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1.1 Introduction 

For elastomeric materials, cross-linking points play an important role in controlling 

their mechanical properties. There are two types of cross-linking points: chemical and 

physical cross-links. Figure 1.1 shows schematic illustration of chemical and physical 

cross-link points of elastomers. An elastomer cross-linked by chemical bonding with 

optimal cross-linking density exhibits excellent mechanical properties. However, 

chemical bonding is considered a drawback in rubber waste management, which is 

currently an environmental concern. Accordingly, thermoplastic elastomers (TPEs) have 

become alternative elastomeric materials. Physical cross-links are incorporated in the 

structure of TPEs to provide elastomeric properties with the processability of 

thermoplastic materials. Thus, the ability to recycle TPEs has made them an attractive 

alternative. 

 

Figure 1.1. Schematic illustration of (a) chemical and (b) physical cross-link points. 

 

There are various types of TPEs, including polyolefin blends, copolyesters, 

polyurethanes, polyamides and styrenic block copolymers. Styrenic-based block 

copolymers are one of the largest consumed TPEs in the market since their properties 

can benefit a variety of applications. Microphase separation can be induced in 

Chemical cross-link of 

conventional elastomers

Cross-link points

Physical cross-link of TPEs

(a) (b) Hard segment

domains

Soft segment

domains
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styrenic-based block copolymers, which imparts interesting properties on the block 

copolymers.1-7 Microphase-separated morphology is typically based on the inclusion of 

a fraction of polystyrene (PS) depending on application.8-10 Poly(styrene-b-ethylene-co-

butylene-b-styrene) (SEBS) is a commercial styrenic triblock copolymer used in various 

applications. Chemical structure of SEBS is illustrated in Figure 1.2. SEBS is synthesized 

from hydrogenated PS-b-polybutadiene-b-PS (SBS). Since the midsegment of the 

precursor polymer consisted of 1,4- and 1,2-additions of butadiene, 1,4-butylene (two 

ethylenes) and 1,2-butylene units were produced after hydrogenation. Due to being a 

saturated hydrocarbon, SEBS shows oxidative resistance properties, which is an 

advantage over other well-known styrenic triblock copolymers, such as SBS and 

PS-b-polyisoprene-b-PS (SIS). The fraction of rubbery poly(ethylene-co-butylene) 

(PEB) midblocks and glassy PS end blocks regulates the properties of SEBS. Figure 1.3 

shows schematic illustration of microphase-separated structure of SEBS. The PS 

domains are the physical cross-link points in the PEB matrix. Chain conformation of the 

midblock segment is one of the main factors that influence the deformation mechanism 

of ABA triblock copolymers. There are two types of midblock structures: bridge and loop 

chains.11-14 Bridge chains are segments that connect different PS domains, whereas loop 

chains are segments in the same PS domain.  

 

 

Figure 1.2. Chemical structure of the SEBS triblock copolymer. 
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Figure 1.3. Schematic illustration of microphase-separated structure of SEBS. 

 

Elastic property is a property that materials can recover to their initial shape and 

size after removing an external force. In polymers, the elasticity originates from their 

network structures. Two origins of the elastic property are retractive force and entropy 

of the polymer network. During stretching, polymer chains changed their conformation, 

leading to a decrement of entropy. This change in entropy produces retractive force, 

which governs elastic property of the polymers.15 For the cross-linking points, they are 

important in terms of retaining the network structure, leading to be a role to control the 

mechanical properties of elastomers. Therefore, the mechanical stability of PS domains 

in SEBS is a key point for improving the mechanical strength and toughness of SEBS. 

The orientation of the PEB chains during sample deformation is also crucial for 

understanding the mechanical properties of the material. To understand the deformation 

mechanism of a material, it is essential to determine its deformation behaviors under 

several deformation modes. Although the uniaxial tensile test is a fundamental elongation 

mode, discussion based on only uniaxial elongation mode is insufficient for explaining 

the deformation behavior of a material in terms of practical aspect. Equi-biaxial 

Amorphous hard PS segment domain

PEB Soft segment

Bridge chain

Loop chain
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stretching as well as compression and bulge test are among efficient tests to conduct in 

comparison with uniaxial stretching, as information from these modes can yield 

information on many aspects of nonlinear stress-strain behaviors.16-18 Furthermore, 

behaviors of the material during loading-unloading process are also important to 

investigate as a change in stress-strain properties from the first extension was reported in 

elastomer materials. The change in properties of the sample during loading-unloading 

process could highlight the occurrence of irreversible structure change in the sample. 

Small-angle X-ray scattering (SAXS) and wide-angle X-ray scattering (WAXS) 

are well-established techniques to investigate the small-scale structure and fluctuations 

in soft matter. SAXS is widely used to probe the morphology of semicrystalline block 

copolymers at the level of the microphase separated structure, while WAXS is used to 

examine crystalline structure. The high photon flux and collimation provided by modern 

synchrotron sources has made SAXS/WAXS unique scattering techniques in terms of 

time resolution, small sample volume, etc. Time-resolved experiments down to 

millisecond range can be performed on bulk as well as even on dilute and low contrast 

samples. Therefore, in situ SAXS/WAXS techniques are powerful methods to investigate 

the microphase-separated structure of block copolymers during mechanical deformations. 

Many studies have reported on the deformation behavior of various types of 

thermoplastic elastomers based on these techniques.19-29 Kawai et al. were the first 

researchers to publish about the deformation mechanism of block copolymers using 

simultaneous small angle light scattering and SAXS measurements.19 PS-b-polyisoprene 

(SI) and SIS with spherical PS domains as the linking points were uniaxially stretched. 

They concluded that the interdomain distance increased with increasing strain in the 

stretching direction, as observed from a change in the scattering intensity distribution 

from the SAXS results. 
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In this study, in situ SAXS/WAXS measurements were performed to investigate 

the microphase-separated structure of SEBS during various deformation modes. Figure 

1.4 shows the experimental set-up of in situ synchrotron radiation X-ray scattering 

measurement during mechanical test in SPring-8, Japan. An arrangement and 

deformation behaviors of PS domains during various deformation modes were 

investigated using in situ SAXS measurement. An orientation of the PEB chains was 

investigated using in situ WAXS measurement. 

 

 

Figure 1.4. Experimental set-up of in situ SAXS/WAXS measurements. 

 

1.2 Structure of thesis 

In Chapter 2, changes in the microphase-separated structure of the SEBS triblock 

copolymer (13 wt% PS block) were investigated. In situ synchrotron radiation 

SAXS

Meso-structure (10-8 to 10-6)

- Fracture (craze, crack)

- High order structure 
Sample

X-ray

WAXS

Crystalline state

2θ

X-ray

Mechanical testing machine

SAXS

WAXS

Small angle X-ray scattering (SAXS)

Wide angle X-ray scattering (WAXS)
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SAXS/WAXS measurements were successfully performed for SEBS under equi-biaxial 

deformation as well as under uniaxial deformation. In situ SAXS/WAXS measurements 

revealed changes in (1) the shape of spherical PS domains, (2) the spacing of PS domains 

packed in the body-centered cubic structure in the initial state, (3) their ordering, and (4) 

the orientation of soft segment chains during deformations.  In terms of the microdomain 

structure, affine deformation was kept below a certain strain (Ɛd-A), which are 4 and 1.2, 

during uniaxial and equi-biaxial deformation, respectively. In contrast, the ordering of 

arranged PS domain decreased from initial strain region.  Above the Ɛd-A value, deviation 

from affine deformation started to occur. This deviation is related to contact of PS 

domains under mechanical deformation. Uniaxial stretching still showed the 

plane-independent phenomenon, while equi-biaxial stretching did not. Furthermore, the 

Ɛd-A value for equi-biaxial deformation is smaller than for uniaxial deformation and 

further smaller than expected.  This is maybe because entanglement effect is enhanced 

for equi-biaxial deformation.  Furthermore, after contact of PS domains at around strain 

of 6 and 2, during uniaxial and equi-biaxial deformation, respectively, the ordering of PS 

domains suddenly increased with an increase in strain.  It is inferred that the locked state 

between the PS domains and the extended PEB chains formed during deformation may 

have been released and repacked at a certain strain. 

In Chapter 3, the mechanical stretching behavior of SEBS was investigated under 

three different stretching modes and through in situ SAXS analysis. Strain energy density 

function was investigated based on the stress and stretching ratio (λ) relationship under 

uniaxial, planar extension, and equi-biaxial stretching modes. As a result, the cross-effect 

of strain represented by second invariants of the deformation tensor (I2) was identified, 

and only the Ogden model could be used to fit the data. In the cyclic stretching test, SEBS 

exhibited smaller hysteresis during cyclic equi-biaxial stretching than that during 
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uniaxial stretching.  In other words, the Mullins effect was more obvious for uniaxial 

stretching than biaxial stretching. The λ and stretching ratio obtained from crystal planes 

by SAXS (λSAXS) were compared to investigate the relationship between the 

microdomain structure change and macroscopic mechanical properties. Thus, it was 

revealed that affine deformation occurred in the smaller λ region for both uniaxial and 

equi-biaxial stretching and deviation from affine deformation occurred for the uniaxial 

stretching at the larger λ region. This is because PEB with entangled loops served as 

cross-linking points when the films were stretched under the equi-biaxial stretching. 

In Chapter 4, apart from a well-known equi-biaxial testing, SEBS during 

compression and bulge tests were investigated. SAXS results revealed simple 

arrangement of PS domains at small strain during equi-biaxial stretching and bulge test. 

