2

Introduction B: Atomic Force

Microscopy for Polymer Science

2.1 General

In the recent history of instrumentation development, microscopy has been developing rapidly

along with the progress of human science and technology. Scientific research and materials

development have been pushed to an unprecedented level of miniaturization with the invention

of new microscopy techniques. Since the invention of the scanning tunneling microscope (STM)

by Binning et al. in 19821, humankind’s desire to explore the atomic scale has taken a giant

leap forward, and the study of material surface phenomena has become more profoundly un-

derstood. Before that, the only instruments that could directly see the size of atoms were field

ion microscopy (FIM) and electron microscope (EM). The invention of STM overcame these

problems, as the study of atomic dimensions was extremely limited due to the conditions of

preparation and operating environment. The principle of STM is to use the electron tunneling

effect to obtain atomic images. Still, the sample for STM is basically a conductor, and the sur-

face must be very flat, limiting the use of STM. In 1986, Binning et al. developed the atomic

force microscope (AFM)2, which not only has the ability to resolve atomic dimensions, but also

solves the limitations of STM on conductors, making it more convenient for application.

11



12 Chapter 2. Introduction B: Atomic Force Microscopy for Polymer Science

Since the introduction of STM, dozens of types of probe microscopes have been continuously

developed. Scanning probe microscope (SPM) is a large family of probe-based microscopes,

among which the more familiar techniques are: STM, AFM, near field optical microscope

(NSOM), magnetic force microscope (MFM), chemical force microscope (CFM), scanning ther-

moprobe microscope (SThM), phase probe microscope (PDM), electrostatic force microscope

(EFM), lateral frictional force microscope (LFM), etc. Among the various SPM techniques,

AFM is the most widely used and can be applied to a variety of items, such as metallic ma-

terials, polymers, biological cells, etc. It can be operated in atmospheric, vacuum, electrical

and liquid phase environments for different physical properties analysis. Therefore, AFM has

a wide range of applications in the study of biological materials, crystal growth, and action

forces.

Depending on the tip-sample material and the tip-sample distance, the forces between the tip

and the sample can be interatomic repulsion, van der Waals attraction, elastic force, adhesion,

magnetic and electrostatic forces, and the frictional forces generated by the tip during scanning.

Fig. 2.1 shows the typical inter-atomic interaction in imaging. The black curve is a combination

of long-range attractive and short-range repulsive interaction forces called the Lennard-Jones

Potential. At larger distances, the force is attractive, which switches to a repulsive force when

two atoms are brought closer together. The orchid curve represents a repulsive interaction,

while the teal curve represents an attractive interaction. By controlling and detecting these

forces between the tip and the sample, not only the surface morphology of the sample can be

characterized at high resolution, but also the surface properties corresponding to the forces can

be analyzed: LFM can analyze the friction coefficient of the studied material; MFM can study

the magnetic domain distribution on the sample surface; EFM can analyze the sample surface

potential, the dielectric constant of the film, and the deposited charge. In addition, AFM can

manipulate, modify and process atoms and molecules, and design and create new structures

and substances3
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Figure 2.1: Inter-atomic interaction potential U vs. distance z.

2.2 The Working Principle of AFM

The principle of operation is that a micro-cantilever, which is sensitive to very weak forces,

is fixed at one end and has a tiny tip at the other end, which is in gentle contact with the

sample surface. Due to the extremely weak repulsive force between the atoms at the tip

of the tip and the sample surface, the cantilever with the tip will move in an undulating

direction perpendicular to the sample surface by controlling this force to be constant during

the scan, corresponding to the isotope of the force between the atoms. Using optical detection

or tunneling current detection, the change in position corresponding to each point of the scan

is measured, and the signal is amplified and converted to obtain a three-dimensional image of

the sample surface at the atomic level.

The AFM consists of a piezoelectric scanner that performs raster scanning and z-positioning,

feedback electronics, an optical reflection system, a probe, an anti-vibration system, and a

computer control system (Fig. 2.2). The piezoelectric ceramic tube controls the movement of

the sample in the x, y, and z directions. When the sample is scanned along the x/y direction

relative to the probe tip, the distance between the probe tip and the sample surface is changed

due to the high and low undulations of the surface. When the laser beam is irradiated to the

back of the cantilever and then reflected to the position-sensitive photo-detector, the difference
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Figure 2.2: Schematic diagram of the principle of AFM.

in laser intensity received by the detector in different quadrants forms a certain proportional

relationship with the deformation of the cantilever. Feedback loop according to the detector

signal and the difference between the preset value, and constantly adjust the distance between

the tip and the surface. Keeping the force between the tip and surface unchanged can get the

morphology image. This measurement mode is called constant force mode. When the surface

of the sample is known to be very smooth, the scanning can be performed in constant height

mode, i.e., the distance between the tip and the sample is kept constant. At this point the

magnitude of the force directly reflects the surface morphology image.

2.2.1 Basic Operation Modes of AFM

At present, there are three basic modes of AFM operation, which can be distinguished as contact

, non-contact, and tapping modes. Contact and non-contact are susceptible to other external

factors, such as the attraction of water molecules, which can cause scratches on the surface of

the material and image distortion by poor resolution; thus, there are limitations on their use,

especially in biological and polymer soft materials. The following is a brief introduction to the

basic principles of the three basic forms.
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Contact Mode

The tip is used to interact with the atomic force on the surface (must be in contact), so that

the very soft probe arm is deflected. The back of the probe arm is irradiated with a special

tiny laser light, and the laser light reflected by the probe arm is used as a two-phase photo

diode (laser light phase detector) to record the change of laser light deflection by the probe

arm. The interatomic repulsive force between the probe and the sample is about 10−6 to 10−9

N. However, since the tip is in contact with the surface, excessive forces can still damage the

sample, especially on soft materials such as polymers and cellular organisms. However, better

resolution is usually obtained on harder materials.

Non-Contact Mode

In order to solve the shortcomings of contact AFM that may damage the sample, non-contact

AFM was developed, which operates by using the long distance attraction - van der Waals

force. The distance between the probe and the sample and the amplitude of the probe must

strictly follow the van der Waals force principle, so the distance between the probe and the

sample must not be too far, the amplitude of the probe must not be too large (about 2 to 5

nm), and the scanning speed must not be too fast. When the sample is placed in atmospheric

environment and the humidity exceeds 30%, a 5 to 10 nm thick film of water molecules will

cover the surface of the sample, which makes it difficult or wrong to feedback.

Tapping Mode

Tapping mode is improved by bringing the tip closer to the sample and increasing the amplitude

of the probe (10-300 kHz) with force of about 10−12 N. The probe has resonant vibration and

the amplitude can be adjusted to have intermittent slight beating contact with the material

surface. The amplitude in the tapping mode AFM can be adjusted to be small enough not

to interfere with the water molecule film, and large enough not to damage the probe by hard

knocking on the sample surface, with an ultimate resolution of 2 nm in the XY plane. It does
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not cause permanent damage in the z-direction. In the x-y direction, because the probe is

intermittently bouncing in contact, it will not cause permanent damage as in contact mode,

where the probe is dragged in the x-y direction. However, due to the high frequency of probe

strikes, the tip of the probe can be damaged for very hard samples.

2.2.2 AFM Nanomechanical Mode

From the beginning of the development of AFM, there were signs that it would be applied to

nanomechanics not only in polymers but also in various other materials fields. Nowadays, there

are various modes for imaging mechanical property information4;5;6. In these modes, the AFM

tip is not scanned along the surface of the sample, but is repeatedly brought into contact with

the sample perpendicular to the surface, and then pulled away. The relationship between the

sample deformation and the interaction force is then combined with contact mechanics such as

Hertz theory, Derjaguin-Muller-Toporov (DMT)7 theory and JohnsonKendall-Roberts (JKR)8

theory. The DMT and JKR theories provide information on the condensation energy as well as

the elastic modulus. The DMT and JKR theories provide information on the cohesive energy

as well as the elastic modulus. The elastic modulus of an unstretched sample often correlates

well with the tensile modulus (Young’s modulus). On the other hand, when the AFM probe is

pressed against a macroscopically elongated sample, the obtained modulus is generally larger

than that of the unelongated sample. This is natural because stress is applied at various

locations corresponding to the macroscopic strain, but the resulting stress distribution is very

non-uniform, reflecting the local nature of the sample.

For the static AFM force mapping mode, two different measurement modes are commonly used.

Force-volume (FV) AFM is the mode in which a series of force-distance curve are recorded at

each point of the specimen surface. The rate of force-distance curve acquisition is about 1–10

Hz. The PeakForce quantitative nanomechanical mapping (QNM) mode was also utilized. The

method can also generate force-distance curves and has a much higher acquisition rate (0.5–2

kHz). In the case of iroprene rubber (IR) specimens, both FV and QNM provide an accu-

rate estimate of rubbery modulus4, whereas QNM provides an incredibly higher modulus for
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Figure 2.3: Schematic diagram of the deformation of the sample surface by the probe tip.

styrene-butadiene rubber (SBR) due to the faster acquisition rate, where the time-temperature

superposition (TTS) principle is important.

In analyzing force-distance curves on rubbery materials with significant adhesive interaction, a

contact mechanics model, first developed by Johnson et al. and thus known as the JKR model8,

can be used to relate the applied force F to the contact radius a for an indenting probe of the

radius R (Fig. 2.3) as follows;

a =

(
R

K

)1/3 (√
F − Fc +

√
−Fc

)2/3

, (2.1)

where K, Fc are the reduced modulus and the maximum adhesive force, respectively. The

contact radius directly correlates with the sample deformation δ by the following equation,

δ =
a2

R
− 4

3

√
a (−Fc)

KR
. (2.2)

To obtain a direct relationship between F and δ, it is difficult to perform implicit-function curve

fitting by eliminating a. To overcome this difficulty, instead of fitting the F−δ curve completely,

two special points on the curve can be chosen to directly calculate the sample modulus, which is

known as the JKR two-point method9. The balance point (delta0, 0), where the apparent force

F exerted on the cantilever becomes zero, and the maximum adhesion point (delta1, Fc), where
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the adhesive force reaches the maximum negative value on the unloading curve, are the two

points. Combining the above equations yields an algebraic formula for calculating the reduced

modulus.

K =

(
1 + 161/3

3

)3/2
(−Fc)√

(δ0 − δ1)
3R

. (2.3)

This JKR two-point method has been shown to accurately determine the elastic modulus of a

variety of rubbers and glassy polymers.

2.3 In-Situ AFM

As the research in materials science is gradually moving to depth, there is an urgent need for

researchers to conduct more in-depth studies on the mechanism of action, structural changes,

and factors affecting the properties of materials. Then, the traditional ex-situ research methods

can no longer meet the current needs. In-situ characterization techniques, which have been

developed in the last three decades, allow ‘on-line’ analysis of specific reaction processes using

different instrumentation. This technique is often used to elucidate the changes in a material

process by means of a specific device that performs continuous and simultaneous analysis of the

substance and traces a series of structures parameterized by time or other relevant conditions.

Because AFM testing causes little damage to the sample, in situ AFM techniques are widely

used to measure the mechanical and electromechanical properties of nanomaterials10. So far,

in situ AFM has been used to study batteries11;12, crystallization13;14, phase transition15;16,

biomolecules17;18 etc. Since AFM can combine various external stimuli such as light, electricity,

heat, and chemical reactions to observe the structure and physical properties of the sample, it

makes in situ AFM a very promising application.
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2.3.1 In-Situ AFM Nanomechanics

In-Situ AFM Nanomechanics is based on the In-Situ AFM technique, which combines the anal-

ysis of force curves obtained from tests to grasp changes in the properties of substances in

response to external stimuli (Fig. 2.4). Since obtaining force curves requires applying defor-

mation to the material surface, the test objects are usually soft materials, especially polymers.

The external stimuli that can be applied include tensile, compressive, etc. However, polymers,

especially block copolymers, often have a structural scale of just a few tens of nanometers, and

in order to maintain a high resolution, the scan size is usually only a few hundred nanome-

ters or micrometers. It becomes very difficult to continuously track the same region after the

application of external stimuli, and this challenge is the main research object of this thesis.
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Figure 2.4: The working principle of in-situ AFM nanomechanics.

2.4 The Objective of This Thesis

In this thesis, in order to solve the common macroscopic stress-strain characteristics of TPE

(Fig. 2.5), including stress relaxation, permanent deformation, etc., I developed and used in situ

AFM nanomechanics to make real-time structural and nanomechanical property observations

of TPE materials under deformation. Since AFM can simultaneously obtain the structural

and physical properties of an observed region, there is no suitable analysis method to analyze a

series of in situ images in depth; therefore, a corresponding program is planned to be developed.
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Finally, in order to develop new high-strength TPEs, in addition to the marketed TPE samples,

unmarketed polymer materials with potential were also characterized using AFM.
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Figure 2.5: Common macroscopic stress-strain characteristics of TPE and the in situ AFM
nanomechanics corresponding to them.
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Chapter 3

Dynamic Stress Network in the TPE

3.1 General

Elastomers’ numerous benefits make them useful in a wide range of applications1;2. Tradi-

tional thermoset elastomers, like filler-reinforced vulcanized rubber, have outstanding mechan-

ical qualities because of their chemical-crosslink network. They can recover almost completely

from strain-induced distortion. The irreversibility of the permanent chemical cross-linking,

on the other hand, make the material difficult to reprocess or reuse3. Because of their high

elasticity and processing benefits4;5, thermoplastic elastomers (TPEs) are currently a preferred

substitute to thermoset materials. Noncovalent interactions, including as hydrogen bonding6,

ionic bonding7;8, and metal-ligand coordination9, have been used to increase the performance

of TPEs. However, the permanent set after deformation remains a key challenge to solve in

order to achieve tough TPEs with the same property as thermoset materials.

TPEs are structurally divided into two groups: block copolymers and their blends, both of

which contain hard and soft phases in their microstructure. Hard and soft segments along the

backbone chain of the polymers develop by microphase separation in block copolymer (BCP)-

based TPEs, resulting in hard segmental domains and soft segmental domains, respectively.

Soft-segmental rubbery domains (soft matrix) extend in response to strain-induced deforma-

tion, whereas hard-segmental glassy domains (hard domains) produce the physical cross-links

23
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required for elastic recovery. To make a robust TPE with little residual strain, the TPE’s poly-

mer network must recover almost completely after deformation; consequently, it is worthwhile

to investigate the nanoscale structural changes in TPEs during deformation.

Many studies used small angle X-ray scattering (SAXS)10;11;12;13;14;15, Fourier transform in-

frared spectroscopy (FT-IR)16;17;18;19, and transmission electron microscopy to investigate the

deformation of BCP-based TPEs (TEM)14;20;21;22;23;13;24. They revealed that when BCP-based

TPEs were stretched, spherical hard domains were deformed and orientated from an isotropic

structure, which exhibited a meaningful association to stress relaxation and fracture of the

stretched TPE. SAXS15 and TEM14 also revealed that affine deformation occurs in a fully

deformed lattice constituted of hard domains when the plane spacing grows proportionately.

However, the distribution and evolution of stress, which is a major issue in deformed BCP-

based TPEs, have yet to be identified by test procedures and must be explained by direct and

real-time viewing methods. AFM-based nanomechanics have been developed in recent years

to obtain nanomechanical mapping of soft materials, particularly BCPs25. This method allows

the mechanical properties of the material surface, including the elastic modulus, adhesion, dis-

sipation, and stiffness, to be simultaneously probed with nanometer resolution. We anticipate

that this measuring approach will disclose basic difficulties regarding the deformation process

of BCP-based TPEs.

The strain-induced change of microdomains in a TPE specimen composed of a SEBS triblock

copolymer was the focus of this chapter. The morphological and mechanical development

was seen in-situ using AFM nanomechanics. An inhomogeneous distribution of internal stress

was found during stretching using elastic modulus mapping, resulting in deformation, relative

displacement, and partial separation of the phase-separated structure.
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3.2 Results

3.2.1 Tensile Behavior

The left part of Fig. 3.1 depicts a typical strain-stress curve of TPE obtained from a strain-rate

controlled tensile test. Unsurprisingly, when the specimen recovered to zero stress after being

stretched to a strain of 200%, a residual strain (∼10%) was formed. The specimen’s elastic

modulus was determined to be ∼3.2 MPa based on the average slope of the elastic section of

the stress-strain curves, which corresponded to strains ranging from 2% to 4%.

In a macroscopic view, the right part of Fig. 3.1 depicts the stress-time curve of the TPE

extended to 50%. During a 12-hour period with a fixed 50% strain, tension reduced fast at

the start of relaxation (≤1 hour) and then gradually declined with subsequent relaxation. This

stress-relaxation process, as described above, implies that some significant structural evolution

happened as the stretching period increased, and this structural evolution is thought to be

connected to the material’s failure to fully elastically recover.
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Figure 3.1: Two typical tensile curves for TPE.

3.2.2 AFM Nanomechanical Mapping

SEBS, a triblock copolymer made up of rigid poly(styrene)(PS) segments and poly(ethylene-co-

butylene) (PEB) segments, has a phase-separated morphology and has had its nanomechanical
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characteristics extensively researched26;27;28;29;30;31. Sphere-like PS domains with a high mod-

ulus, namely hard-segmental amorphous domains (hard domain), and PEB domains around

the hard domains with a low modulus, namely soft-segmental rubbery matrix (soft matrix),

were identified in the microstructure of a SEBS sample with a low PS component of 15%, as

shown in elastic modulus map in Fig. 3.2. The color bar in the right can be used to estimate

the associated elastic modulus values. Similarly, the deformation map depicts the indentation

depth for AFM probe tip pushing the specimen surface.The hard domain and soft matrix in

the deformation map correspond to low and high deformation regions, respectively, with their

typical force-deformation curves (FCs) depicted in the left. Because of the softness of the SEBS

with a low PS content, the overlaid elastic theoretical curves accurately duplicate each FC in the

retraction section. With values of 4.6 nm, 290 pN, and 8.5 MPa, the FC from the hard domain

suggests a low deformation, low adhesive force, and high elastic modulus during the tip-surface

interaction. In contrast, with values of 9.4 nm, 435 pN, and 4.3 MPa, respectively, the FC

from the soft matrix suggests a high deformation, high adhesive force, and low elastic modulus.

Because the influence of the soft matrix beneath the surface could not be avoided, the measured

elastic modulus from the hard domain did not reflect its actual value. The neighboring soft

matrix buffered the hard domain’s deformation, resulting in a lower value.

We firstly have a comparison of elastic modulus maps before and after elongation, as shown

in Fig. 3.3. The left part is the modulus map of unstretched TPE as described before. The

right part is the stretched TPE with keeping 0.5 strain for 262 minutes. The bottom part

are the value distribution of two elastic modulus maps. Although they are in different areas

of the same sample, from the value distribution of modulus, we could clearly see a right shift

of the modulus after stretching, which means the elastic modulus of the sample has increased

after stretching. Furthermore, the peak of the left histogram in appears at ∼3.50 MPa, which

agrees with the elastic modulus calculated from the strain-stress curve (∼3.2 MPa). However,

consistency, which is affected by the tip radius and pushing force and has a strong relationship

with the amount of sample deformation32, could only be achieved through a very delicate

operation. The elastic modulus obtained from tensile testing reflected the soft matrix’s initial

elastic deformation. The elastic modulus obtained from AFM increased in value as the sample
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Figure 3.2: (Left) Typical force-deformation curves on hard domain and soft matrix with
superimposed elastic theoretical curves. (Right) Deformation and elastic modulus maps of
TPE. Scale bar, 100 nm.

underwent additional deformation because the surrounding hard domains were involved when

the soft matrix deformed.

Then, if we binarize these two maps to pick up 15% high modulus area, which is the ratio of

hard domain, we could obtain the domain numbers in each map, as shown in Fig. 3.4 After

elongation, the domain number decrease compared with the unstretched sample. This result

could be explained by this illustration that some hard domains get closer in x direction and

fused after elongation, as described in Chapter 1.

The nanostructural change depicted in Fig. 3.1 was revealed using AFM nanomechanics. Al-

though the stress decreased rapidly during the initial stage of stretching, which is considered

appropriate for study, imaging during this stage was extremely difficult because the sample

drifted significantly at the nanoscale. This situation improved approximately 3 hours after we

began stretching, and we obtained clear images between 4 and 10 hours. The elastic modulus

maps of the TPE stretched 50% that was probed at nearly the same region after 262 and 597
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Figure 3.3: The elastic modulus map and its value distribution of (left) unstretched sample and
(right) strecthced sample which is kept 0.5 strain for 262 min. Scale bar, 100 nm.

minutes are shown in Fig. 3.5. The stretching direction is represented by the double-headed ar-

rows. Hard domains deformed and oriented parallel to the stretching direction per a comparison

with Fig. 3.2, which is a similar result to those reported by SAXS15 and TEM analyses13. Uti-

lizing a two-dimensional (2D) fast Fourier transform (FFT) algorithm implemented in ImageJ,

the average separation distance between the hard domains was extracted from each obtained

modulus map, as shown in Fig. 3.6. The distance between the hard domains in the unstretched

TPE was approximately 23 nm regardless of direction. Interestingly, in the stretched TPE,
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the average distance of the hard domains in the stretching direction increased from ∼41 nm to

∼38 nm after 262 minutes and decreased from ∼41 nm to ∼38 nm after 597 minutes. At the

same time, there was almost no change in the average distance perpendicular to the stretching

direction.
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Figure 3.5: The elastic modulus map and its value distribution of strecthced sample which is
kept 0.5 strain for (left) 262 min and (right) 597 min. Scale bar, 100 nm.

It is also worthwhile to discuss the modulus distribution of the sample during deformation.

The histograms in Fig. 3.3 represent the modulus distribution before and after stretching,

respectively, and show peak values of ∼3.50 MPa and ∼4.84 MPa, indicating that the elastic

modulus increased after stretching to a strain of 0.5. Furthermore, when compared to the

unstretched sample, an increased proportion of the elastic modulus distribution occurred in the

high modulus area in the stretched TPE, which was attributed to the formation of a stress chain.

In general, a stress chain in BCP-based TPEs is made up of soft matrices within a deformed

portion of the material that are held together to form a stress network with hard domains as

junction points. As a result of the stress network’s contribution, the elastic modulus of some

soft matrices increased, resulting in a nonuniform distribution.

With increasing stretching time, the peaks shifted to the left (from ∼5.7 MPa to ∼4.8 MPa),

indicating a decrease in the elastic modulus in TPE, as indicated by the color change from left
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Figure 3.6: (Top) 2D FFT images extracted from obtained modulus maps. Scale bar, 0.1
nm-1. (Bottom) Schematic diagram of the spacing between hard domains when the material is
stretched and relaxed.

to right. A modulus decrease is consistent with the tensile test results, as shown in Fig. 3.1.

However, the stress decrease in the TPE stretched 50% obtained in the macroscopic stress-time

curve, as shown in Fig. 3.1, is ∼0.03 MPa from 4 hours to 10 hours, which is much less than

the result obtained from AFM (decrease of ∼0.9 MPa). A future study will be carried out to

estimate the macroscopic stress value from the microscopic change in the elastic modulus in

the tensile state.

It was further found that a relative displacement of the hard domains occurs in the stretch-

ing direction. We measured the distance between the hard domains distributed parallel and

perpendicular to the stretching direction at different relaxation times. In the direction parallel

to the stretching direction, as shown in Fig. 3.5, L1 (∼398 nm) and L2 (∼250 nm) in the

left were significantly shortened to L1’ (∼299 nm) and L2’ (∼211 nm) in the right; however,

L3 (∼340 nm) and L4 (∼377 nm) in the direction perpendicular to the stretching direction

maintained almost the same value as L3’ (∼339 nm) and L4’ (∼374 nm). Shrinkage in such a

local area along the stretching direction, which should not have happened during a fixed strain

relaxation, indicates a nonuniform change in the polymer network within the material. This

conclusion could also be drawn from the previous discussion of the hard domain morphology.

The average separation distance between the hard domains after 262 minutes of stretching (∼41

nm) indicated a 78% elongation compared to the unstretched hard domains (∼23 nm) at 50%
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of the macroscopic deformation, indicating that other areas were stretched less than 50%.

Despite the fact that the majority of the material retained its morphology, some hard domains

separated significantly during the relaxation process, as shown by the marked dotted circles in

Figs. 3.5; these areas represent the same hard domains in the microstructure with a different

stretching time. A polymer network, also known as a bridge chain, was formed structurally

by amorphous hard domains acting as junction points and rubbery soft matrixs bridging these

junction points33. When a macroscopic strain was applied, the bridge chains stretched first

because the hard domains were relatively hard, resulting in an increase in local stress. A

local stress in a polymer can be transferred along a stress network. As a result, in order to

relieve the local stress, the stretched bridge chains exerted a strong force on the hard domains,

causing them to deform and separate at the weak junctions. The split hard domains formed

new stress networks, which meant that bridge chains that were previously assigned to one

junction point were now assigned to two junction points. Furthermore, if the subordinated

hard domain was split into two new domains, the chains that originally belonged to only

one hard domain, known as a loop chain, could evolve into a bridge chain. The deformation,

separation, and reorganization of microdomains, as well as the stress network, partially reformed

the polymer’s microstructure. The domain deformation was relatively easy to recover; however,

the topological change caused by separation had a long-term impact on the material, and

residual strain was present. In a future work that incorporates data assimilation and simulation,

a dynamic stress network will be visualized and explored34.