However, simple arrangement was not observed during compression test. The samples 

during bulge and compression tests were suggested to deform in multiaxial directions as 

the applied force acting on each sample was different from equi-biaxial stretching. 

Correlation between the results of bulged and compressed sample observed from through 

view was found. Different characteristic of 2d-SAXS patterns was found in each 

deformation mode. Explanation was discussed based on the calculation of scattering 

pattern using Fast Fourier Transform (FFT). Dot-like pattern was clearly observed in 

bulge test, suggesting the occurrence of large grain. On the contrary, equi-biaxial 

stretching and compression test exhibited the combination of line-like and dot-like 

pattern, indicating the combination of different grain size. For the deformation of PS 

domains, the results of form factor revealed that the spherical PS domains transformed 

to oblate spheroid during these three modes. 
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Deformation mechanism during simple uniaxial 
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2.1 Introduction 

To understand the deformation mechanism of a material, it is essential to 

determine its deformation behaviors under several deformation modes. Although the 

uniaxial tensile test is a fundamental elongation mode, discussion based on only uniaxial 

elongation mode is insufficient for explaining the deformation behavior of a material in 

terms of practical aspect. Equi-biaxial stretching is one of the most efficient tests to 

conduct in comparison with uniaxial stretching, as information from this mode can yield 

information on many aspects of nonlinear stress-strain behaviors.1-4 Ariano investigated 

the deformation of vulcanized rubber containing no compounding ingredients in the two 

principal stresses.1 Film sample was clamped on the tensile testing machine and stretched 

simultaneously in two directions, perpendicular to one another in the same plane. This 

experiment is now known as biaxial tensile stretching. From the interpretation of 

stress-strain relationship compared with simple tension (uniaxial stretching), it was found 

that the addition of a transverse stress in biaxial stretching diminished the total maximum 

elongation attainable in the longitudinal direction. Urayama et al. reported the stretching 

behavior of vulcanized butadiene rubber in the neat and swelling states during biaxial 

stretching compared to uniaxial stretching, which was discussed using various models.2 

It was evident that the classical neo-Hookean model, which can explain the deformation 

behavior of uniaxial stretching, failed to reproduce the biaxial data. To understand biaxial 

stretching, the Ogden-type strain energy function with a single set parameter was 

satisfactory for explaining this nonlinear elastic behavior. This indicates the limitation of 

uniaxial data when attempting to determine the overall deformation behaviors of a 

material. Therefore, it is important to investigate the influence of biaxial stretching on 

the network and the domains of a SEBS sample in the bulk state, which represents the 

deformation behavior of the sample in actual use. 
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Investigation of change in microphase-separated structure is important to 

understand the deformation behaviors of block copolymers.5-7 The mechanical stability 

of spherical PS domains, which are physical cross-linking points in SEBS, is a key point 

to investigate for improving the mechanical strength and toughness of SEBS. The 

orientation of the PEB chains during sample deformation is also crucial for understanding 

the mechanical properties of the material. In situ small-angle X-ray scattering (SAXS) 

and wide-angle X-ray scattering (WAXS) techniques are powerful methods to investigate 

the arrangement and deformation behavior of PS domains as well as the orientation state 

of the PEB chains. Many studies have reported on the deformation behavior of various 

types of thermoplastic elastomers based on these techniques.8-18 Kawai et al. were the 

first researchers to publish about the deformation mechanism of block copolymers using 

simultaneous small-angle light scattering and SAXS measurements.8 PS-b-polyisoprene 

(SI) and SIS with spherical PS domains as the linking points were uniaxially stretched. 

They concluded that the interdomain distance increased with increasing strain in the 

stretching direction, as observed from a change in the scattering intensity distribution 

from the SAXS results. Sakurai et al. investigated the quantitative deformation of PS 

domains containing different types of thermoplastic elastomers under uniaxial elongation 

using simultaneous SAXS measurements.17 They clarified that the glassy domains 

deformed to prolate spheroids during uniaxial stretching. Suffering of PS domains was 

observed immediately upon stress application to the sample. The smaller the domains 

were, the larger the deformation. This refers to the dominance of stress concentration in 

the deformation of the glassy PS domains. As it was previously mentioned that additional 

mechanical deformation modes apart from uniaxial stretching are of interesting, we 

aimed to observe the deformation behavior of the material under equi-biaxial stretching 

compared to uniaxial stretching. In this study, the arrangement and deformation 
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behaviors of a microphase-separated structure in SEBS were investigated during uniaxial 

and equi-biaxial stretching using in situ SAXS measurements. Furthermore, the 

orientation of the soft segments was clarified using the WAXS technique.  

 

2.2 Experiment 

2.2.1 Sample preparation 

 

Figure 2.1. Chemical structure of the SEBS triblock copolymer. 

 

A SEBS sample with 13 wt% PS was kindly provided by Asahi Kasei Chemical 

Co., Ltd, Japan. The chemical structure of SEBS is illustrated in Figure 2.1. The 

characteristics of the SEBS sample are specified in Table 1. SEBS pellets were dissolved 

in toluene and precipitated in methanol to remove impurities. Pieces of the sample were 

dried at room temperature and then under high-pressure vacuum until the weight 

stabilized. Purified samples were pressed into films at 150 °C without applying any 

pressure for 5 min, and then a pressure of 10 MPa was continuously applied for 1 min. 

Films were obtained with a thickness of 300-400 µm. To obtain the periodic structure of 

microphase separation, samples were annealed at 170 °C for 7 days in vacuo. The 

annealed films were quenched to room temperature when annealing was finished. Then, 

specimens were cut into a rectangular shape with dimensions of 5 × 30 mm2 for the 

uniaxial test and 20 × 20 mm2 for the equi-biaxial test. The PS content was determined 
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using proton nuclear magnetic resonance (1H-NMR) spectroscopy. The 1H-NMR (400 

MHz) spectrum of SEBS was measured in CDCl3 using a Bruker Avance-400 

spectrometer. Number- and weight-averaged molecular weights of SEBS were 

determined through gel permeation chromatography. An HLC-8120GPC (TOSOH, CO.) 

system equipped with three columns was used with an RI-2031 plus refractive index 

detector. The eluent was tetrahydrofuran at a flow rate of 0.5 mL min-1. Differential 

scanning calorimetry (DSC6220; SII NanoTechnology Inc.) was conducted from −100 

to 150 °C at heating and cooling rates of 10 °C min-1 over the flow of nitrogen gas. 

 

Table 2.1. Characteristics of SEBS 

 

2.2.2 In situ synchrotron radiation X-ray scattering measurement during simple 

stretching 

For the uniaxial and equi-biaxial tests, each sample was clamped between the chuck 

grips of custom-built tensile testing machines (uniaxial machine: SENTECH Instrument 

GmbH; equi-biaxial machine: JUNKEN MEDICAL Co., Ltd), which were enabled for 

in situ measurement. Specimens were stretched at 1 mm s-1. The synchrotron radiation 

X-ray scattering measurements were conducted with the BL05XU and BL40XU 

beamlines in the SPring-8 facility in Japan. Figure 2.2 shows schematic illustration of 

experimental set-up of in situ SAXS/WAXS measurements during uniaxial and 

equi-biaxial stretching. The beam size at the samples was 150 × 150 μm2. The 

wavelength of the X-ray was 0.100 nm, and the sample-to-detector distance was 4 m for 

Sample 
PS content 

(wt %) 
�̅�n

a �̅�w
b PDIc 

Tg of PEB 

(°C) 

Tg of PS 

(°C) 

SEBS 13 112,000 163,000 1.46 -45 50 

aNumber-averaged, bWeight-averaged molecular weights, and cPolydispersity index 
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SAXS and 0.1 m for WAXS. Samples were exposed to the X-ray beam for 0.4-1 s at 

ambient temperature. SAXS and WAXS patterns were taken with the beam perpendicular 

to the film surface (through view).  2D-scattering patterns of SAXS were obtained from 

a PILATUS 1M detector (DECTRIS Ltd) with a total pixel size of 172×172 µm2, while 

WAXS 2D patterns were obtained from a PILATUS 1M detector for equi-biaxial testing 

and a flat panel detector with a total pixel size of 50 × 50 µm2 for uniaxial testing. Data 

were converted from 2D patterns to 1D profile by integrating with FIT2D (ver. 16.041, 

Andy Hammersley/ESRF, Grenoble, France). 

 

Figure 2.2. Schematic illustration of experimental set-up of in situ SAXS/WAXS 

measurements during uniaxial and equi-biaxial stretching. 

 

2.3 Results and discussion 

2.3.1 Stress-strain relationship 

Figure 2.3 shows the stress-strain curve of SEBS during uniaxial and equi-biaxial 

stretching at 1 mm s-1. The curves exhibited the typical S-shape for elastomeric materials. 

Uniaxial stretching showed a lower initial slope than equi-biaxial stretching. The initial 

moduli of uniaxial and biaxial stretching obtained by these initial slopes were 1.3 and 

2.6 MPa, respectively. According to the linear elasticity theory, the initial moduli of 

uniaxial and equi-biaxial stretching correspond to 2G(1+μ) and 2G(1+μ)/(1-μ), 

respectively, where μ is Poisson’s ratio and G is the shear modulus. For incompressible 

SAXS

Uniaxial elongation
X-ray

(λ = 0.1 nm)

Biaxial elongation

WAXS
2θ



 

 

19 

 

materials with μ = 1/2, the initial moduli become G and 2G for uniaxial and equi-biaxial 

stretching, respectively. Therefore, the results from the stress-strain curve were 

satisfactory, as they were related to the linear elasticity theory.2 Uniaxial stretching 

exhibited smaller stress during stretching and finally showed larger tensile strength and 

strain at break than equi-biaxial stretching. The large strain at break of the uniaxial 

stretching seemed to be related to a conformational change in the PEB bridging segment 

from the gauche to the trans conformation during stretching. 

 

 

Figure 2.3. Stress-strain curve of SEBS samples during uniaxial and equi-biaxial 

stretching at 1 mm s-1 and 25 °C. 

 

2.3.2 Structural characterization of SEBS 

Figure 2.4 (a) and (b) shows the 2D SAXS pattern and 1D SAXS profiles of the 

SEBS film before and after annealing. Three sharp rings were observed in the scattering 

pattern of the annealed sample. As a ring-like pattern appeared instead of a spot pattern, 

the size of randomly oriented crystals was smaller than the beam size of X-ray. By 

conversion of the 2D pattern to the 1D profile along various directions, the three sharp 

rings transformed into three diffraction peaks. These crystalline peaks were observed at 
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scattering vectors (q) of 0.26, 0.36 and 0.45 nm-1. These peak positions corresponded to 

the q relation of 1, √2 and √3, which can be assigned to the (110), (200) and (211) planes 

of the body-centered cubic (b.c.c.) lattice, respectively.19 Fringes of intensity in the 

profile corresponded to the form factor, which indicates the shape and size of PS domains. 

The SEBS sample showed the characteristic of spherical domains. Numerical analysis 

was carried out to confirm the spherical PS domain characteristic and to determine the 

domain size. The calculation is discussed in section 2.3.4. 

 

 

Figure 2.4. (a) 2D SAXS pattern of annealed SEBS at 170 °C for 7 days measured at 

25 °C and (b) 1D SAXS profile of nonannealed and annealed SEBS. 

 

Transmission electron microscope (TEM) was a complementary technique to 

confirm the microphase-separated structure of SEBS. Figure 2.5 shows two 

representative TEM micrographs of annealed SEBS taken at arbitrarily chosen directions 

of microtoming of a bulk sample. Dark circular morphology refers to the PS domains, 

caused by the RuO4 staining, and the PEB matrix is bright. Well-ordering of spherical PS 

domains was observed from the TEM micrographs. 
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Figure 2.5. Two typical TEM micrographs of ultrathin sections of SEBS bulk sample. 

The PS domains appear dark caused by the RuO4 staining.  

 

2.3.3 Changes in microphase-separated structure of SEBS 

Figures 2.6 and 2.7 show the 2D SAXS patterns and 1D SAXS profiles of SEBS 

during uniaxial and equi-biaxial stretching, respectively. 2D SAXS pattern at the strain 

of 2.5 during equi-biaxial stretching was magnified and its contrast was changed for 

clarity. The magnified 1D SAXS profiles at low q region in the X-axis and Y-axis of 

SEBS during equi-biaxial stretching are shown in Figure 2A.4 in the Appendix. For 

uniaxial stretching, the sample was stretched in a horizontal direction. Data analyzed 

from the stretching and transverse directions during uniaxial stretching as well as in the 

X- and Y-axis directions during biaxial stretching are shown in the 1D SAXS profiles in 

Figures 2.6 (b) and (c) and 2.7 (b) and (c), respectively. Three diffraction peaks clearly 

shifted to a lower q region in the stretching direction, while they shifted toward a higher 

q region in the transverse direction. On the other hand, the diffraction peaks shifted to 
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the lower q region in both the X- and Y-axis directions during equi-biaxial stretching. 

These shifts referred to a change in the plane spacing (d) during stretching, and can be 

converted through d = 2π/q. During uniaxial stretching, all plane spacings increased with 

increasing strain in the stretching direction, while they decreased in the transverse 

direction. For equi-biaxial stretching, all plane spacings increased isotropically with 

increasing strain in both stretching axes. From the 2D pattern, the ring pattern contained 

dot-like and line-like characteristics when the sample was stretched. These phenomena 

could be explained based on the calculation of the 2D pattern via the fast Fourier 

transform (FFT) of the (110) plane of the b.c.c. lattice. The calculated patterns are shown 

in the Appendix (Figures 2A.1 to 2A.3). Scattering patterns are related to the 

characteristic features of reflection planes of the paracrystalline lattice.20 In the case that 

the size of grain is much larger than beam size, a dot-like pattern is observed. In contrast, 

a line-like pattern emerges when the size of grain is smaller. In the random-oriented 

multigrain structure of SEBS, it is feasible that different sizes of reflection planes 

occurred, resulting in the combination of two types of patterns. Furthermore, a four-point 

smeared pattern appeared in the 2D SAXS pattern during uniaxial stretching from strain 

2 until the sample was broken. This might indicate that some PS domains were fractured 

upon stretching.21 Streaks were observed in the 2D pattern during equi-biaxial stretching. 

This refers to the possibility of voids on the mesoscopic scale that occurred during 

isotropic stretching.  
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Figure 2.6. (a) 2D SAXS patterns of SEBS during uniaxial stretching at 1 mm s-1 and 

25 °C at various strains with the beam perpendicular to the film surface (through view). 

(b) 1D SAXS profiles obtained from (a) in the stretching direction and (c) transverse 

direction. Black dot lines were obtained from the model calculation. 

 

 

Figure 2.7. (a) 2D SAXS patterns of SEBS during equi-biaxial stretching at 1 mm s-1 

and 25 °C at various strains with the beam perpendicular to the film surface (through 

view). (b) 1D SAXS profiles obtained from (a) in the X-axis and (c) Y-axis. Black dot 

lines were obtained from the model calculation. 

 

 

Ɛ = 0 Ɛ = 0.7Ɛ = 0.4

Ɛ = 7.3 Ɛ = 11.0Ɛ = 3.7

0.2 nm-1 0.2 nm-1 0.2 nm-1

0.2 nm-1 0.2 nm-1 0.2 nm-1

(a)

Stretching direction 1 Ɛ = 0
2 Ɛ = 0.7
3 Ɛ = 1.5
4 Ɛ = 2.6
5 Ɛ = 3.7
6 Ɛ = 4.4
7 Ɛ = 4.8
8 Ɛ = 5.5
9 Ɛ = 5.9
10 Ɛ = 6.2
11 Ɛ = 8.8
12 Ɛ = 11.0

Uniaxial //

1
2
3
4
5
6
7

(b)

1
2
3
4
5
6
7
8
9

Uniaxial ⊥

q / nm-1

In
te

n
si

ty
 /

 c
p

s

(c)

0 0.5

10

q / nm-1
0 0.5 1.0

In
te

n
si

ty
 /

 c
p

s

8
9

10
11
12

1.0

11
12

Ɛ = 2.5

0.2 nm-1

Ɛ = 0

0.2 nm-1

Ɛ = 0.6

0.2 nm-1

Ɛ = 0.9

0.2 nm-1

(a)

Stretching direction

1st

2nd

3rd

Ɛ = 2.5

0.2 nm-1

Ɛ = 1.7

0.2 nm-1

Ɛ = 1.3

0.2 nm-1

In
te

n
si

ty
 /

 c
p

s

Biaxial

X-axis

Biaxial

Y-axis

q / nm-1

1

2

3

4

5

6

7

(b)

In
te

n
si

ty
 /

 c
p

s
1 Ɛ = 0
2 Ɛ = 0.3
3 Ɛ = 0.6
4 Ɛ = 0.9
5 Ɛ = 1.3
6 Ɛ = 2.1
7 Ɛ = 2.5

q / nm-1

(c) 1 Ɛ = 0
2 Ɛ = 0.3
3 Ɛ = 0.6
4 Ɛ = 0.9
5 Ɛ = 1.3
6 Ɛ = 2.1
7 Ɛ = 2.5

0 0.5 1.0 0 0.5 1.0

1

2

3

4

5

6

7



 

 

24 

 

2.3.4 Model calculation 

Form factors and structure factors that appeared in the 1D SAXS profiles were 

simulated by varying important factors to obtain the fitted results. The equations used in 

the numerical calculation are explained below. All equations were written using the scipy 

library in Python version 3.7 and then submitted for calculation in the supercomputer 

system ITO, Kyushu University. The radius of spherical PS domains and the length of 

the semiaxes of prolate and oblate spheroid PS domains were obtained from the form 

factor. Variance, which indicates the polydispersity of the domain length, was examined 

based on the Gaussian distribution. Full width at half maximum (FWHM) was 

determined from the width of the 3rd diffraction peak (d(211)) at its half maximum intensity 

in order to discuss about an ordering of PS domains.  

The model calculation was applied to observe the deformation of PS domains and 

the packing regularity of the lattice. Solid lines fitted in 1D SAXS profiles in Figures 2.6 

(b) and (c) and 2.7 (b) and (c) were obtained from the model calculation. These I-q 

profiles are the combination between the structure factor, 𝑍(𝑞), and the form factor, 𝑓(𝑞). 

Thus, the intensity from both factors must be considered and is included in equation (2.1).  