3.2.3 Dynamic Stress Network

Using continuous AFM observations over a short time period, we investigated the details of the

separation behavior. As shown in Fig. 3.7, we chose one hard domain, D1 in 289 min, whose

separation was observed as described above, and studied the structural evolution surrounding

it before and after the separation. A small hard domain, denoted as D2, grew from 289 to

298 minutes, which could be explained by the aggregation of hard PS segments, and continued

to grow at the times shown in 307 and 317 minutes. The elastic modulus of domain D2
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Figure 3.7: Dynamic stress network observed in stretching TPE. Image size, 100 nm.

and its surroundings, which included the area between domains D2 and D1, increased as a

result of this growth behavior. The newly formed bridge chains between D1 and D2 gradually

separated the soft matrix in the interval of domains D2 and D1. This strain-induced structural

evolution resulted in the formation of a new connection between domains D2 and D1 within

the soft matrix, known as a stress chain. The stress chain between domains D1 and D3 also

had an effect. The arrow in 289-326 min indicates the direction of the stress chain generated

by domains D2 and D3. Finally, domain D1 began to split into two smaller hard domains,

domain D1.1 and D1.2, that moved away from each other after 345 min of continuous stress

from two directions. For the first time, the aggregation and separation of the hard domains, as

well as the subsequent generation of stress chains and dynamic changes in the stress network,

were observed. The dynamic evolution of the stress network described above is not accidental;

besides this region, this phenomenon was also found in other regions in the same time frame,

as shown in Fig. 3.8. This overall behavior eventually also leads to a permanent change in

the network topology, which in turn causes the annihilation of the stresses in this process,

eventually manifesting itself in a macroscopic stress-relaxing behavior.
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3.3 Summary

This study visualized the strain-induced evolution of the structure and mechanical properties

of a SEBS-based TPE material using AFM nanomechanics. Microdomains in the stretched

SEBS exhibited deformation, separation, and reorganization during the stress relaxation pro-

cess, according to the nanoscale elastic modulus maps. The stress network underwent dynamic

evolution, which permanently altered the polymer’s topological structure. An atomic force

microscope was used to take continuous images of the polymer microstructure during defor-

mation, which could be a powerful approach for understanding the continuous morphological

changes of various materials under the action of external forces. Furthermore, the deterioration

mechanism of polymer materials can be studied further using a combination of mathematical

modeling, molecular dynamics simulation, and experimentation. These basic microscopic stud-

ies provide the theoretical foundation for the development of high-strength polymer materials.

Based on this new technique, more research on polymer morphology will be conducted in the

future. The content of this chapter is based on the authors’ published paper35 with additional

explanations.
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Chapter 4

Nanoscale Strain-Stress Mapping for

the TPE

4.1 General

We previously reported on the development of in situ atomic force microscopy to explore the

microphase splitting structure and elastic modulus of BCP-type TPEs in the continuously

stretched state1. It demonstrated a correlation between the hard domain splitting observed

under the microscope and the residual strain observed at the macroscopic level. Furthermore,

we argue that the microscopic motion of the hard domains is driven by the visible stress

network formed under strain. To understand the dynamic behavior of this network, in this

work we employ image segmentation based on the Delaunay triangulation method for finite

element analysis (FEA) of a series of in situ AFM images (Fig. 4.2). Microscopic strain-stress

distribution maps are used to explain the reasons behind the dynamic evolution of the network

structure in BCP-type TPEs.

We were inspired by the work of Jinnai et al.2, who performed in situ TEM experiments on filled

rubber and evaluated the local strain of the material by Delaunay triangulation of the filler

particles. In this work, all image processing methods were based on a self-developed Matlab

program. The TPE used in this experiment contains a 15 wt% proportion of hard segments;

37
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Figure 4.1: AFM deformation maps captured from different relaxing time (Image size: 500
nm), where the observed regions are approximately the same.

therefore, in the AFM deformation map, the small 15% deformation region is considered as

a hard phase, which naturally yields a discontinuous set of domains. The geometric center

of each domain is chosen as a representative point. the Delaunay triangulation algorithm is

modified by Matlab syntax for AFM image processing (Fig. 4.3). Since the Delaunay mesh

uses the nearest neighbor rule, the automatically generated mesh is reconstructed accordingly,

so that triangles from different images can correspond exactly. The calculation of the individual

triangle deformations is shown in Fig. 4.4, which is often used during FEA. linear strains in

the x (εx) and y (εy) coordinates can be derived separately using the strains of the respective
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triangles. Note that in all figures, the macroscopic stretching direction is parallel to the y

coordinate. To further explore the variation of the nanomechanical properties in the observed

regions, the Delaunay mesh obtained from the deformation maps was used to delineate the

regions on the corresponding modulus maps so that the modulus variation in each triangle

could be evaluated. The median value of the soft matrix modulus in each triangle is taken as

the representative modulus. The stress transfer in the network brings about a change in the

modulus in the local region; therefore, we treat this change as the nano stress (∆E) in each

triangle.
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Figure 4.2: Basic FEA principle for AFM images.

As mentioned earlier, potential BCPs for TPE applications must feature a discontinuous

microphase-separated structure in the form of spheres or cylinders, which makes the hard

phases therein very suitable for abstraction into two-dimensional point sets to provide trian-

gulation treatment. The microstructure of BCP-type TPE is shown schematically in Fig. 4.2.

Hard segments of BCP are aggregated into the domain, while soft segments form the bridge

chain and loop chain during the packing of the hard domain, which together form the soft

matrix. Although how the loop chain affects material’s mechanical properties has not been

completely solved3;4, most researchers believe the network formed by bridge chains bears and

transmits the stress generated during the material deformation5;6;7, namely stress network. Fig.

4.3 is a typical AFM deformation map of a TPE captured after holding 50% elongation for 570

min. The details of the experiments have been described in the previous report1. We built

the Delaunay mesh using the geometric center of each small-deformed hard domain, as shown

in Fig. 4.3. Since all captured maps are in similar regions, a series of comparable Delaunay

meshes can be generated by this method.
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4.2 Results

4.2.1 Micro Behavior of the Stress-Relaxing Process

Let’s first look at the whole stress relaxation process. It is well known that the stress in a TPE

decreases when a fixed elongation is maintained8, and this phenomenon can be observed at the

microscopic level. As shown in Fig. 4.5, we plot the average modulus of the soft matrix for

each capture during stress relaxation. The modulus undergoes an approximately exponential

decay until 400 min, after which it slows down and gradually stabilizes after 500 min.

Things get interesting when we analyze the relationship between the soft matrix modulus and

the number of hard domains. Note that the hard domains are the small deformation regions
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Figure 4.5: Correlation between the average AFM modulus, the number of hard domains, and
the relaxing time.

in the AFM deformation map, where we remove the incomplete domains at the edges of the

image. During the early relaxation, the number of hard domains increases rapidly as the soft

basis modulus decreases. Then, after 500 min, the number of domains and the soft matrix

modulus stabilize simultaneously. Although the data at some time points are biased due to

some misalignment of the observation area, we can establish a sufficient correlation between

the decrease in modulus and the increase in the number of lattices. The increase in the number

of domains, i.e., the splitting of some domains, is a finding that is well documented in both

experiments1 and simulations6;9. On the other hand, the decrease in modulus of soft substrates

is usually considered to be due to the loss of stress tolerance of the bridge chains, accompanied

by splitting from the hard phase to form ring chains or pulling out to form dangling chains10;11.

Also, the higher domain density and closer spacing due to splitting may contribute to the stress

relaxation in the bridge chains. The above statement is very reasonable; however, studying the

relationship between the kinetic and physical properties of such polymer networks is almost only

possible through simulations, which makes us eager to observe these phenomena experimentally.
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Figure 4.6: DSC profile of SEBS-15.

In fact, the decreasing trend of the modulus under the microscope does not correspond to the

macroscopic stress-relaxation curve in the same time period, but is closer to the beginning of the

macroscopic relaxation, as shown in Fig. 3.1. Therefore, another concern here is whether the

inconsistency in macroscopic and microscopic behavior is due to the difference in temperature.

In the AFM experiment, the temperature inside the cavity increased slightly compared to room

temperature due to the fact that the sample was in a closed, soundproof container during the

scan. The temperature was 27.3 ℃ at the beginning of the scan, i.e. after 262 min of relaxation,

while it increased to 28.7 ℃ after 597 min. Compared to the standard room temperature at

which the tensile test was performed (25 ℃), we were not able to determine whether this

temperature difference could bring about an appreciable change in the sample properties. In

addition, as shown in the Fig. 4.6, in the differential scanning calorimetry (DSC) measurement

of this sample, we did not succeed in observing the glass transition process due to the hard

PS phase, as the PS content was only 15%. In future experiments, we will further develop the

in situ AFM test at variable temperature to demonstrate the effect of temperature on AFM

measurement of TPE.

It is also worth mentioning that in another set of experiments, at a similar relaxing time, we

also observed slightly different results than in Fig. 4.5. As shown in Fig. 4.7, there is a

recovery of the modulus rising after the initial decrease, which indicates that the observation

of the tiny region of 500 nm produces different results depending on the observation area, and
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Figure 4.7: Relaxing time versus soft matrix modulus in another set of data.

we believe that this is one of the possible reasons for the inconsistency between macroscopic

and microscopic phenomena.

4.2.2 Finite Element Analysis

We chose two time points of early (262 to 326 min) and late (507 to 570 min) captures as

the subjects of our study, respectively. As shown in Fig. 4.5, from 262 to 326 min, the soft

matrix modulus decreases rapidly and the hard domain splits severely, while from 507 to 570

min, the modulus and the number of domains remain relatively stable. Fig. 4.8 shows the

changes of deformation and modulus in the same region in the early stage. Although there is

a high degree of similarity between the images before and after the one-hour relaxation, the

motion of each particular hard domain can be amplified by triangulation. Negative strain,

i.e., shrinkage, occurs in most of the grid region along the stretch direction, with an average

value of -6.4% for all varepsilony. As an experiment with fixed elongation throughout, such

negative strain values require splitting the hard phase to compensate for the new area caused

by shrinkage. Admittedly, there are still regions where positive strain occurs and appear to

show a hierarchical structure along the x-direction, as indicated by the purple band in the

figure. A similar heterogeneous behavior of the block copolymer has been demonstrated in

the case of high elongation,12;7, and we found that long-term maintenance of this behavior

also occurs at low elongation rates of 50%. Moreover, during deformation, the TPE network
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transfers externally applied stresses to each other through physical bridging points, i.e., using

the hard domain as a medium, and also overcomes topological constraints that cause the mesh

to develop mutually perpendicular strain trends in the x and y directions13;14. Such a trend

can also be observed during the later relaxation process and we will discuss it later.Strain-Stress Mapping of the Early Stage
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Figure 4.8: (Top) AFM deformation and modulus map of TPE after keeping elongation for 262
and 326 min. (Bottom) Linear-strain maps in the x and y coordinate derived from deformation
maps with the stress map derived from modulus maps.

As shown in Fig. 4.9, we use a simple schematic diagram to explain the relationship between

hard-domain splitting and local strain, although the realistic situation would be more complex.

The external stretching deforms the hard domain and imposes stress on the bridge chain, while

stretching the network in the y-direction and compressing it in the x-direction. After reaching

the stress limit, the hard domain splits, and the bridge chain is then relaxed, causing a network

recovery in the y-direction. Finally, the network in x-direction is also recovered due to the

packing requirement. The above behavior makes the splitting of the hard domain does not

have a large impact on the x-direction, and its average εx is only -0.2%. This result can also

be related to the FFT analysis in Chapter 3. Comparing with Fig. 3.6, it can be found that

the strain is mostly negative in the Y-direction parallel to the stretch, and the ellipse in the
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FFT image has some recovery after relaxing, indicating that the domains’ distances are also

approaching each other. In contrast, in the X direction perpendicular to the tensile direction,

there is no significant change in either the strain map or the FFT image.
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Figure 4.9: (Top) Value distribution of local strain and local stress. (Bottom) Schematic
diagram of domain splitting during elongation and its effect on the strain.

The stress distribution shown in Fig. 4.8 is obtained by combining two modulus maps with the

Delaunay mesh. Although 0.7 MPa reduces the average stress in the grid, we observe a stress

concentration zone in the purple circle, which corresponds to the strain interface region. Such a

stress concentration zone is detrimental to the stability of the network, and it seems reasonable

to establish its correlation with the local strain. However, not all strain interfaces produce

considerable stress concentrations, so we do not have enough evidence to prove whether the

presence of strain interfaces is a sufficient condition for stress concentrations to occur. Then, we

studied the strain and stress distributions in the late stage and compared them with the early

stage. Numerically, εy and ∆E derived from Fig. 4.10 are -0.3% and -0.2 MPa, respectively,

which are moderated compared to the early stage. The εx yields a value of -0.5%, which is

similar to the results obtained from Fig. 4.5. We also observe a similar hierarchy in the strain
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distribution in Fig. 4.10 as in the early stages. Such a before-and-after variation originates

from the stress relaxation obtained through the early domain splitting, which is also evidenced

by the stress diagram: no stress concentration similar to that in Fig. 4.10 is observed in the

same region of Fig. 4.5.
Strain-Stress Mapping of the Late Stage
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Figure 4.10: Linear-strain maps in the x and y coordinates derived from deformation maps
with the stress map derived from modulus maps in (top) early and (bottom) late stages.