𝐼(𝑞) ∝ 〈𝑓2(𝑞)〉 − 〈𝑓(𝑞)〉2 + 〈𝑓(𝑞)〉2𝑍(𝑞)    (2.1) 

where 〈𝑓2(𝑞)〉 and 〈𝑓(𝑞)〉2 denote an average function of the form factor, f(q), and Z(q) 

refers to the structure factor (lattice factor) function. Here, an average function of the 

form factor was applied, as different size distributions of the PS domain were proposed.17, 

19, 22-23 To discuss the shape of the PS domain, the form factor was considered dominant. 

In the initial state, the spherical form factor, 𝑓(𝑞)𝑠𝑝ℎ, was used. 

𝑓(𝑞)𝑠𝑝ℎ =  𝑉
𝑠𝑖𝑛𝑞𝑅−𝑞𝑅𝑐𝑜𝑠𝑞𝑅

(𝑞𝑅)3
    (2.2) 

where the volume of the domain with radius R is 𝑉 =
4

3
𝜋𝑅3 . During mechanical 

deformation, the domain was assumed to deform to prolate spheroids during uniaxial 
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elongation and to oblate spheroids during equi-biaxial elongation. The form factor 

function of both particles was formulated as: 

𝑓(𝑞, 𝜈, 𝑅𝑎, 𝜙, 𝜇) =  𝑉
𝑠𝑖𝑛𝑈−𝑈𝑐𝑜𝑠𝑈

𝑈3     (2.3) 

where the volume of the spheroid is 𝑉 =
4

3
𝜋𝑅𝑎

3𝜈 . As spheroids have two different 

dimensions, the axial ratio, 𝜈 =
𝑅𝑏

𝑅𝑎
, must be considered (ν > 1 for prolate spheroids and 

ν < 1 for oblate spheroids). 𝑅𝑎 is defined as the length of the semiminor axis (), which 

lies in the x-y plane, while 𝑅𝑏 is the length of the semimajor axis (), which lies in the 

YZ plane. The dimensions of the prolate and oblate spheroids are shown in Figure 2.8. 

The longer and shorter lengths of the semi-axes of both spheroids are proposed to be 

parallel and perpendicular to the stretching direction, respectively. 

For the form factor in the YZ-plane, Ub was formulated as: 

𝑈𝑏(𝑞, 𝜈, 𝑅𝑎, 𝜙) = 𝑞𝑅𝑎√sin2 𝜙 +𝜈2 cos2 𝜙   (2.4) 

For the form factor in the XY-plane, Ua was formulated as: 

𝑈𝑎(𝑞, 𝜈, 𝑅𝑎, 𝜙, 𝜇) = 𝑞𝑅𝑎√√1 − sin2 𝜙 cos2 𝜇 + 𝜈2 sin2 𝜙 cos2 𝜇  (2.5) 

The polar angles, 𝜙 and 𝜇, were assumed to be zero, as the alignment of the PS domain 

was expected to be parallel to the axis during deformation. Additionally, the Gaussian 

distribution function was used since the polydispersity of the radius was considered: 

𝑓(𝑅) =
1

√2𝜋𝜎2
𝑒

−
(𝑅−�̅�)2

2𝜎2     (2.6) 

where �̅� is the average length of the semi-axis of the PS domain and 𝜎2 is the variance 

of R. The Gaussian function was normalized (∫ 𝑓(𝑅)𝑑𝑅
∞

0
= 1) and included in the 

calculation of 〈𝑓2(𝑞)〉  and 〈𝑓(𝑞)〉2 . In the system without a size distribution, the 

assumption of 〈𝑓2(𝑞)〉 = 〈𝑓(𝑞)〉2 can be made.24 However, a polydisperse system was 
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applied for the SEBS sample. Thus, 〈𝑓2(𝑞)〉 and 〈𝑓(𝑞)〉2 were calculated according to 

equations (7) and (8), respectively: 

〈𝑓2(𝑞)〉 = ∫ |𝑓(𝑞)|2
∞

0
𝑓(𝑅)𝑑𝑅   (2.7) 

〈𝑓(𝑞)〉2 = (∫ 𝑓(𝑞)
∞

0
𝑓(𝑅)𝑑𝑅)2   (2.8) 

 

Figure 2.8. Schematic illustration of deformed PS domains: (a) prolate and (b) oblate 

spheroids. 

 

For Z(q), the calculation was performed according to the paracrystal theory.24-25 

The calculation was performed from the following equation: 

𝑎1⃑⃑⃑⃑ ∙ 𝑞 =
1

2
𝑞𝑎(𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜙 + 𝑠𝑖𝑛𝜃𝑠𝑖𝑛𝜙 + 𝑐𝑜𝑠𝜃)   (2.9) 

𝑎2⃑⃑⃑⃑ ∙ 𝑞 =
1

2
𝑞𝑎(−𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜙 − 𝑠𝑖𝑛𝜃𝑠𝑖𝑛𝜙 + 𝑐𝑜𝑠𝜃)            (2.10) 

𝑎3⃑⃑⃑⃑ ∙ 𝑞 =
1

2
𝑞𝑎(−𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜙 + 𝑠𝑖𝑛𝜃𝑠𝑖𝑛𝜙 − 𝑐𝑜𝑠𝜃)            (2.11) 

|𝐹𝑘(𝑞)| = 𝑒𝑥𝑝 [−
1

8
∆𝑎2𝑞2[(𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜙 + 𝑠𝑖𝑛𝜃𝑠𝑖𝑛𝜙 + 𝑐𝑜𝑠𝜃)2 + (−𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜙 −

𝑠𝑖𝑛𝜃𝑠𝑖𝑛𝜙 + 𝑐𝑜𝑠𝜃)2 + (−𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜙 + 𝑠𝑖𝑛𝜃𝑠𝑖𝑛𝜙 − 𝑐𝑜𝑠𝜃)2)]]           (2. 12) 

𝑍𝑘 =
1−|𝐹𝑘(𝑞)|2

1−2|𝐹𝑘(𝑞)| cos(𝑎𝑘⃑⃑⃑⃑  ⃑∙�⃑� )+|𝐹𝑘(𝑞)|2
             (2.13) 

𝑍(𝑞) =
1

4𝜋
∫ 𝑑𝜙 ∫ 𝑑𝜃 𝑍1𝑍2𝑍3 𝑠𝑖𝑛𝜃 

𝜋

0

2𝜋

0
             (2.14) 

where a is the distortion of the lattice point from the ideal lattice point and a is the 

length of the lattice. In this work, a was calculated from the spacing of the (110) plane 
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of the b.c.c. lattice because the crystalline peak of the (110) plane showed the highest 

intensity. 

 

2.3.5 Deformation of PS domains 

Form factor results were investigated for considering the deformation of PS 

domains as the fringes of intensity that shifted during sample stretching. The calculation 

method was explained in section 2.3.4. From the SAXS results shown in Figure 2.6 (b) 

and (c), the form factor shifted to the lower q region in the stretching direction, while it 

shifted to the higher q region in the transverse direction during uniaxial stretching. The 

characteristics of the form factor along the stretching and transverse directions were 

different in the uniaxial stretching mode. Therefore, spherical PS domains were 

confirmed to transform into prolate spheroids. On the other hand, the form factor shifted 

toward the lower q region in both the X- and Y-axis directions during equi-biaxial 

stretching, as shown in the SAXS results in Figure 2.7 (b) and (c). This shift indicated 

isotropic deformation along the two axes of the stretching directions, verifying the 

transformation of spherical PS domains to oblate spheroids during equi-biaxial stretching. 

The semimajor axis () of the prolate spheroid shown in Figure 2.8 was parallel to the 

stretching direction under uniaxial stretching, while the semiminor axis () of the oblate 

spheroid was parallel to the stretching direction under equi-biaxial stretching. 

Figure 2.9 (c) shows the average length of the semiaxes of the PS domains during 

uniaxial stretching, and Figure 2.10 (b) shows the average length of the semimajor axes 

of the PS domain during equi-biaxial stretching. It was found that the average radius of 

spherical PS domains in the initial state was 7.9 nm. When the sample was uniaxially 

stretched, the average length of the semimajor axis of the PS domains increased, while 

the average length of the semiminor axis decreased with increasing strain. SEBS is a 
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material with Poisson’s ratio of 0.49. It was considered an incompressible material. 

Therefore, constant volume of PS domains was assumed for calculating semimajor axis 

of the oblate spheroid. The average length of the semiminor axis of an oblate spheroid 

increased equally in both stretching directions, while the semimajor axis decreased with 

increasing strain. These results indicated the transformation of PS domains when the 

sample was stretched during both stretching modes. Discussion about the degree of 

deformation of the spheroids has been done with the discussion of an arrangement of PS 

domains in section 2.3.6. 