We further analyzed the numerical distribution of stresses and strains for all triangles in the

early and late meshes. These values were normalized due to the large increase in the number of

triangles through domain splitting in the early stages. Fig. 4.11 shows the strain distribution in

the x-direction. In the later stages, the presence of large strains is reduced and the distribution

becomes more concentrated at zero. For the y-direction shown in Fig. 4.5, although the

concentration of values is not as pronounced as in the x-direction, the distribution is clearly

shifted to the right and the center approaches zero, indicating that the strain behavior in the

y-direction gradually approaches that of the x-direction. Considering that the y-direction is the

elongation direction, this similarity between the strains in the x and y directions indicates that

the network has been sufficiently moderated and converged to a stable state under prolonged

elongation. However, such a steady state is not static, and the uniform distribution of strains
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in the late x and y directions on either side of the zero point means that the entire network

is still in a state of elastic fluctuation, as shown schematically in Fig. 4.11. As mentioned

before, the stress concentration may be related to the interface of strains. At a later stage, the

reduction of large local strains makes the stress concentration disappear, as shown in Fig. 4.5.

By comparing the stresses, it is found that their distribution undergoes a clear convergence to

zero at a later stage.Strain-Stress Mapping of the Late Stage
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Figure 4.11: (Top) The distribution of εx, εy, and ∆E at the early and late stages. (Bottom)
Schematic diagram of the dynamic fluctuations of the stress network in the late relaxation
period.

The above discussion shows that the TPE network has dynamic and stable elasticity in the later

stages after the early hard domain splitting. Although strain still occurs in each local region,

the effective stress transfer of the bridge chain avoids stress concentration and thus prevents

further domain splitting in the later stages. When designing high strength TPE materials with

small residual strains, the topic often discussed is how to increase the strength of the hard

domains to reduce the likelihood of hard domain splitting, and this is certainly true. However,

assuming that the concentrated stress can be efficiently transferred through bridge chains in the
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network, possible solutions in this case, such as increasing the elasticity of the soft segments in

the block copolymer, i.e. bridge chains, or reducing the formation of ring chains by molecular

design, may also be able to protect the hard domains themselves. To verify the correctness of

the above deduction, the relevant molecular design is already in progress.

4.3 Summary

We developed a tool that combines in situ AFM nanomechanics and Delaunay triangulation to

analyze topological changes in materials. When applied to the mechanical analysis of TPEs,

we discovered the microscopic causes of macroscopic stress relaxation in TPEs during holding

stretching. The internal stress network was sufficiently moderated to achieve stress and strain

homogenization and dynamic elasticity after the dramatic evolution of the early phases. The

hard phase in the microphase-separated structure relieves the local stress concentration by

splitting, but at the same time, this irreversible change induces a permanent deformation of

the material. This technique is also being applied to study other polymeric materials, such as

filled rubber. Related work will be reported in the near future.
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Chapter 5

Heterogeneously Formation of the

Stress Network in the TPE

5.1 General

Materials science has been pursuing intuitive, efficient, and high-resolution characterization

techniques to visualize the structure and properties of target samples. Among them, in situ

microscopy is a particularly popular approach because of its ability to witness the dynamic

behavior under externally stimulating conditions, such as strain, temperature, and the intro-

duction of other substances1. However, in situ measurement means that the window displace-

ment induced by the external stimuli need to be overcomed. Very noteworthy in this field is

the high-speed AFM, which, although often not titled with ‘in-situ’, explains many dynamic

processes of biomolecules2;3. As for the block copolymer with nanoscale microphase-separated

structure, when stemming the macroscopic strain, such window displacment could make the

in-situ observation much more difficult. In this chapter, I will use a newly-developed in-situ

jig combined with AFM nanomechanics to investigate the initial elongation of the BCP-type

TPE.

51
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5.2 Results

5.2.1 In-Situ AFM Nanomechanical Mapping

Fig. 5.1 shows modulus maps of BCP-type TPE using in-situ AFM nanomechanics. Some

feature hard domains are helpful to distinguish the similar observing area. With the increasing

of macroscopic strain, yellow/brown hard domains are gradually connected by formed stress

chain from the soft matrix. In the initial stage of elongation, easily-deformed soft segments of

the block copolymer bear the imposed strain, and thus increases their stress. The dynamic be-

havior of stress network has already been well-discussed in Chapter 3 and Chapter 4. However,

the formation of stress network, which was predicted4;5;6 and simulated7;8 for a long time, was

first observed by in-situ AFM nanomechanics.
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Figure 5.1: AFM modulus maps of BCP-type TPE under different strains. All the images are
in the similar observing area.

The calculated microscopic strain shown in Fig. 5.1 is obtained from in-situ jig itself. However,

the strain was also calculated by the camera window, the value comes to be a bit different.

Fig. 5.2 shows the photos of each stretched state. The difference of these two calculated valves

increase with the increase of strain. It should be mentioned that due to the positioning and AFM

capturing time, each photo was taken about an hour apart. Combining the above phenomena,
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it can be learned that the polished surface in the figure undergoes a relative shrinkage with

increasing strain, accompanied, of course, by an elongation of the area beyond the polished

area. Such an inhomogeneous variation will be fully discussed in the subsequent analysis.TPE初期伸⻑過程に対するin situ AFM観察 7
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Figure 5.2: Microscopic strain of each stretched state calculated from jig and camera, respec-
tively.

The distribution of elastic modulus of above AFM modulus images are then produced in Fig.

5.3. The maximum value of the modulus shows an overall nonlinear variation. From 0 to 9% ,

the overall modulus distribution remains basically the same, even the maximum value has some

left shift with stretching. This indicates that at the earliest elongation, the bridge chain formed

by soft segment was not fully stretched. From 9% to 26%, the maximum value continues to

move to the right, indicating that the bridge chain has carried the stress adequately. Then,

unexpectedly, after 26%, the maximum value of the modulus decreases again. This phenomenon

is interesting so I tried to reproduce the experimental flow of the AFM on a macroscopic level.

As shown in Fig. 5.3, macroscopic staged tensile test was performed and each stage is held

for one hour after stretching to approximate the AFM experimental procedure. The starting

stress of each segment is summed with the slope of the curve of that stage as the representative
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modulus. Interestingly, although the absolute values of the macroscopic and microscopic moduli

are not comparable with each other, both of them show similar nonlinear variations, which

suggests that the AFM results are reasonable and warrant further analysis.
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Figure 5.3: (Left) Distributions of elastic modulus in each image of Fig. 5.1. (Right) A
macroscopic reproduction for in-situ AFM procedure.

5.2.2 Finite Element Analysis

FEA analysis gives a detailed explanation of AFM results. In the previous chapters, the sample

were sufficiently relaxed to become very stable for AFM capture; thus, most of the domains

could be used for the vertices of the triangulation. However, in this test, if every image is

capture after enough relaxation (which usually takes more than three hours), not only the

image positioning will become extremely difficult, but also the ultrathin samples used in the

experiment are at great risk of breaking. Therefore, this time, only domains that are sufficiently

distinct are used as vertices for triangular segmentation to the extent that relatively few regions

are segmented. As shown in Fig. 5.4, in this chapter, The points were selected in such a way

that all resolvable areas were taken into account as much as possible, and all points with

significant splitting or fusion were excluded. For example, we exclude the region in the red

box where fusion occurs after stretching, even though it is very easy to identify in the modulus

map.

As shown in Fig. 5.5, I divided the six diagrams into three groups for image resolution, and
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Figure 5.4: An example of selecting vertices.

calculated the strain and stress changes for each group separately. In the first stage, i.e., from

0 to 9%, almost all triangular meshes undergo regular triangular deformation. The Y-direction

of the stretching is positive strain and the corresponding X-direction is negative strain. Such

deformation indicates that the entire stress network is still in the elastic range. If the load is

released at this point, then the material will fully recover its original length without permanent

deformation. At the same time, the deformation of the network does not completely offset

the external macroscopic deformation in stress, causing the creation of a stress concentration

region.

The second stage i.e., from 18% to 26% shows a different change from the first stage. While the

x-direction still presents negative strain throughout, which seems to be inevitable in a uniaxial

stretching. In the y-direction, on the other hand, positive and negative strains alternate in the

direction perpendicular to the stretching. The generation of inhomogeneous strain indicates

the loss of the previous stability of the polymer network and the onset of hard phase splitting.

However, the hard-domain splitting does not fully compensate for the external macroscopic

strain, which causes an increase in stress in all regions at this stage.

The last stage, i.e. the leftward shift of the maximum value of the modulus distribution, is also

reflected in the stress map where all regions are negative. The y-direction strain also shows all

negative values at this point, indicating that the hard domain has produced a large number of
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Figure 5.5: FEM analysis result on each stage of elongation.

splits and caused permanent and irreversible topological changes to the polymer network. At

the macroscopic level, a permanent deformation of the material has been created.

5.2.3 The Origin of Permanent Deformation

In the previous section, we argued through FEM analysis that stress concentration occurs in the

TPE during the stretching process, accumulating and eventually leading to massive splitting

of the hard-domain. Another experiment was conducted to verify the full correlation between

the domain splitting and the permanent deformation of the TPE during cyclic stretching. A

TPE specimen was released after being held in 50% tension for two hours, and in situ AFM

nanomechanics was used to test the structural and physical properties of the sample afterwards.
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Figure 5.6: Elastic modulus maps of the sample after releasing the load and relaxing 182 and
393 min.

Fig. 5.6 shows elastic modulus maps of the sample after releasing the load and relaxing 182

and 393 min. The modulus of the soft matrix undergoes a significant decrease in the relaxing

process. In addition, as shown in the circled position, the hard domain inevitably splits even at

0 load. We used a central hard domain as a reference and analyzed the relative movement of the
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Figure 5.7: The analysis of the hard domain motion during the relaxing process and its
schematic diagram.

domain during the relaxing process, and the results are shown in Fig. 5.7. Surprisingly, unlike

the expected behavior of network recovery, the hard domains did not approach each other
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along the stretching direction due to stress relaxing, but instead underwent relative motion

perpendicular to the stretching direction. Such a phenomenon indicates that the topology of

the material has been irreversibly changed during the stretching process, which has also been

derived in the mathematical model9. During the stretching process, the bridge chain becomes

loop chain due to domain fusion, or breaks away from the hard domain to form a free hard

segment. During the relaxing, along with the splitting of the domain again, the bridge bond

undergoes a recombination for the belonging relationship of the hard domain, i.e., a permanent

topological change. Graph theory can also give a parsimonious explanation of this process7.

5.3 Summary

We use a novel in-situ AFM nanomechanics combined finite element analysis to investigate

the initial elongation of a BCP-type TPE. It has been proven that the nonlinear curves in the

initial stage of tensile test as well as AFM modulus images are driven by internal hard-domain

splitting. In addition, such a splitting brings permanent topological changes to the material,

which affects the macroscopic mechanical properties.

5.4 References

[1] Li, X., Sun, M., Shan, C., Chen, Q. & Wei, X. Mechanical properties of 2d materials studied
by in situ microscopy techniques. Advanced Materials Interfaces 5, 1701246 (2018).

[2] Ando, T. et al. A high-speed atomic force microscope for studying biological macro-
molecules. Proceedings of the National Academy of Sciences 98, 12468–12472 (2001).

[3] Ando, T., Uchihashi, T. & Fukuma, T. High-speed atomic force microscopy for nano-
visualization of dynamic biomolecular processes. Progress in Surface Science 83, 337–437
(2008).

[4] Rubinstein, M. & Panyukov, S. Elasticity of polymer networks. Macromolecules 35, 6670–
6686 (2002).

[5] Meng, F., Pritchard, R. H. & Terentjev, E. M. Stress relaxation, dynamics, and plasticity
of transient polymer networks. Macromolecules 49, 2843–2852 (2016).



59
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Chapter 6

AFM Characterization of

Triptycene-Appended Polymers

6.1 General

This chapter uses AFM to measure triptycene-appended polymers for phase structure and

nanomechanical properties. As shown in Fig. 6.1, tripodal triptycenes, a member of tripthcene

family, could have a 2D nested hexagonal packing with a 1D stacking layers1. This so-called

‘2D + 1D’ structure has also been found in polymers where tripodal triptycene is appended in

main chain2, side chain3, and two terminals4. However, this structural feature has not been

visualized in AFM measurement. Therfore, the purpose of this chapter is to analyze the local

characteristics of ‘2D + 1D’ structure at the nanoscale and the effects on the structure and

physical properties of the polymer.
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Figure 6.1: Schematic of triptycenes and their ‘2D + 1D’ structure.

6.2 Results

Fig. 6.2 shows the chemical structures of triptycene-appended polymers used for AFM char-

acterization. Among them, the control polymer using the same backbone without appending

triptycene is liquid in 25 ℃, making it impossible to be measured. I will talk about the details

of other three functional polymers.

6.2.1 Polymer with Appended Triptycene in the Side Chain

Trip-Block and Trip-Random are two polymers with appended triptycene in their side chains.