 

2.3.6 Arrangement of PS domains 

The relationship of strain calculated from plane spacing (d/d0) and real strain was 

compared to affine deformation. d/d0 is the deformation on the mesostructural scale, 

while film strain (real strain) is the deformation on the macroscopic scale. The real strain 

was calculated from the real deformation of the film sample, which was observed from 

the deformation of the lattice pattern stamped on the film. Figure 2.9 shows the 

relationship of real strain and d/d0 during the uniaxial stretching test in the (a) stretching 

and (b) transverse directions. Figure 2.10 (a) shows the relationship of real strain and 

d/d0 obtained from the biaxial stretching test. The diagonal lines shown in Figures 2.9 

and 2.10 correspond to affine deformation. SEBS showed affine deformation up to strain 

4.4 for uniaxial stretching and strain 1.3 for equi-biaxial stretching. The strain at which 

deviation from the affine deformation occurred is defined as Ɛd-A. Below Ɛd-A, simple 

arrangement of PS domains occurred because geometrical restriction, such as contacting 

PS domains and extending to a maximum length of PEB chains, did not occur. The (110), 

(200) and (211) planes in the stretching direction of both extension modes exhibited the 

same trend to follow the affine deformation. A simple arrangement of PS domains and 



 

 

29 

 

linking of the PEB bridging chains could be factors of the plane-independent 

phenomenon. The number of PEB chains that link PS domains in each plane might be 

equivalent, leading to an equal increase in the spacing of each plane. Above Ɛd-A, since 

PS domains in the transverse direction started to come into contact with each other26 and 

the distance between PS domain surfaces reached the maximum length of PEB chains in 

the full-stretched state, it seemed that irreversible phenomena, such as the breaking of PS 

domains, pulling out of PEB chains from PS end blocks, breaking PEB chains, and so on, 

started to occur. Changes in the irreversible structure were confirmed by the combination 

between cyclic tensile testing and SAXS measurement. The details will be explained in 

Chapter 3. Schematic illustration of an arrangement of PS domain during uniaxial and 

equi-biaxial stretching are shown in Figure 2.15, and Figure 2.16, respectively. During 

the equi-biaxial mode, simultaneous stretching in two directions led geometrical 

restriction of the SEBS sample as well as irreversible phenomena at a smaller strain than 

for the uniaxial stretching, which resulted in a lower Ɛd-A for the biaxial mode than for 

the uniaxial stretching mode. For an increase in the spacing of each plane, uniaxial 

stretching still showed the plane-independent phenomenon, while biaxial stretching did 

not. This difference between the two stretching modes highlighted their different 

deformation behaviors above Ɛd-A. PS domains had more freedom to arrange themselves 

during uniaxial stretching than during equi-biaxial stretching. Therefore, all planes could 

deform equally during uniaxial stretching because the structure was stretched in only one 

direction. In contrast, restriction of the arrangement of PS domains occurred during 

equi-biaxial stretching, causing unequal deformation of each plane. Figures 2.9 (c) and 

2.10 (b) illustrate an average length of the semiaxes of ellipsoidal PS domains with 

increasing real strain during uniaxial and biaxial stretching, respectively. For the uniaxial 

stretching mode, the semimajor axis of the prolate spheroid slightly increased, while the 
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semiminor axis slightly decreased above Ɛd-A. Additionally, the semiminor axes of the 

oblate spheroid slightly increased above Ɛd-A. This slight deformation of the domains 

illustrated the effect of the irreversible phenomena on the deformation of PS domains. 

 

Figure 2.9. Deformation behaviors of SEBS during uniaxial stretching at 1 mm s-1. (a) 

Relationship between real strain and d/d0 in the stretching direction and the FWHM of 

d(211). (b) Relationship between real strain and d/d0 in the transverse direction. (c) 

Average length of semiaxes of PS domains. (d) Relationship between real strain and the 

intensity ratio as well as the stress-strain curve of SEBS. 
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Figure 2.10. Deformation behaviors of SEBS during equi-biaxial stretching at 1 mm s-1. 

(a) Relationship between real strain and d/d0 in the stretching direction and the FWHM 

of d(211). (b) Average length of the semimajor axes of PS domains. (c) Relationship 

between real strain and the intensity ratio as well as the stress-strain curve of SEBS. 

 

2.3.7 Orientation of PEB soft chains 

Figures 2.11 (a) and (b) show the 2D WAXS patterns and 1D WAXS profiles of 

SEBS during uniaxial stretching, respectively. Figures 2.12 (a) and (b) show q-range and 

azimuthal angle () as well as azimuthal plot of WAXS results during uniaxial stretching, 

respectively. The 2D WAXS patterns and 1D WAXS profiles as well as analyzed region 
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of q-range and  of SEBS during equi-biaxial stretching are shown in the Figure 2.13 and 

Figure 2A.5 in the Appendix. In situ WAXS measurement is an effective technique for 

confirming the orientation phenomenon.14, 27 In SEBS, the PEB chains is expected to be 

oriented in the stretching direction upon uniaxial stretching. It was reported that 

orientation in SEBS can occur under selective conditions, depending on the fraction of 

ethylene and butylene segments in the PEB midblock.28-29 From the WAXS results in 

Figures 2.11 and 2.13, the position of the amorphous halo did not shift, and a new 

crystalline peak did not occur with increasing strain in either stretching mode. This 

suggested the lack of a highly oriented structure of the molecular chains. The molar 

fraction of ethylene and butylene units in the PEB chains, which affects the orientation 

of the polymer chain, was calculated based on the number of protons in NMR 

measurements. The fraction of ethylene units was estimated to be two because the 

midsegment of the precursor polymer consisted of 1,4- and 1,2-additions of butadiene 

that affords 1,4-butylene (two ethylenes) and 1,2-butylene units by hydrogenation. As a 

result, the fraction was estimated to be ethylene:butylene = 0.27:0.73. The lower content 

of ethylene units than butylene units led to a lower orientation ability of the PEB chains. 

To analyze the orientation of the soft segment more quantitatively, the intensity ratio was 

calculated from the peak intensity of the amorphous halo in the meridional and horizontal 

directions. Figure 2.12 and 2A.5 in the Appendix shows the q-range and azimuthal angle 

() of the WAXS results during uniaxial and equi-biaxial stretching, which were used to 

calculate the intensity ratio. Figures 2.9 (d) and 2.10 (c) show the intensity ratio obtained 

from the WAXS results during uniaxial and biaxial stretching, respectively, in two 

directions. This ratio was expected to remain constant in the case of no orientation. There 

was a slight increase in the ratio during uniaxial elongation from strain 4, indicating that 

orientation of the PEB chains occurred. This orientation could occur during uniaxial 
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stretching; however, a highly-oriented structure could not be formed because of a higher 

fraction of the butylene segment than of the ethylene segment in the PEB midblock. On 

the other hand, the ratio remained unchanged during equi-biaxial stretching, indicating 

no orientation of the PEB chains. Simultaneous stretching in two directions made 

orientation impossible.  

 

 

Figure 2.11. (a) 2D WAXS patterns of SEBS during uniaxial stretching at 1 mm s-1 and 

25 °C at various strains with the beam perpendicular to the film surface (through view). 

(b) 1D WAXS profiles obtained from (a) in the stretching direction and (c) transverse 

direction. 
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Figure 2.12. (a) q-range and azimuthal angle () (b) Azimuthal plot of WAXS results 

during uniaxial stretching at 1 mm s-1 and 25 °C at various strains with the beam 

perpendicular to the film surface (through view). 

 

 

Figure 2.13. (a) 2D WAXS patterns of SEBS during equi-biaxial stretching at 1 mm s-1 

and 25 °C at various strains with the beam perpendicular to the film surface (through 

view). (b) 1D WAXS profiles obtained from (a) in the X-axis and (c) Y-axis.  
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2.3.8 Ordering transition of PS domains 

Changes in FWHM in Figure 2.9 (a) and 2.10 (a) as well as the 1D SAXS profiles 

and 2D SAXS patterns shown in Figure 2.6 were focused on discussing a change in the 

ordering of PS domains above Ɛd-A. The values of FWHM was obtained from the 3rd 

diffraction peak (d(211)). A decrease in FWHM reflects an increase in the ordering. For 

both uniaxial and equi-biaxial stretching, the FWHM increased upon stretching, 

indicating a decrease in ordering of PS domains. Interestingly, the FWHM suddenly 

decreased at a strain of 6.2 during uniaxial stretching and at strain 2.3 during equi-biaxial 

stretching, indicating a sudden increase in ordering of PS domains. Figure 2.14 (a) 2D 

SAXS patterns and (b) 1D SAXS profiles of SEBS upon uniaxial stretching at strains of 

5.9 and 6.2. In the stretching direction, the width of the diffraction peaks increased from 

the initial state, which was consistent with the result of FWHM. These results indicated 

a decrease in lattice ordering. Interestingly, the diffraction peak suddenly became sharper 

at a strain of 6.2. This change in the width in the profile may correspond to the possibility 

of transition of the lattice ordering during deformation. On the contrary, in the transverse 

direction, intensity of diffraction peak gradually decreased and increased again. It seems 

that the change from strain 5.9 and 6.2 is discontinuous. Therefore, at strain around 6, 

the locked state emerged by contacts of PS domains and extended PEB chains. The 

transition to the higher order structure occurred by releasing locked state. Figures 2.15 

(a) and (b) illustrate a schematic of the arrangement of the PS domains in the (110) and 

(200) planes observed from the top view of the original b.c.c. lattice during uniaxial 

stretching. The black line represents an alignment of the diffraction plane. The plane 

spacings of the (110) and (200) planes and the semiminor axis () of the PS domains in 

the transverse direction were calculated with increasing strain. It was found that the 

domains in the (200) plane started to come into contact with each other at a strain of 4. 
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This contact brought about changes in the ordering and deformation behavior of the 

lattice. The effect of domain contact became predominant when the PS domains in the 

(110) plane moved closer. At a strain of 5.9, the semiminor axis () of the PS domains 

was 7.6 nm with a plane spacing of 9.3 nm. Since the (200) plane already had domains 

that came into contact with each other, and ordering of the lattice became lower, some 

PS domains in the (110) plane might have come into contact with adjacent domains in 

this state. This contact was inferred as a factor that rearranged the PS domains, resulting 

in the reordering of PS domains. The sudden change in the scattering pattern and FWHM 

which indicate the ordering transition of PS domains was also observed during 

equi-biaxial stretching at the strain. Schematic illustration of the arrangement of the PS 

domains during equi-biaxial stretching is shown in Figure 2.16.  