The order of the monomers results in two polymers with very different phase structures. Fig.

6.3 shows the height and phase images of Trip-Block capturing in AFM tapping mode. Unlike

the conventional spherical, cylinder or lamellar microphase-separation structures5, the phase

separation structure induced by triptycene seems to be slightly more complex. However, lo-

calized lamellar structures can be observed and the interlamellar distances are consistent with

the SAXS results (not shown in this thesis). Note that this film has not been annealed over

its melting point. Although we believed that the observed ‘1D’ structure would be clearer
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Figure 6.2: Chemical structures of triptycene-appended polymers.

and more orderly after annealing, the main chains of the polymer tend to float to the surface,

causing the triptycene induced phase structure to be difficult to observe6.

Trip-Random shows totally different behavior compared with Trip-Block. As shown in Fig. 6.4,

previously unseen sheet-like microphase-separated structures were observed. There is no doubt

that phase separation are more difficult to form in random copolymers that possess lower order

compared to block copolymers. Another speculation here is that the melting point of Trip-

Random is lower than 25℃, so the film is annealed for a long time after it is made. Because of

the higher degree of freedom of the main chain in the random copolymer, the triptycene has a

higher probability of forming microcrystals. In order to verify this speculation, there is a plan

to make a higher resolution observation of the sheet portion in the figure.

AFM nanomechanics was then performed in Trip-Block and Trip-Random. As shown in Fig.

6.5, similar layer structure is also observed in the modulus map of Trip-Block. As for Trip-

Random, part of the high modulus region can also be observed, which also illustrates the
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Phase, 3 µm

Phase, 2 µm

34 30 26 (nm)

20 nm 24 nm

Phase, 1 µm

Figure 6.3: Height and phase images of Trip-Block obtained in AFM tapping mode.

possibility of microcrystalline formation as described above. The modulus distributions of the

two polymers can give a visual comparison of the nanomechanical properties. Both have the

same interval in the low modulus region, while Trip-Block has more components in the high

modulus region compared to Trip-Random, which suggests that the formation of self-assembled

structures with more triptycene in Trip-Block contributes to the mechanical strength of the

material. We still want to emphasize that the unannealed samples have a high probability of

being in a non-equilibrium state, so additional experiments will be performed in the future.

Phase, 3 µmHeight, 3 µm

Phase, 1 µmHeight, 1 µm

AFM観察：Tapping Mode

Figure 6.4: Height and phase images of Trip-Random obtained in AFM tapping mode.
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Figure 6.5: Nanomechanical mappings with the distribution of modulus of Trip-Block and Trip-
Random.

6.2.2 Polymer with Appended Triptycene in Two Terminals

Another polymer in a more extreme form, namely Trip-PDMS with just one triptycene unit

added to each end of Polydimethylsiloxane (PDMS), will also be discussed. It has been shown

that PDMS with bipodal triptycene at both ends can form long-range ordered structures and

substantially increase the viscosity and modulus of PDMS4. Tripodal triptycene has a stronger

tendency to self-assemble compared with the former, so it is expected to further enhance the

mechanical properties of PDMS.

We first characterized Trip-PDMS using a small scan size. As shown in Fig. 6.6, some strip-like

structure was observed and it was traced by window displacement. Interestingly, we found that

these strips are kept connected all the time, which prompted us to scan a larger size to grasp

the overall morphology of this phase structure. Therefore, we replaced an AFM with a larger

scan size to re-characterize it. The result is shown in Fig. 6.7.

We observed a large area of continuous mesh structure at a scan size of 20 µm, as shown in Fig.

6.7. This result is undoubtedly surprising because the change in this polymer compared to the

original amorphous PDMS is only two small molecules at each end. The self-assembly of this

small molecule, i.e., tripodal triptycene, drives the formation of a network-like phase separation
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Figure 6.6: A first attempt at trip-PDMS in a small scan size. (phase images in tapping mode,
500 nm)

structure inside the polymer and greatly increases the mechanical properties of PDMS. The

macroscopic manifestation of this enhancement is the transformation of PDMS, which was a

liquid at room temperature, into a stretchable solid (Fig. 6.2). The cross-section drawn in its

height image shows a layer spacing of ∼25 nm, which is consistent with previous reports and

SAXS data (not shown in this thesis).
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Figure 6.7: Phase and height images of Trip-PDMS with its layer spacing from the cross-section.

6.3 Summary

Polymers with appended triptycene in side chain and two terminals were investigated by AFM.

The introduction of triptycene allows the polymer to form special phase separation structures.

Meanwhile, triptycene as a hard phase in the phase separation structure helps to improve the

macroscopic mechanical strength of the material. As a future plan, higher resolution AFM

characterization is expected to be implemented, thus challenging the de-observation of the

complete ‘2D + 1D’ structure.
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Chapter 7

Summary and Open Questions

7.1 Summary of Thesis

In this PhD thesis, in-situ AFM nanomechanics was developed using TPE as the object of

study and the formation and dynamic evolution of the stress network inside the TPE was

observed. Also, in the local stress-strain analysis of AFM maps using FEA, we found that

the topology inside the TPE is permanently changed under the influence of the stress network

and directly affects the macroscopic physical properties of the TPE. As a tool for microscopic

characterization combined with image analysis, the method described in this thesis gives a

nano-scale mechanism for the macroscopic physical behavior of the material, which may be

widely used in the in situ analysis of other structural polymer materials.

7.2 Open Questions

In addition to the study of methodology, the starting point of this thesis is how to guide the

development of new TPE materials by solving the deformation mechanism of TPE. In fact,

in addition to the research documented in the thesis, research on TPE materials based on

novel polymers or polymer blends is already being implemented. It must be acknowledged that
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the development of new materials is a complex process and that the molecular design from

the principles or the polymer blending ratios from the simulations can be easily influenced

by the subsequent processes, impurities, processing temperatures, and testing methods. On

the other hand, there may be potential to improve traditional industrial practices, such as

increasing molecular weight, improving the purity of raw materials, etc. For this complex

object of research, I hope that one day experiments, simulations and mathematical models will

cooperate perfectly to truly understand the nature of the structure and properties of materials.
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Appendix A

Materials and Methods

A.1 Materials and Instruments

A.1.1 Materials

Unless otherwise stated, all commercial reagents were used as received. The specimen used

in Chapter 3-5, i.e., SEBS triblock copolymer (JSR Dynaron 8600P, styrene content = 15

wt%), namely, SEBS15, was purified by reprecipitation from a toluene solution into methanol.

The sample was dried under vacuum at 50 ℃ for three days to remove the residual solvent.

The triptycene-related block polymers were obtained from Fukushima group, Department of

Chemical Science and Engineering, Tokyo Institute of Technology.

A.1.2 AFM Probe

This thesis used two probes, OMCL-AC160TS with high resonance frequency for observing the

basic material phase structure in tapping mode, and ScanAsyst-Air for observing the nanome-

chanical properties of materials with higher resolution and more accurate physical properties.

The basic information for them is shown in Table A.1. The radius R of the ScanAsyst-Air probe

was evaluated by scanning a Nioprobe TipCheck sample (Aurora NanoDevices Inc., Canada)
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in QNM mode with a scan rate, scan size, and image resolution of 0.5 Hz, 400× 400 nm2, and

1024× 1024 pixels, respectively, and the probe radius was determined to be 2∼5 nm from the

obtained height maps following the method in the previous report1. The spring constant k of

the cantilever was measured to be 0.4∼0.5 N/m using the thermal tuning method2.

ScanAsyst-Air OMCL-AC160TS

Brand and origin Bruker, USA Olympus, Japan
Geometry Triangular Rectangular
Normal tip radius (nm) 2 7
Normal frequency (KHz) 70 300
Normal spring constant (N/m) 0.4 26

Table A.1: AFM probe information

A.1.3 Instruments

The basic information of all scientific instruments used in this thesis is shown in Table A.2.

Instrument name Brand and origin Model

Atomic force microscope Bruker, USA MultiMode 8
Atomic force microscope Bruker, USA Dimension Icon
Ultramicrotome Leica Microsystems, Germany EM UC6
Tensile tester Shimadzu, Japan EZ-S
Thickness gauge Asker, Japan SDA-25
Vacuum drying oven Yamato Scientific, Japan ADP200
Spin Coater Mikasa, Japan MS-B100
Analytical balance Shimadzu, Japan AUX120
Mini test press Toyoseiki, Japan MP-2F

Table A.2: Instrument information

A.2 Methods

A.2.1 Sample Preparation

Three preparation methods were used to observe the surface and internal structure and physical

properties of the samples. The surface structure was observed by spin coating into a film, and
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the internal structure was observed by hot pressing (for SEBS) or solvent casting (for others).

Spin Coating

The sample was configured as a 5 mg/ml solution of toluene. 0.5 ml of the solution was added

dropwise to a 10 mm diameter glass substrate and spin-coated at 2000 rpm for 30 seconds. The

prepared films were glued to a 15 mm diameter stainless steel base with carbon tape for the

subsequent annealing step. The annealing temperature varies depending on the sample and

will be described in each chapter.

Hot Press

The SEBS15 film was then prepared by a hot-press casting procedure. The sample is first

preheated at 150 ℃ for 5 min and hot pressed at 10 MPa for 1 min. Then presure released and

cold pressed again at 10 MPa for 2 min. The thickness of the sample was made to be 0.2 mm

or 1 mm depending on the application.

Solvent Casting

2 g of sample was dissolved in 10 ml of toluene solution and poured in a 75 mm round Teflon

Petri dish. The film was dried in a fume hood at 25 ℃ for one week and then vacuum dried at

80 ℃ for one week to obtain a final thickness of 0.3 mm to 0.6 mm.

A.2.2 Tensile Test

All tensile tests were carried out at a temperature of 25 ℃. The specimen was cut into a

dumbbell shape (20 mm gauge length and 2 mm width) and uniaxially stretched at 40 mm/min

crosshead speed. To obtain comparable results, the same experiment was repeated at least three

times on different specimens.
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A.2.3 Sample’s Pre-Polishing for AFM

To create a polished sample for AFM investigation, the bulk specimen was cut into an ultrathin

section with a thickness of 300 nm at -120 ℃.

A.2.4 AFM Nanomechanical Mapping

Elastic modulus maps were recorded at 25 ℃using the PeakForce quantitative nanomechanical

mapping (QNM) mode. A Nanoscope V controller and version 9.1 of the Nanoscope software

were used. Force-deformation curves (FCs), which were converted from the original deflection-

displacement curves3, were obtained during a typical AFM nanomechanical mapping process

by moving the AFM cantilever-probe tip assembly forward and backward along a randomly se-

lected surface while measuring the relationship between the force and deformation. Meanwhile,

an E-type Z-piezo scanner’s oscillated the sample at frequencies, peak forces, and peak force

amplitudes of 1 kHz, 0.5 nN, and 100 nm, respectively. The FCs were gathered at a digital res-

olution of 256 x 256 pixels. Each FC was subjected to topographical imaging and simultaneous

mapping of mechanical properties. Johnson-Kendall-Roberts (JKR) contact mechanics were

applied to the retraction part of the FCs during data analysis to account for the corresponding

Young’s modulus E 4. Chapter 2 contains specifics.
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Description for SSMapping

B.1 General

A Matlab-based program SSMapping was developed and used to analyze in-situ AFM images.

I was inspired by the work of Jinnai et al5, who performed in-situ TEM experiments on filled

rubber and evaluated the material’s local strain by Delaunay triangulation of the filler particles.

Fig. B.2 shows the flow chart of SSMapping. For example, if the TPE contains a 15 wt%

proportion of hard segments, in the AFM deformation map, the 15% small-deformed area

is regarded as the hard phase and the discontinuous set of domains is naturally obtained.

The geometric center of each domain was selected as the representative point. The Delaunay

triangulation algorithm was modified from Matlab syntax to apply to the processing of AFM

images. Since the Delaunay mesh adopts the nearest neighbor rule, the auto-generated mesh

is reconstructed accordingly so that the triangles from different images can correspond exactly.

The calculation of a single triangular deformation is shown in Fig. B.1, which is often used in

the FEA process. The strain in the x (εx) coordinate, strain in y (εy) coordinate, and shear

strain (γxy) can be derived separately using the strains of the respective triangles:

εx =
(y2 − y3)u1 + (y3 − y1)u2 + (y1 − y2)u3

x2y3 + x1y2 + x3y1 − x2y1 − x3y2 − x1y3
, (B.1)

79
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εy =
(x3 − x2)v1 + (x1 − x3)v2 + (x2 − x1)v3
x2y3 + x1y2 + x3y1 − x2y1 − x3y2 − x1y3

, (B.2)

γxy =
(y2 − y3)v1 + (y3 − y1)v2 + (y1 − y2)v3 + (x3 − x2)u1 + (x1 − x3)u2 + (x2 − x1)u3

x2y3 + x1y2 + x3y1 − x2y1 − x3y2 − x1y3
.

(B.3)

Note that the macroscopic stretching direction is parallel to the y coordinate in all figures. To

further explore the variation of nanomechanical properties in the observed regions, the Delaunay

mesh obtained from the deformation map was used to divide the areas on the corresponding

modulus map so that the modulus variation for each triangle could be evaluated. The median

value of the soft-matrix modulus in each triangle is treated as the representative modulus. The

stress transfer of the network brings about the modulus variation in a local area; thus, I treat

this variation as the nano stress (∆E) in each triangle.
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Figure B.1: Notations for the three-node triangle and the schematic diagram of its deformation.
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startraw deformation images

restore image size

binarize

numbering domain number

do domains
correspond?

triangulation

modify domains

mesh

do meshs
correspond?

calculate strains

modify meshs

calculate stressesraw modulus images

strain map

stress map

yes

no

yes

no

Figure B.2: Flow chart of the program SSMapping.
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B.2 Step-by-Step Explanation

Input

Two AFM deformation maps are imported into the program. If stresses will also be calculated,

the corresponding modulus maps need to be imported at the same time (no necessary in the

strain mapping). Since only the resolution of the images (e.g., 256 × 256 pixels) is identified

during import, their true size (e.g., 500×500 nm2) needs to be artificially specified. In order to

obtain the true modulus, the modulus range used in the original modulus diagram also needs

to be defined manually. The specific code for the above operation is as follows.

1 c l c , c l e a r , c l o s e a l l

% image informaton

3 ImageSizeInNm = 500 ; % S i z e o f AFM images (nm)

Reso lu t i on InP ixe l = 256 ; % Reso lut ion o f AFM images (nm)

5 % deformation maps ( only ‘ gray co lo r ’ can be used )

OriginalROI1 = imread ( ‘ 507 ’ ) ; % Read deformation maps

7 OriginalROI2 = imread ( ‘ 570 ’ ) ;

ROIRatio1 = 0 . 1 5 ; % ROI r a t i o o f deformation maps

9 ROIRatio2 = 0 . 1 5 ;

% modulus maps ( only ‘ gray co lo r ’ can be used )

11 OriginalModulusMap1 = imread ( ‘507m’ ) ; % Read modulus maps

OriginalModulusMap2 = imread ( ‘570m’ ) ;

13 % fo r moving out i n t e r f a c e moduli

ModuROIRatio1 = 0 . 1 5 ; % ROI r a t i o o f modulus maps

15 ModuROIRatio2 = 0 . 1 5 ;

% s e t modulus s c a l e f o r conver t ing c o l o r va lue s to moduli va lue s

17 ModulusMin = 3000000; % de f au l t c o l o r s c a l e o f gray image :

ModulusMax = 20000000; % [0 65535 ]

19 % fo r domain renumbering ( w i l l be used l a t e r )

TargetDN1 = { [ 5 ] ; [ 2 2 2 3 ] ; [ 1 9 ] ; [ 4 8 ] ; . . . }

21 TargetDN2 = { [ 4 ] ; [ 2 3 ] ; [ 1 9 ] ; [ 4 6 ] ; [ 5 4 ] ; . . . }

% fo r mesh mod i f i c a t i on ( w i l l be used l a t e r )

23 PreModifiedTN1 = [ 1 2 4 ; 1 2 9 ; . . . ] ;
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VertexesOfPMTN1 = [39 48 49 ;38 39 4 8 ; . . . ] ;

25 PreModifiedTN2 = [ 2 7 1 ; 2 8 5 ; . . . ] ;

VertexesOfPMTN2 = [155 156 185;154 156 1 8 5 ; . . . ] ;

Part 1: The input and definition of AFM images.

Binarization and Domain Numbering

The program will binarize the deformation images to obtain a set of discontinuous domains.

The center of each domain is calculated to obtain a set of discrete points. These points will be

numbered for post-processing. The results are shown in the Fig. B.3.

[ ExpandROI1 , DomainCenter1 , CDSize1 ] = DomainNumbering ( ImageSizeInNm ,

Reso lu t i on InPixe l , OriginalROI1 , ROIRatio1 , TargetDN1 ) ;

2 t i t l e ( ‘ROI Image 1 ’ )

[ ExpandROI2 , DomainCenter2 , CDSize2 ] = DomainNumbering ( ImageSizeInNm ,

Reso lu t i on InPixe l , OriginalROI2 , ROIRatio2 , TargetDN2 ) ;

4 t i t l e ( ‘ROI Image 2 ’ )

Part 2: Binarization and domain numbering.

SI

Figure B.3: The binarized deformation map and the numbered domains.
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Modification of Numbering

For the subsequent triangulation operation, the domains of the area to be calculated must

correspond to each other; thus, the automatically generated numbering needs to be adjusted.

The adjustments include the deletion of domains that exist only in one map, and the counting

of multiple centers when the same domain splits in another map. The results are shown in the

Fig. B.4.

ModifiedDC1 = DomainModif ication (DomainCenter1 , TargetDN1 , ImageSizeInNm , CDSize1 ,

ExpandROI1) ;

2 t i t l e ( ‘ Modif ied ROI Image 1 ’ )

ModifiedDC2 = DomainModif ication (DomainCenter2 , TargetDN2 , ImageSizeInNm , CDSize2 ,

ExpandROI2) ;

4 t i t l e ( ‘ Modif ied ROI Image 2 ’ )

Part 3: Domain renumbering.

SI

Figure B.4: The renumbered domains.

Delaunay Triangulation

The two sets of points of the two obtained images will be subjected to the first Delaunay

triangulation using Matlab’s built-in syntax. The results are shown in the Fig. B.5.
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DelTri1 = DelaunayTriangulat ion (ExpandROI1 , ModifiedDC1 , ImageSizeInNm ) ;

2 t i t l e ( ‘ DelaunayTriangulat ion f o r ROI Image 1 ’ )

DelTri2 = DelaunayTriangulat ion (ExpandROI2 , ModifiedDC2 , ImageSizeInNm ) ;

4 t i t l e ( ‘ DelaunayTriangulat ion f o r ROI Image 2 ’ )

Part 4: Delaunay triangulation.

SI

Figure B.5: The Delaunay meshes.

Modification of Delaunay Mesh

The auto-generated Delaunay mesh needs to be fine-tuned so that each triangle corresponds to

the other, and the result is shown in the Fig. B.6..

[ ModifiedDT1 , ˜ , ˜ ] = DTModification (ExpandROI1 , ModifiedDC1 , DelTri1 , PreModifiedTN1

, VertexesOfPMTN1 , ImageSizeInNm ) ;

2 t i t l e ( ‘ Modif ied DelaunayTriangulat ion f o r ROI Image 1 ’ )

[ ModifiedDT2 , ˜ , ˜ ] = DTModification (ExpandROI2 , ModifiedDC2 , DelTri2 , PreModifiedTN2

, VertexesOfPMTN2 , ImageSizeInNm ) ;

4 t i t l e ( ‘ Modif ied DelaunayTriangulat ion f o r ROI Image 2 ’ )

Part 5: Modification of Delaunay mesh.
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SI

Figure B.6: The modified meshes.

Strain Mapping

The local stress distribution map can finally be successfully generated. The Fig. B.7 shows two

examples in the x and y directions.

[ L1X1 , L1Y1 , L1X2 , L1Y2 , L1X3 , L1Y3 , AllDomainX1 , AllDomainY1 ] = SupplyDisplaying (

ExpandROI1 , ModifiedDT1 , ImageSizeInNm , LocalTN1 ) ;

2 [ L2X1 , L2Y1 , L2X2 , L2Y2 , L2X3 , L2Y3 , AllDomainX2 , AllDomainY2 ] = SupplyDisplaying (

ExpandROI2 , ModifiedDT2 , ImageSizeInNm , LocalTN2 ) ;

[ ALStrain , AllX , AllY ] = Stra inAna lyzat ion (

ModifiedDT1 , ExpandROI1 , AllDomainX1 , AllDomainY1 , L1X1 , L1Y1 , L1X2 , L1Y2 , L1X3 , L1Y3 ,

L2X1 , L2Y1 , L2X2 , L2Y2 , L2X3 , L2Y3 , ImageSizeInNm , LocalTN1 , LocalTN2 ) ;

Part 6: Strain mapping.

Stress Mapping

The stress map can also be further derived in conjunction with the modulus maps. Fig. B.8

shows an example.

1 [ Table , ResizedModulusMap1 , ResizedModulusMap2 , Loca l S t r e s s ] = SSFit t ing (ALXStrain ,

OriginalROI1 , OriginalROI2 , OriginalModulusMap1 , OriginalModulusMap2 , LocalTN1 ,
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SI

Figure B.7: Strain maps in x and y coordinates.

AllDomainX1 , AllDomainY1 ,ModuROIRatio1 , LocalTN2 , AllDomainX2 , AllDomainY2 ,

ModuROIRatio2 , ModulusMin ,ModulusMax , ImageSizeInNm , Reso lu t i on InP ixe l ) ;

t i t l e ( ‘ S t r e s s Mapping on ROI Image 1 ’ )

Part 7: Stress mapping.

SI

Figure B.8: The stress map.
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Functions used in SSMapping

Binarization and Domain Numbering

In this function, the program first binarizes the deformation map. The domains located at

the edges are then discarded before numbering because the domains at the edges cannot be

calculated with the correct geometric centers.

f unc t i on [ ExpandROI , DomainCenter , CDSize ] = DomainNumbering ( ImageSizeInNm ,

Reso lu t i on InPixe l , OriginalROI , ROIRatio , CombinedDN)

2 % recove r to o r i g i n a l s i z e

IRFactor = ImageSizeInNm/Reso lu t i on InP ixe l ;

4 ResizedROI = imre s i z e ( OriginalROI , IRFactor ) ;

% b i n a r i z e image

6 ROI = imcomplement ( imb inar i z e ( ResizedROI , ROIRatio ) ) ;

hold on

8 % expand one array f o r 4 edges to remove edge p a r t i c l e s by 8−connected ‘ bwlabel ’

ExpandROI = ze ro s ( ImageSizeInNm+2,

ImageSizeInNm+2) ;

10 ExpandROI ( 2 : ImageSizeInNm+1 ,2: ImageSizeInNm+1) = ROI ;

ExpandROI ( : , 1 ) = 1 ;

12 ExpandROI ( : , ImageSizeInNm+2) = 1 ;

ExpandROI ( 1 , : ) = 1 ;

14 ExpandROI( ImageSizeInNm+2 , :) = 1 ;

[ ROILabel ,NumDomain ] = bwlabel (ExpandROI) ;

16 DomainCenter = ze ro s (NumDomain , 2 ) ;

% dec ide domain cente r

18 f o r i = 1 :NumDomain

[DomainX , DomainY ] = f i nd (ROILabel == i ) ;

20 DomainCenter ( i , : ) = [mean(DomainX−1) ,mean(DomainY−1) ] ; % used f o r move the

matrix to the o r g i n a l coords a f t e r expanding

end

22 % de l e t e ROILable = 1 ( edge p a r t i c l e s which have been 8−connected )

[DomainX , DomainY ] = f i nd (ROILabel == 1) ;

24 n = s i z e (DomainX , 1 ) ;

f o r i = 1 : n
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26 ExpandROI(DomainX( i ) ,DomainY( i ) ) = 2 ;

end

28 DomainCenter ( 1 , : ) = [ ] ;

% operat ion f o r combining domain

30 n = s i z e (CombinedDN , 1 ) ;

CDSize = [ ] ;

32 i f n ˜= 0

f o r i = 1 : n

34 PreCombinedDN = ce l l 2mat (CombinedDN( i , : ) ) ;

f o r j = 1 : s i z e (PreCombinedDN , 2 )

36 [ DomainX , ˜ ] = f i nd (ROILabel == PreCombinedDN(1 , j )+1) ;

CDSize ( i , j ) = s i z e (DomainX , 1 ) ;

38 end

end

40 end

ExpandROI ( : , [ 1 ImageSizeInNm+2]) = [ ] ;

42 ExpandROI ( [ 1 ImageSizeInNm+2 ] , : ) = [ ] ;

imagesc (ExpandROI , ‘ AlphaData ’ , . 2 )

44 DomainCenter = rot90 (DomainCenter ) ;

% l a b e l po in t s

46 DomainLabel = arrayfun (@(x ) { s p r i n t f ( ‘P%d ’ , x ) } , ( 1 :NumDomain

−1) ’ ) ;

t ex t (DomainCenter ( 1 , : ) , DomainCenter ( 2 , : ) , DomainLabel , ‘ HorizontalAl ignment ’ , ‘

center ’ , ‘ Color ’ , ’ b lack ’ )

48 hold o f f

end

Function 1: Binarization and domain numbering.