 

 

Figure 2.14. (a) 2D SAXS patterns and (b) 1D SAXS profiles of SEBS upon uniaxial 

stretching at strains of 5.9 and 6.2. 
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Figure 2.15. Schematic illustration of an arrangement of PS domains in the (a) (110) and 

(b) (200) planes during uniaxial stretching. 
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Figure 2.16. Schematic illustration of an arrangement of PS domains in the (a) (110) and 

(b) (200) planes during uniaxial stretching. 

 

2.4 Conclusions 
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maximum length of PEB chains in the fully-extended state, leading to irreversible 

phenomena in the sample. The plane-independent phenomenon was still occur during 

uniaxial stretching, however, equi-biaxial stretching showed plane-dependent 

phenomenon. Equi-biaxial stretching showed a lower Ɛd-A than uniaxial stretching due to 

entanglement effect of PEB chains. After contact of PS domains, ordering suddenly 

increased at around strain 6 and 2 during uniaxial and equi-biaxial stretching, 

respectively, due to the release of locked state of PS domains and extended PEB chains. 

This is explained based on the sudden change in FWHM of the (211) diffraction peak 

and shift to smaller plane spacing.  
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Appendix 

 

Figure 2A.1. Calculation of the 2D pattern of the (110) plane of the b.c.c. lattice at initial 

state via the FFT. 

 

 

Figure 2A.2. Calculation of the 2D pattern of the (110) plane of the b.c.c. lattice in the 

case that the size of grain is much larger than beam size via the FFT. (dot-like pattern) 
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Figure 2A.3. Calculation of the 2D pattern of the (110) plane of the b.c.c. lattice in the 

case that the size of grain is much smaller than beam size via the FFT. (line-like pattern) 

 

Figure 2A.4. Magnified 1D SAXS profiles in (a) the X-axis and (b) Y-axis of SEBS 

during equi-biaxial stretching at 1 mm s-1 and 25 °C at various strains with the beam 

perpendicular to the film surface (through view). Black dot lines were obtained from the 

model calculation. 
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Figure 2A.5. q-range and azimuthal angle () of WAXS results during equi-biaxial 

stretching, which were used to calculate the intensity ratio. 
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Macroscopic Mechanical Response under Cyclic Uniaxial 
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3.1 Introduction 

The elastic property of elastomers is the ability that materials deformed by external 

force return to their original shape and size when the external force is removed. This 

elasticity originates from their network structures. During stretching, rubbery chains 

change their conformation from a gauche-rich to trans-rich state, leading to a decrease in 

entropy. This change in entropy produces a retractive force, which governs the elastic 

property of the elastomers 1. Poly(styrene-b-ethylene-co-butylene-b-styrene) (SEBS) 

consists of a rubbery poly(ethylene-co-butylene) (PEB) midblock and glassy polystyrene 

(PS) end blocks 2-6. Fractions of PS and PEB regulate the properties of SEBS. PS domains 

work as physical cross-linking points, whereas the PEB chains have high stretchability. 

There are two possible chain structures for midblocks: bridge and loop structures 7-8. 

Bridge chains connect neighboring PS domains, whereas loop chains exist around the PS 

domain. As the fractions of bridge and loop chains are closely related to tensile properties, 

they must be considered 7-9. 

When various types of rubber materials are subjected to cyclic deformation, 

hysteresis appears at a high strain during unloading. This phenomenon is well-known as 

the Mullins effect 10-14. Several physical interpretations have been proposed to explain 

the Mullins effect, including bond rupture in the network structure, filler rupture, 

molecular slippage, and disentanglement. Rupture of the interaction between rubber and 

fillers is also a possible cause of the Mullins effect 15. In the case of styrenic triblock 

copolymer elastomers, pulling out of the PS end blocks from their cross-linking points 

might be a cause of the Mullins effect. Most studies on the Mullins effect were discussed 

on the basis of cyclic uniaxial stretching. However, investigations only on the uniaxial 

stretching mode are insufficient to clarify the mechanical deformation behavior of 

elastomers 16-17. The observation of the Mullins effect during various types of 
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deformation is essential to determine the softening behavior of elastomers 14, 18-21. 

Urayama et al. investigated the Mullins effect for silica-filled-reinforced styrene 

butadiene rubbers under three types of extensions—uniaxial, planar and equi-biaxial 

extensions 21. Energy dissipation and residual strain increased in the order of equi-biaxial, 

planar, and uniaxial extensions with increasing volume fraction of the fillers. They 

concluded that the rupture of the filler network and interaction between fillers and the 

rubber matrix are major factors governing the dissipation. 

In Chapter 2, we have investigated the microdomain structure change in SEBS 

under two different deformation modes through small-angle X-ray scattering (SAXS) 

analysis, and observed that the contact of PS domains is one of the important factors 

governing the deformation behavior 6. Synchrotron X-ray radiation SAXS measurements 

22-32 can be utilized to identify the changes in the microdomain structure of elastomers 

during mechanical deformation in detail. However, the effect of cyclic deformation on 

the microdomain structures of SEBS has not been clarified yet. In this study, the effect 

of the stretching mode and cyclic stretching on the mechanical stretching behavior of 

SEBS, which is related to the Mullins effect, was investigated by in situ SAXS 

measurements. 

 

3.2 Experiments 

The procedure of the sample preparation was explained in section 2.2.1. Cyclic 

uniaxial and equi-biaxial tests were performed using custom-made uniaxial tensile tester 

(DIP Co.) and biaxial tester (JUNKEN MEDICAL Co., Ltd.), respectively. By using 

these testers, in situ SAXS measurements could be conducted. Film samples were 

stretched with loading–unloading cycles with increasing maximum stretching ratio (λm) 

for each cycle under uniaxial and equi-biaxial elongations at ~25 °C at 1 mm s-1. For 
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cyclic uniaxial stretching, the sample was stretched to λm = 2.3, 3.6, 4.8, 6.1, and 7.4. For 

cyclic equi-biaxial stretching, the sample was stretched to λm = 2.3, 3.0, 3.6, and 4.2. In 

situ synchrotron SAXS measurements were performed at 25 °C at the beamlines at the 

SPring-8 facility in Japan (BL40XU and BL05XU). Figure 3.1 shows schematic 

illustration of experimental set-up of in situ SAXS measurements during cyclic uniaxial 

and equi-biaxial stretching. The wavelength and size of the X-rays were 0.100 nm and 

150 × 150 μm2, respectively. The camera length was ~2 m. The exposure time was 0.5–

1.0 s. Two-dimensional (2D) SAXS patterns were obtained using a PILATUS 100k 

detector (DECTRIS, Ltd.). One-dimensional (1D) profiles along directions parallel and 

perpendicular to the stretching direction were obtained using the FIT2D software (ver. 

16.041, Andy Hammersley/ESRF, Grenoble, France). 

 

 

Figure 3.1. Schematic illustration of experimental set-up of in situ SAXS measurements 

during cyclic uniaxial and equi-biaxial stretching. 

 

3.3 Results and discussion 

3.3.1 Strain energy density function analysis 

Several models of strain energy density function (W) were considered to investigate 

the factors governing the mechanical properties of samples 17, 33-37. In this study, the W 
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values of the four models were investigated on the basis of the stress and stretching ratio 

(λ) relationship of equi-biaxial stretching and planar extension of SEBS. The molecular 

weights, polydispersity index, and glass transition temperature (Tg) of SEBS are 

summarized in Table 1. The films were stretched along the X-axis (λx) while maintaining 

the initial dimension along the Y-axis (λy = 1) under the planar extension mode. The 

classical neo-Hookean model was initially explored as it is the simplest model among 

other existing constitutive models. This model describes ideal rubber networks with 

infinite extensibility without structural defects. There is no change in volume, and 

𝜆𝑥𝜆𝑦𝜆𝑧 = 1 is satisfied. As SEBS exhibited strain hardening in the high-deformation 

region, which is a characteristic of non-Gaussian statistics, Gent, extended Gent 34, and 

Ogden models 17, 36 were applied to investigate the relationship of stress and λ of SEBS, 

as they have been used to describe the non-linear elasticity of various elastomeric 

materials. W of neo-Hookean model is given by 

𝑊 = 
𝐺

2
(𝜆𝑥

2 + 𝜆𝑦
2 + 𝜆𝑧

2 −  ) =  
𝐺

2
(𝐼1 −  )              (3.1) 

where G is shear modulus, 𝜆𝑖 (i = x, y, z) is principal extension ratio and I1 is the first 

invariant of the Green’s deformation tensor, respectively. The stress–λ relationships of 

neo-Hookean model are shown in following equations: 

  𝜎𝐸𝐵 =  𝐺(𝜆𝑥 − 𝜆𝑥
−5)                (3.2) 

𝜎𝑃𝐸−𝑋 =  𝐺(𝜆𝑥 − 𝜆𝑥
−3)                (3.3) 

 𝜎𝑃𝐸−𝑌 =  𝐺(1 − 𝜆𝑥
−2)                (3.4) 

𝜎𝐸𝐵, 𝜎𝑃𝐸−𝑋 and 𝜎𝑃𝐸−𝑌 are defined as stress of biaxial stretching, planar extension in X- 

and Y-axes, respectively. Since SEBS showed strain hardening at high deformation 

region which is a characteristic of non-Gaussian statistics, Gent, extended Gent 34 and 
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Ogden models 17, 36 were applied to investigate the relationship of stress and λ of SEBS 

as they have been used to describe the non-linear elasticity of various elastomeric 

materials. Strain energy density function of the Gent model is expressed as 33-34 

 𝑊 = −
𝐺

2
(𝐼𝑚 −  )𝑙𝑛 (1 −

𝐼1−3

𝐼𝑚−3
)               (3.5) 

The relationship of stress–λ in the Gent model is given as 

𝜎𝐸𝐵 =
𝐺(𝜆𝑥−𝜆𝑥

−5)

1−(2𝜆𝑥
2−𝜆𝑥

−4−3)/(𝐼𝑚−3)
                (3.6) 

𝜎𝑃𝐸−𝑋 =
𝐺(𝜆𝑥−𝜆𝑥

−3)

1−(𝜆𝑥
2−𝜆𝑥

−2−2)/(𝐼𝑚−3)
               (3.7) 

𝜎𝑃𝐸−𝑌 =
𝐺(1−𝜆𝑥

−2)

1−(𝜆𝑥
2−𝜆𝑥

−2−2)/(𝐼𝑚−3)
               (3.8) 

Im is the maximum value of I1 in biaxial stretching and planar extension modes where the 

stress becomes infinite. The extended Gent model was proposed as a sum of Gent model 

and a linear term of the second invariant of Green’s deformation tensor (I2), where 𝐼2 =

𝜆𝑥
2𝜆𝑦

2 + 𝜆𝑦
2𝜆𝑧

2 + 𝜆𝑧
2𝜆𝑥

2
. Strain energy density function in the addition of I2 is the 

function that can explain the strain-coupling effect, given in the following equation: 

           𝑊 = −
𝐶1

2
(𝐼𝑚 −  )𝑙𝑛 (1 −

𝐼1−3

𝐼𝑚−3
) +

𝐶2

2
(𝐼2 −  )              (3.9) 

The stress–λ relationship of each deformation mode in extended Gent model is expressed 

as 

𝜎𝐸𝐵 =
𝐶1(𝜆𝑥−𝜆𝑥

−5)

1−(2𝜆𝑥
2−𝜆𝑥

−4−3)/(𝐼𝑚−3)
+ 𝐶2(𝜆𝑥

3 − 𝜆𝑥
−3)            (3.10) 

   𝜎𝑃𝐸−𝑋 =
𝐶1(𝜆𝑥−𝜆𝑥

−3)

1−(𝜆𝑥
2−𝜆𝑥

−2−2)/(𝐼𝑚−3)
+ 𝐶2(𝜆𝑥 − 𝜆𝑥

−3)            (3.11) 

      𝜎𝑃𝐸−𝑌 =
𝐶1(1−𝜆𝑥

−2)

1−(𝜆𝑥
2−𝜆𝑥

−2−2)/(𝐼𝑚−3)
+ 𝐶2(𝜆𝑥

2 − 1)            (3.12) 
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C1 and C2 are the fitting parameter, which were independently. The C1 and C2 are related 

to G, as G = C1+C2. C1 is almost the same value of G and C2 is related to the stress 

coupling of different axes. W of the Ogden model is expressed as 

      𝑊 = ∑
𝜇𝑛

𝛼𝑛
(𝜆𝑥

𝛼𝑛 + 𝜆𝑦
𝛼𝑛 + 𝜆𝑧

𝛼𝑛 −  )𝑛                         (3.13) 

Additional terms μ and  were introduced to achieve a good fit to the experimental data. 

The stress–λ relationships of the Ogden model are shown in the following equations:  

𝜎𝐸𝐵 = 
1

𝜆𝑥
∑ 𝜇𝑛(𝜆𝑥

𝛼𝑛 − 𝜆𝑥
−2𝛼𝑛)𝑛              (3.14) 

𝜎𝑃𝐸−𝑋 = 
1

𝜆𝑥
∑ 𝜇𝑛(𝜆𝑥

𝛼𝑛 − 𝜆𝑥
−𝛼𝑛)𝑛              (3.15) 

     𝜎𝑃𝐸−𝑌 = ∑ 𝜇𝑛(1 − 𝜆𝑥
−𝛼𝑛)𝑛              (3.16) 

𝜎𝐸𝐵, 𝜎𝑃𝐸−𝑋 and 𝜎𝑃𝐸−𝑌 are defined as stress of equi-biaxial stretching, planar extension 

in X- and Y-axes, respectively. 

Figure 3.2 illustrates (a) the relationships between λ and the stress of SEBS during 

equi-biaxial stretching and planar extension and (b) the data in the small λ region, 

respectively. The initial moduli of equi-biaxial stretching and planar extension in the X- 

and Y-axes were consistent with the infinitesimal linear elasticity theory, as these moduli 

were approximately 6G, 4G, and 2G, respectively 38. Plots of the model analysis are 

shown in Figure 3.3. As shown in Figure 3.3 (a), the prediction of the neo-Hookean 

model did not fit the experimental data. This is because the tensile properties of SEBS 

were not consistent with the assumptions of this model. Considering the finite 

extensibility effect, Gent, extended Gent, and Ogden models were introduced to 

determine the tensile properties of SEBS. From Figure 3.3 (b), the Gent model did not fit 

well with the experimental data of SEBS, indicating that additional factors should be 

considered. The value of stress ratio (σy/σx) of the planar extension test with various λx 
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was calculated to investigate the coupling between the X- and Y-axes, as shown in 

Figure 3.3 (e). It was found that σy/σx lies above the predictions of the neo-Hookean and 

Gent models (dashed line), suggesting that the cross-effect of strains in different 

directions affects the deformation of SEBS. The cross-effect is represented by the second 

invariant of the deformation tensor (I2) and observed by specific entanglement, excluded 

volume effect, and other aspects. Therefore, an extended Gent model considering the 

cross-effect of strain represented by I2 was applied. However, as shown in Figure 3.3 (c), 

the extended Gent model was not in good agreement with the experimental data of SEBS. 

The advantage of Gent and extended Gent models is that the parameters from these 

models can be interpreted as the molecular properties of elastomers; however, they are 

unable to predict the properties in the entire range of strain of SEBS. Therefore, the 

Ogden model was employed in this study. The set of parameters μ and  was determined 

as a constant value for each sample, which was independent of the deformation mode. 

The number of terms μ and  were included by summation to yield a good fitting result 

to the experimental data. As shown in Figure 3.3 (d), the experimental data of SEBS 

during equi-biaxial stretching and planar extension tests were satisfactorily described by 

the Ogden model using two terms (n=2) of the parameter set of μ and . The constant 

values of μ1 = 1.2 and 1 = 0.25 along with μ2 = 0.29 and 2 = 2.22 showed the best fit 

with the experimental data of SEBS. 
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Figure 3.2. (a) Relationships between λ and stress of SEBS during equi-biaxial stretching 

and planar extension (experimental data). (b) Data of (a) at a small deformation region. 
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Figure 3.3. Relationships between real λ and stress of SEBS during equi-biaxial 

stretching and planar extension. Line curves correspond to the prediction of (a) 

neo-Hookean, (b) Gent, (c) extended Gent and (d) Ogden models. (e) Stress ratio (σy/σx) 

as a function of λx in planar extension of SEBS. The dashed line is the prediction of the 

neo-Hookean and Gent models. 
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3.3.2 Stress–λ relationship of SEBS during cyclic stretching 

To investigate the mechanical stretching behavior of SEBS, films were stretched 

with loading–unloading cycles of various λms under uniaxial and equi-biaxial elongations 

at 25 °C. Figure 3.4 (a) and (b) show the stress–λ relationship of cyclic uniaxial and 

equi-biaxial stretching at 1 mm s-1 and 25 °C, respectively. The stress during unloading 

processes exhibited smaller magnitudes than during the loading processes for cyclic 

uniaxial stretching, as shown in Figure 3.4 (a). This decrement became larger with 

increasing λm. The permanent set also increased with increasing λm. In contrast, the stress 

during the loading and unloading processes exhibited similar values for cyclic 

equi-biaxial stretching and smaller permanent sets, as shown in Figure 3.4 (b). In other 

words, the hysteresis for the cyclic equi-biaxial stretching mode was smaller than that for 

the cyclic uniaxial stretching mode. 