Domain Renumbering

1 f unc t i on ModifiedDC = DomainModif ication (DomainCenter , CombinedDN , ImageSizeInNm ,

CDSize , ExpandROI)

% zero matrix

3 n = s i z e (CombinedDN , 1 ) ;
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ModifiedDC = [ ] ;

5 % make a new matrix

f o r i = 1 : n

7 PreCombinedDN = ce l l 2mat (CombinedDN( i , : ) ) ;

PreCombinedDCoord = DomainCenter ( : , PreCombinedDN) ;

9 CDCSumX = 0 ;

CDCSumY = 0 ;

11 f o r j = 1 : s i z e (PreCombinedDN , 2 )

CDCSumX = CDCSumX + CDSize ( i , j ) ∗ DomainCenter (1 ,PreCombinedDN( j ) ) ;

13 CDCSumY = CDCSumY + CDSize ( i , j ) ∗ DomainCenter (2 ,PreCombinedDN( j ) ) ;

end

15 CombinedDCoordX = CDCSumX / sum(CDSize ( i , : ) ) ;

CombinedDCoordY = CDCSumY / sum(CDSize ( i , : ) ) ;

17 CombinedDCoord = [ CombinedDCoordX ; CombinedDCoordY ] ;

ModifiedDC = [ ModifiedDC , CombinedDCoord ] ;

19 end

% o r i g i n a l image

21 imagesc (ExpandROI , ‘ AlphaData ’ , . 2 )

hold on

23 % lab e l po in t s

Domainlabel = arrayfun (@(x ) { s p r i n t f ( ‘P%d ’ , x ) } , ( 1 : s i z e (ModifiedDC , 2 ) ) ’ ) ;

25 t ex t (ModifiedDC ( 1 , : ) ,ModifiedDC ( 2 , : ) , Domainlabel , ‘ HorizontalAl ignment ’ , ‘ center

’ , ‘ Color ’ , ‘ black ’ )

hold o f f

27 end

Function 2: Domain renumbering.

Delaunay Triangulation

1 f unc t i on DelTri = DelaunayTriangulat ion (ExpandROI , ModifiedDC , ImageSizeInNm )

imagesc (ExpandROI , ‘ AlphaData ’ , . 2 )

3 hold on

DelTri = de launayTr iangu lat ion (ModifiedDC ’ ) ;

5 t r i p l o t ( DelTri , ‘ Color ’ , ‘ blue ’ , ‘ LineWidth ’ , 1 )
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hold on

7 % lab e l po in t s

Domainlabel = arrayfun (@(x ) { s p r i n t f ( ‘P%d ’ , x ) } , ( 1 : s i z e (ModifiedDC , 2 ) ) ’ ) ;

9 t ex t (ModifiedDC ( 1 , : ) ,ModifiedDC ( 2 , : ) , Domainlabel , ‘ HorizontalAl ignment ’ , ‘ center

’ , ‘ Color ’ , ‘ black ’ )

hold on

11 % lab e l domains ’ c en t e r

TriCenter = in c en t e r ( DelTri ) ;

13 TriLabel = arrayfun (@(x ) { s p r i n t f ( ‘T%d ’ , x ) } , ( 1 : s i z e ( DelTri , 1 ) ) ’ ) ;

t ex t ( TriCenter ( : , 1 ) , TriCenter ( : , 2 ) , TriLabel , ‘ HorizontalAl ignment ’ , ‘ center ’ , ‘

Color ’ , ‘ blue ’ )

15 hold o f f

end

Function 3: Delaunay triangulation.

Delaunay-Mesh Modification

f unc t i on [ ModifiedDT ,DTN, AllTC ] = DTModification (ROI , ModifiedDC , DelTri ,

PreModifiedTN , VertexesOfPMTN , ImageSizeInNm )

2 imagesc (ROI , ‘ AlphaData ’ , . 2 )

hold on

4 % ext ra c t delaunay mesh to ed i t l a t e r

ModifiedDT = s t ru c t ( ‘ Points ’ , DelTri . Points , ‘ Connect iv i tyL i s t ’ , DelTri .

Connec t i v i tyL i s t ) ;

6 % ed i t mesh

n = s i z e ( PreModifiedTN , 1 ) ;

8 f o r i = 1 : n

ModifiedDT . Connec t i v i tyL i s t ( PreModifiedTN ( i ) , : ) = VertexesOfPMTN( i , : ) ;

10 end

% new mesh

12 t r i p l o t (ModifiedDT . Connect iv i tyL i s t , ModifiedDT . Points ( : , 1 ) ,ModifiedDT . Points

( : , 2 ) )

hold on

14 % lab e l po in t s
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Domainlabel = arrayfun (@(x ) { s p r i n t f ( ‘P%d ’ , x ) } , ( 1 : s i z e (ModifiedDC , 2 ) ) ’ ) ;

16 t ex t (ModifiedDC ( 1 , : ) ,ModifiedDC ( 2 , : ) , Domainlabel , ‘ HorizontalAl ignment ’ , ‘ center

’ , ‘ Color ’ , ‘ black ’ )

hold on

18 % new t r i a n g l a r c en te r

DTN = s i z e (ModifiedDT . Connect iv i tyL i s t , 1 ) ;

20 AllTC = ze ro s (DTN: 2 ) ;

f o r i = 1 :DTN

22 VertexNum = ModifiedDT . Connec t i v i tyL i s t ( i , : ) ;

VertexCoord = ModifiedDT . Points (VertexNum ’ , : ) ;

24 TriCenter = mean( VertexCoord ) ;

AllTC( i , : ) = TriCenter ;

26 end

% l a b e l c en t e r s

28 TriLabel = arrayfun (@(x ) { s p r i n t f ( ‘T%d ’ , x ) } , ( 1 :DTN) ’ ) ;

t ex t (AllTC ( : , 1 ) ,AllTC ( : , 2 ) , TriLabel , ‘ HorizontalAl ignment ’ , ‘ center ’ , ‘ Color ’ , ‘ blue

’ )

30 hold o f f

Function 4: Delaunay-mesh modification.

Vertices Extraction

This function is used to extract the vertices of the triangle in advance to facilitate the stress

calculation later.

f unc t i on [X1 ,Y1 ,X2 ,Y2 ,X3 ,Y3 , AllDomainX , AllDomainY ] = SupplyDisp laying (ROI ,

ModifiedDT , ImageSizeInNm , LocalTN)

2 % l o c a l a n a l y s i s

n = s i z e (LocalTN , 2 ) ;

4 AllDomainX = ze ro s (n , 3 ) ;

AllDomainY = ze ro s (n , 3 ) ;

6 X1 = ze ro s (n , 1 ) ;

Y1 = ze ro s (n , 1 ) ;

8 X2 = ze ro s (n , 1 ) ;
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Y2 = ze ro s (n , 1 ) ;

10 X3 = ze ro s (n , 1 ) ;

Y3 = ze ro s (n , 1 ) ;

12 f o r i = 1 : n

TriNum = LocalTN ( : , i ) ; % t r i a n g l e numbers

14 TriVertexes = ModifiedDT . Connec t i v i tyL i s t (TriNum , : ) ; % ve r t exe s o f

t r i a n g l e s

DomainX = ModifiedDT . Points ( TriVertexes , 1 ) ; % x coo rd ina t e s o f

v e r t exe s

16 DomainY = ModifiedDT . Points ( TriVertexes , 2 ) ; % y coo rd ina t e s o f

v e r t exe s

X1( i ) = DomainX(1) ;

18 Y1( i ) = DomainY(1) ;

X2( i ) = DomainX(2) ;

20 Y2( i ) = DomainY(2) ;

X3( i ) = DomainX(3) ;

22 Y3( i ) = DomainY(3) ;

AllDomainX ( i , : ) = DomainX ;

24 AllDomainY ( i , : ) = DomainY ;

end

26 end

Function 6: Vertices extraction

Strain Mapping

In this function, since the correspondence of each vertex in the two triangles needs to be

determined, the calculation of the vector relationship between the three vertices is used to

determine the deformation direction of the triangle, which makes the function complicated, as

shown in Fig. B.9. Optimization methods are being considered.

f unc t i on [ ALStrain , AllX , AllY ] = Stra inAna lyzat ion (ModifiedDT1 ,ROI1 , AllDomainX1 ,

AllDomainY1 , L1X1 , L1Y1 , L1X2 , L1Y2 , L1X3 , L1Y3 , L2X1 , L2Y1 , L2X2 , L2Y2 , L2X3 , L2Y3 ,

ImageSizeInNm , LocalTN1 , LocalTN2 )

2 AllXStra in = ze ro s (n , 1 ) ;
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T’T The simplest case: sort the coordinates
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Figure B.9: The method of determining the mapping between two triangles.

AllX = ze ro s (n , 1 ) ;

4 AllY = ze ro s (n , 1 ) ;

f o r i = 1 : n

6 A = [L1X1( i ) ; L1X2( i ) ; L1X3( i ) ] ;

B = [ L2X1( i ) ; L2X2( i ) ; L2X3( i ) ] ;

8 % Decide X1 (min )

i f L1X1( i ) == min (A)

10 i f L2X1( i ) == min (B)

T1X1 = L1X1( i ) ;

12 T1Y1 = L1Y1( i ) ;

T2X1 = L2X1( i ) ;

14 T2Y1 = L2Y1( i ) ;

Table1Para1 = 1 ;

16 Table2Para1 = 1 ;

e l s e

18 i f L2X2( i ) == min (B)
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T1X1 = L1X1( i ) ;

20 T1Y1 = L1Y1( i ) ;

T2X1 = L2X2( i ) ;

22 T2Y1 = L2Y2( i ) ;

Table1Para1 = 1 ;

24 Table2Para1 = 2 ;

e l s e

26 i f L2X3( i ) == min (B)

T1X1 = L1X1( i ) ;

28 T1Y1 = L1Y1( i ) ;

T2X1 = L2X3( i ) ;

30 T2Y1 = L2Y3( i ) ;

Table1Para1 = 1 ;

32 Table2Para1 = 3 ;

end

34 end

end

36 end

i f L1X2( i ) == min (A)

38 i f L2X1( i ) == min (B)

T1X1 = L1X2( i ) ;

40 T1Y1 = L1Y2( i ) ;

T2X1 = L2X1( i ) ;

42 T2Y1 = L2Y1( i ) ;

Table1Para1 = 2 ;

44 Table2Para1 = 1 ;

e l s e

46 i f L2X2( i ) == min (B)

T1X1 = L1X2( i ) ;

48 T1Y1 = L1Y2( i ) ;

T2X1 = L2X2( i ) ;

50 T2Y1 = L2Y2( i ) ;

Table1Para1 = 2 ;

52 Table2Para1 = 2 ;

e l s e
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54 i f L2X3( i ) == min (B)

T1X1 = L1X2( i ) ;

56 T1Y1 = L1Y2( i ) ;

T2X1 = L2X3( i ) ;

58 T2Y1 = L2Y3( i ) ;

Table1Para1 = 2 ;

60 Table2Para1 = 3 ;

end

62 end

end

64 end

i f L1X3( i ) == min (A)

66 i f L2X1( i ) == min (B)

T1X1 = L1X3( i ) ;

68 T1Y1 = L1Y3( i ) ;

T2X1 = L2X1( i ) ;

70 T2Y1 = L2Y1( i ) ;

Table1Para1 = 3 ;

72 Table2Para1 = 1 ;

e l s e

74 i f L2X2( i ) == min (B)

T1X1 = L1X3( i ) ;

76 T1Y1 = L1Y3( i ) ;

T2X1 = L2X2( i ) ;

78 T2Y1 = L2Y2( i ) ;

Table1Para1 = 3 ;

80 Table2Para1 = 2 ;

e l s e

82 i f L2X3( i ) == min (B)

T1X1 = L1X3( i ) ;

84 T1Y1 = L1Y3( i ) ;

T2X1 = L2X3( i ) ;

86 T2Y1 = L2Y3( i ) ;

Table1Para1 = 3 ;

88 Table2Para1 = 3 ;
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end

90 end

end

92 end

% Decide X2 (max)

94 i f L1X1( i ) == max(A)

i f L2X1( i ) == max(B)

96 T1X2 = L1X1( i ) ;

T1Y2 = L1Y1( i ) ;

98 T2X2 = L2X1( i ) ;

T2Y2 = L2Y1( i ) ;

100 Table1Para2 = 1 ;

Table2Para2 = 1 ;

102 e l s e

i f L2X2( i ) == max(B)

104 T1X2 = L1X1( i ) ;

T1Y2 = L1Y1( i ) ;

106 T2X2 = L2X2( i ) ;

T2Y2 = L2Y2( i ) ;

108 Table1Para2 = 1 ;

Table2Para2 = 2 ;

110 e l s e

i f L2X3( i ) == max(B)

112 T1X2 = L1X1( i ) ;

T1Y2 = L1Y1( i ) ;

114 T2X2 = L2X3( i ) ;

T2Y2 = L2Y3( i ) ;

116 Table1Para2 = 1 ;

Table2Para2 = 3 ;

118 end

end

120 end

end

122 i f L1X2( i ) == max(A)

i f L2X1( i ) == max(B)
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124 T1X2 = L1X2( i ) ;

T1Y2 = L1Y2( i ) ;

126 T2X2 = L2X1( i ) ;

T2Y2 = L2Y1( i ) ;

128 Table1Para2 = 2 ;

Table2Para2 = 1 ;

130 e l s e

i f L2X2( i ) == max(B)

132 T1X2 = L1X2( i ) ;

T1Y2 = L1Y2( i ) ;

134 T2X2 = L2X2( i ) ;

T2Y2 = L2Y2( i ) ;

136 Table1Para2 = 2 ;

Table2Para2 = 2 ;

138 e l s e

i f L2X3( i ) == max(B)

140 T1X2 = L1X2( i ) ;

T1Y2 = L1Y2( i ) ;

142 T2X2 = L2X3( i ) ;

T2Y2 = L2Y3( i ) ;

144 Table1Para2 = 2 ;

Table2Para2 = 3 ;

146 end

end

148 end

end

150 i f L1X3( i ) == max(A)

i f L2X1( i ) == max(B)

152 T1X2 = L1X3( i ) ;

T1Y2 = L1Y3( i ) ;

154 T2X2 = L2X1( i ) ;

T2Y2 = L2Y1( i ) ;

156 Table1Para2 = 3 ;

Table2Para2 = 1 ;

158 e l s e
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i f L2X2( i ) == max(B)

160 T1X2 = L1X3( i ) ;

T1Y2 = L1Y3( i ) ;

162 T2X2 = L2X2( i ) ;

T2Y2 = L2Y2( i ) ;

164 Table1Para2 = 3 ;

Table2Para2 = 2 ;

166 e l s e

i f L2X3( i ) == max(B)

168 T1X2 = L1X3( i ) ;

T1Y2 = L1Y3( i ) ;

170 T2X2 = L2X3( i ) ;

T2Y2 = L2Y3( i ) ;

172 Table1Para2 = 3 ;

Table2Para2 = 3 ;

174 end

end

176 end

end

178 % Decide X3 ( the other )

Table1Para3 = 6 − Table1Para1 − Table1Para2 ;

180 Table2Para3 = 6 − Table2Para1 − Table2Para2 ;

i f Table1Para3 == 1

182 i f Table2Para3 == 1

T1X3 = L1X1( i ) ;

184 T1Y3 = L1Y1( i ) ;

T2X3 = L2X1( i ) ;

186 T2Y3 = L2Y1( i ) ;

e l s e

188 i f Table2Para3 == 2

T1X3 = L1X1( i ) ;

190 T1Y3 = L1Y1( i ) ;

T2X3 = L2X2( i ) ;

192 T2Y3 = L2Y2( i ) ;

e l s e
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194 i f Table2Para3 == 3

T1X3 = L1X1( i ) ;

196 T1Y3 = L1Y1( i ) ;

T2X3 = L2X3( i ) ;

198 T2Y3 = L2Y3( i ) ;

end

200 end

end

202 end

i f Table1Para3 == 2

204 i f Table2Para3 == 1

T1X3 = L1X2( i ) ;

206 T1Y3 = L1Y2( i ) ;

T2X3 = L2X1( i ) ;

208 T2Y3 = L2Y1( i ) ;

e l s e

210 i f Table2Para3 == 2

T1X3 = L1X2( i ) ;

212 T1Y3 = L1Y2( i ) ;

T2X3 = L2X2( i ) ;

214 T2Y3 = L2Y2( i ) ;

e l s e

216 i f Table2Para3 == 3

T1X3 = L1X2( i ) ;

218 T1Y3 = L1Y2( i ) ;

T2X3 = L2X3( i ) ;

220 T2Y3 = L2Y3( i ) ;

end

222 end

end

224 end

i f Table1Para3 == 3

226 i f Table2Para3 == 1

T1X3 = L1X3( i ) ;

228 T1Y3 = L1Y3( i ) ;
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T2X3 = L2X1( i ) ;

230 T2Y3 = L2Y1( i ) ;

e l s e

232 i f Table2Para3 == 2

T1X3 = L1X3( i ) ;

234 T1Y3 = L1Y3( i ) ;

T2X3 = L2X2( i ) ;

236 T2Y3 = L2Y2( i ) ;

e l s e

238 i f Table2Para3 == 3

T1X3 = L1X3( i ) ;

240 T1Y3 = L1Y3( i ) ;

T2X3 = L2X3( i ) ;

242 T2Y3 = L2Y3( i ) ;

end

244 end

end

246 end

% Check i f xmin or xmax have changed to other po in t s during two f i gu r e ’ s

time

248 i f ( (T1X2 − T1X1) ∗ (T1Y3 − T1Y2) − (T1Y2 − T1Y1) ∗ (T1X3 − T1X2) ) ∗ ( (T2X2

− T2X1) ∗ (T2Y3 − T2Y2) − (T2Y2 − T2Y1) ∗ (T2X3 − T2X2) ) < 0

i f ( abs (T2X2 − T2X3) < abs (T2X1 − T2X3) ) && ( abs (T2X2 − T2X3) < abs (

T2X1 − T2X2) )

250 T2Inter = T2X3 ;

T2X3 = T2X2 ;

252 T2X2 = T2Inter ;

T2Inter = T2Y3 ;

254 T2Y3 = T2Y2 ;

T2Y2 = T2Inter ;

256 end

i f ( abs (T2X1 − T2X3) < abs (T2X2 − T2X1) ) && ( abs (T2X1 − T2X3) < abs (

T2X2 − T2X3) )

258 T2Inter = T2X3 ;

T2X3 = T2X1 ;
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260 T2X1 = T2Inter ;

T2Inter = T2Y3 ;

262 T2Y3 = T2Y1 ;

T2Y1 = T2Inter ;

264 end

end

266 U1 = T2X1 − T1X1 ;

U2 = T2X2 − T1X2 ;

268 U3 = T2X3 − T1X3 ;

XStrain = ( (T1Y2 − T1Y3) ∗ U1 + (T1Y3 − T1Y1) ∗ U2 + (T1Y1 − T1Y2) ∗

U3) / . . .

270 (T1X2 ∗ T1Y3 + T1X1 ∗ T1Y2 + T1X3 ∗ T1Y1 − T1X2 ∗ T1Y1 − T1X3 ∗ T1Y2 −

T1X1 ∗ T1Y3) ;

Al lXStra in ( i ) = XStrain ;

272 AllX ( i ) = (T1X1+T1X2+T1X3) /3 ;

AllY ( i ) = (T1Y1+T1Y2+T1Y3) /3 ;

274 [X,Y, Z ] = gr iddata (AllX , AllY , ALStrain , l i n s p a c e (min (AllX ) ,max(AllX ) ) ’ ,

l i n s p a c e (min (AllY ) ,max(AllY ) ) , ‘ v4 ’ ) ;

PColorMap = pco lo r (X,Y,Z) ;

276 shading i n t e rp

co l o rba r

278 u i s t a ck (PColorMap , ‘ bottom ’ )

hold on

280 end

t r i p l o t (ModifiedDT1 . Connect iv i tyL i s t , ModifiedDT1 . Points ( : , 1 ) ,ModifiedDT1 . Points

( : , 2 ) )

282 hold on

TriangleNumber1 = LocalTN1 ’ ;

284 TriangleNumber2 = LocalTN2 ’ ;

Table = tab l e ( TriangleNumber1 , TriangleNumber2 , ALStrain ) ;

286 Table (n+1 , : ) = {NaN,NaN,mean( ALStrain ) } ;

BaseImage = imagesc (ROI1 , ‘ AlphaData ’ , . 2 ) ;

288 u i s t a ck (BaseImage , ‘ bottom ’ )

hold on

290 end
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Function 7: Strain mapping (x coordinate as an example).

Local Modulus

Exporting the stress mapping first requires extracting the modulus of each triangle, which is

the function below.

f unc t i on [ ALModulus , ResizedModulusMap ] = LocalModulus ( OriginalModulusMap ,

ModulusMin ,ModulusMax , LocalTN , AllDomainX , AllDomainY , OriginalROI ,ModuROIRatio ,

ImageSizeInNm , Reso lu t i on InP ixe l )

2 % r e s c a l e

ModulusMap = r e s c a l e ( OriginalModulusMap , ModulusMin ,ModulusMax) ;

4 % r e s i z e

IRFactor = ImageSizeInNm/Reso lu t i on InP ixe l ;

6 ResizedROI = imre s i z e ( OriginalROI , IRFactor ) ;

ResizedModulusMap = imre s i z e (ModulusMap , IRFactor ) ;

8 % record non−ROI coords ( s tup id method )

% crop f o r a c c e l e r a t i n g

10 i 1 = f l o o r (min (min (AllDomainX ) ) ) ;

i 2 = c e i l (max(max(AllDomainX ) ) ) ;

12 j 1 = f l o o r (min (min (AllDomainY ) ) ) ;

j 2 = c e i l (max(max(AllDomainY ) ) ) ;

14 ModuROI = imcomplement ( imb inar i z e ( ResizedROI ,ModuROIRatio ) ) ;

LROI = ModuROI( ( j 1 : j 2 ) , ( i 1 : i 2 ) ) ;

16 n = length ( f i nd (LROI == 0) ) ;

NROICoord = ze ro s (n , 2 ) ;

18 k = 1 ;

f o r j = j1 : j 2

20 f o r i = i 1 : i 2

i f ModuROI( j , i ) == 0

22 NDomainCoord = [ i , j ] ;

NROICoord(k , : ) = NDomainCoord ;

24 k = k+1;

end
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26 end

end

28 NROICoordX = NROICoord ( : , 1 ) ;

NROICoordY = NROICoord ( : , 2 ) ;

30 % l o c a l a n a l y s i s

n = s i z e (LocalTN , 2 ) ;

32 ALModulus = ze ro s (n , 1 ) ;

f o r i = 1 : n

34 DomainX = AllDomainX ( i , : ) ;

DomainY = AllDomainY ( i , : ) ;

36 [ AreaIn , ˜ ] = inpolygon (NROICoordX ,NROICoordY ,DomainX ,DomainY) ;

AreaNROIX = NROICoordX( AreaIn ) ;

38 AreaNROIY = NROICoordY( AreaIn ) ;

Fu l l S i z e = [ ImageSizeInNm ImageSizeInNm ] ;

40 % change matrix to l i n e

LineNumber = sub2ind ( Fu l lS i z e ,AreaNROIX ,AreaNROIY) ;

42 ModulusForAllPoints = ResizedModulusMap (LineNumber ) ;

% median o f a l l modulus

44 AverageModulus = median ( ModulusForAllPoints ) ;

ALModulus ( i ) = AverageModulus ;

46 end

end

Function 8: Extracting the representative modulus of each triangle.

Stress Mapping

1 f unc t i on [ Table , ResizedModulusMap1 , ResizedModulusMap2 , Loca lS t r e s s ] = SSFi t t ing (

ALStrain , OriginalROI1 , OriginalROI2 , OriginalModulusMap1 , OriginalModulusMap2 ,

LocalTN1 , AllDomainX1 , AllDomainY1 ,ModuROIRatio1 , LocalTN2 , AllDomainX2 ,

AllDomainY2 ,ModuROIRatio2 , ModulusMin ,ModulusMax , ImageSizeInNm ,

Reso lu t i on InP ixe l )

[ ALModulus1 , ResizedModulusMap1 ] = LocalModulus ( OriginalModulusMap1 , ModulusMin ,

ModulusMax , LocalTN1 , AllDomainX1 , AllDomainY1 , OriginalROI1 ,ModuROIRatio1 ,

ImageSizeInNm , Reso lu t i on InP ixe l ) ;
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3 [ ALModulus2 , ResizedModulusMap2 ] = LocalModulus ( OriginalModulusMap2 , ModulusMin ,

ModulusMax , LocalTN2 , AllDomainX2 , AllDomainY2 , OriginalROI2 ,ModuROIRatio2 ,

ImageSizeInNm , Reso lu t i on InP ixe l ) ;

ALStress = ALModulus2 − ALModulus1 ;

5 LocalModulus1 = ALModulus1 ;

LocalModulus2 = ALModulus2 ;

7 TriangleNumber1 = LocalTN1 ’ ;

TriangleNumber2 = LocalTN2 ’ ;

9 Table = tab l e ( TriangleNumber1 , TriangleNumber2 , LocalModulus1 ,

LocalModulus2 , Loca lS t r e s s , Loca lS t ra in ) ;

[X,Y, Z ] = gr iddata (XAllX , XAllY , Loca lS t r e s s , l i n s p a c e (min (XAllX) ,max(XAllX

) ) ’ , l i n s p a c e (min (XAllY) ,max(XAllY) ) , ‘ v4 ’ ) ;

11 PColorMap = pco lo r (X,Y,Z) ;

shading i n t e rp

13 co l o rba r

u i s t a ck (PColorMap , ‘ bottom ’ )

15 hold on

t r i p l o t (ModifiedDT1 . Connect iv i tyL i s t , ModifiedDT1 . Points ( : , 1 ) ,ModifiedDT1 . Points

( : , 2 ) )

17 hold on

BaseImage = imagesc (ExpandROI1 , ‘ AlphaData ’ , . 2 ) ;

19 u i s t a ck (BaseImage , ‘ bottom ’ )

hold on

21 end

Function 9: Stress mapping.
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