 

 

Figure 3.4. Stress–λ relationship of SEBS under (a) cyclic uniaxial stretching and (b) 

cyclic equi-biaxial stretching at 1 mm s-1 and 25 °C. 
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Quantitative analysis was performed to discuss the hysteresis of the two 

deformation modes based on the calculation of dissipation energy (D). Figure 3.5 shows 

the relationship between the dissipation factor (Δ) and λm of each cycle of cyclic uniaxial 

and equi-biaxial elongations. Δ, calculated from the ratio of D to stored elastic energy in 

the virgin loading process (W0), can be used to compare D of different deformation 

modes and λ with respect to W0 
21. D is the energy consumption of the rubber chains 

during cyclic deformation, thus a high D indicates high hysteresis. The equations are as 

follows: 

∆ =  
𝐷

𝑊0
               (3.17) 

𝐷 =  𝑊𝑙𝑜𝑎𝑑 − 𝑊𝑢𝑛𝑙𝑜𝑎𝑑              (3.18) 

where Wload and Wunload are the stored elastic energy in the loading process and released 

elastic energy in the unloading process, respectively. For the cyclic uniaxial stretching, 

Δ increased with increasing λm of each cycle, which was not observed for the cyclic 

equi-biaxial stretching. This difference in the energy dissipation for the two modes was 

suggested to be mainly from the network of PEB chains, which impart stretchability to 

SEBS. Energy loss in SEBS during the cyclic test could be a result of irreversible 

structural changes during deformation, such as pulling out and slipping of PEB chains 

from the PS domains. A detailed discussion will be provided in a later section. 
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Figure 3.5. Relationship between  and λm of each cycle during cyclic uniaxial and 

equi-biaxial stretching at 1 mm s-1. 
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Figures 3.6 and 3.7 show the SAXS patterns and profiles of SEBS during cyclic uniaxial 

and equi-biaxial stretching, respectively. Discussion of the cyclic uniaxial stretching 

mode will refer only to the arrangement of PS domains along the stretching direction. 

Three diffraction peaks shifted to the lower q region during the loading process and 

continuously shifted back during the unloading process. These shifts imply a change in 

the plane spacing (d) during stretching. Thus, the plane spacing of the PS domains 

increased with increasing λ during the loading process and decreased with decreasing λ 

during the unloading process. In the case of cyclic equi-biaxial stretching mode, three 

diffraction peaks shifted to the lower q region during the loading process and shifted back 

during the unloading process. However, it was found that the position of the diffraction 

peaks after the unloading process of each cycle slightly shifted to the lower q region. This 

shift of the diffraction peaks from an initial position implies that the plane spacing of PS 

domains did not completely return to its original position; however, it slightly increased 

after the unloading process. An increase in the plane spacing implies that residual λ 

slightly occurred in the structure of SEBS during cyclic equi-biaxial stretching. 
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Figure 3.6. (a) SAXS patterns of SEBS during cyclic uniaxial stretching at 1 mm s-1 and 

25 °C at various λs; (b) profiles obtained from (a) in the stretching direction.  

 

0 0.5 1
q / nm-1

0 0.5 1

In
te

ns
it

y
 /

 c
p

s

0 0.5 10 0.5 1 0 0.5 100 0

1st cycle 2nd cycle 3rd cycle 5th cycle

1 λ = 1
2 λ = 1.3
3 λ = 1.5
4 λ = 1.8
5 λ = 2.0
6 λm = 2.3
7 λ = 2.0
8 λ = 1.8
9 λ = 1.5
10 λ = 1.3
11 λ = 1

1 λ = 1
2 λ = 1.5
3 λ = 2.0
4 λ = 2.5
5 λ = 3.0
6 λm = 3.6
7 λ = 3.0
8 λ = 2.5
9 λ = 2.0
10 λ = 1.5
11 λ = 1

1 λ = 1
2 λ = 1.8
3 λ = 2.5
4 λ = 3.3
5 λ = 4.1
6 λm = 4.8
7 λ = 4.1
8 λ = 3.3
9 λ = 2.5
10 λ = 1.8
11 λ = 1

1 λ = 1
2 λ = 2.3
3 λ = 3.6
4 λ = 4.8
5 λ = 6.1
6 λm = 7.4
7 λ = 6.1
8 λ = 4.8
9 λ = 3.6
10 λ = 2.3
11 λ = 1

1
2
3
4
5
6

7
8
9

10
11

1
2
3
4
5
6

7
8
9
10
11

1
2
3
4
5
6

7
8
9
10
11

1
2
3
4
5
6

7
8
9
10
1110

11
4th cycle

1 λ = 1
2 λ = 2.0
3 λ = 3.0
4 λ = 4.1
5 λ = 5.1
6 λm = 6.1
7 λ = 5.1
8 λ = 4.1
9 λ = 3.0
10 λ = 2.0
11 λ = 1

1
2
3
4
5
6
7
8
9

0

(a)

λm = 2.3

0.2 nm-1

λm = 3.6

0.2 nm-1

λm = 4.8

0.2 nm-1

λm = 6.1

0.2 nm-1

λm = 7.4

0.2 nm-1

(b)

λ = 1

0.2 nm-1

Stretching direction



 

 

62 

 

 

Figure 3.7. (a) SAXS patterns of SEBS during cyclic equi-biaxial stretching at 1 mm s-1 

and 25 °C at various λs; (b) profiles obtained from (a) in the X-axis. 
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out of PS end blocks, rupture of PEB chains, and rupture of PS domains, might have 

occurred during cyclic stretching. This irreversibility was correlated with the deviation 

of the arrangement of PS domains from the affine deformation. The degree of deviation 

increased with increasing λm. The λSAXS of the unloading process showed a slightly larger 

deviation than the loading process of each cycle. This result was correlated with the 

hysteresis observed from the curves of the stress–λ relationship. 

Figure 3.8 (b) shows λ of plane spacing obtained from SAXS (λSAXS) with various 

orientation angles of the crystal plane (ω) during cyclic uniaxial stretching. The deviation 

was observed in various orientations of the crystal plane in SEBS, as shown in Figure 3.8 

(b). The λSAXS measured at various ω at λ = 1.51 and 2.28 of the first loading showed 

good agreement with the theoretical curve of the affine deformation (line curves), which 

was calculated from equation (3.19) 40. 

𝜆theory SAXS = [𝛼𝑥
2𝑐𝑜𝑠2𝜔 + (1/𝛼𝑥)𝑠𝑖𝑛

2𝜔]1/2            (3.19) 

where x is the macroscopic strain and ω is the orientation angle of the crystal plane. An 

additional explanation is included in Figure 3.9. In contrast, the λSAXS measured during 

unloading and reloading processes clearly deviated from the theoretical affine 

deformation curve for various orientations of the crystal plane. At λ = 4.84 of the third 

cycle, the deviation from the affine deformation was clearly observed. 
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Figure 3.8. Relationship between (a) λ of SEBS and λSAXS(110) obtained during cyclic 

uniaxial stretching at 1 mm s-1, (b) λSAXS with various ω values during cyclic uniaxial 

stretching at 1 mm s-1. Line plots are the theoretical curves of the affine deformation.  
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Figure 3.10 shows the relationship between λ and λSAXS at λms of 2.3, 3.0, 3.6, and 

4.2 during cyclic equi-biaxial stretching. In this case, SEBS also showed affine 

deformations in the small λ region. Then, the deviation slightly occurred with increasing 

λm. However, the deviation during cyclic equi-biaxial stretching was smaller than that 

during cyclic uniaxial stretching. Furthermore, in the larger strain region, the crystal 

plane dependence on the deviation from affine deformation was observed during cyclic 

equi-biaxial deformation. Figure 3.11 shows a schematic illustration of the arrangement 

of PS domains in (110), (200), (211), (220), and (310) crystal planes of the bcc lattice. 

Crystal planes with small periods, such as (220) and (310), tended to show large 

deviations. Several PEB bridge chains seems to exist at the 1st and 2nd nearest positions 

between PS domains ((√3/2)a and a), where a is the lattice length of the bcc lattice. For 

the (110), (200), and (211) planes, the direction of bridges is almost perpendicular to each 

plane, whereas that for (310) is almost parallel. Furthermore, the number of PEB chains 

between each (310) plane is smaller compared to that between other planes, and there are 

no PEB chains between PS domains placed in the (310) planes. Thus, the elastic property 

of the (310) planes might be lower than those of the (110), (200), and (211) planes, 

resulting in larger deviation of (310) from affine deformation. 

The smaller hysteresis and deviation from the affine deformation of the cyclic 

equi-biaxial stretching mode can be discussed on the basis of the relationship between 

the types of PEB bridge chains and the cross-effect of strain. There are three types of 

PEB bridge chains between the PS domains in SEBS. These are defined as the 1st, 2nd, 

and 3rd nearest PS domains, and their distances are (√3/2)a, a, and √2a, respectively, 

where a is the lattice length of the bcc lattice. These different distances between PS 

domains may have caused the deviation of σy/σx from the prediction of the neo-Hookean 

and Gent models, as shown in Figure 3.3 (e). Furthermore, a specific entanglement effect 
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may exist, which could be attributed to the entangled loops. Figure 3.12 shows a 

schematic illustration of the occurrence of nominal cross-linking points during 

equi-biaxial stretching. For SEBS, the entangled loop effect seemed to be more evident 

during equi-biaxial stretching than uniaxial stretching. This entangled loop effect might 

be induced by the topological effect during equi-biaxial stretching. Entangled loop of 

PEB chains might serve as additional cross-linking points to the physical one, PS 

domains, resulting in smaller hysteresis during equi-biaxial stretching. 
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Figure 3.10. Relationship between λ and λSAXS with various λms of (a) 2.3, (b) 3.0, (c) 

3.6, and (d) 4.2 of each cycle during cyclic equi-biaxial stretching at 1 mm s-1. 
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Figure 3.11. Schematic illustration of the arrangement of PS domains in (a) (110), (b) 

(200), (c) (211), (d) (220) and (e) (310) crystal planes of the bcc lattice. 

 

 

Figure 3.12. Schematic illustration of the occurrence of nominal cross-linking points 

during equi-biaxial stretching. 
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entangled loop. The entangled loop effect might be the main factor for small hysteresis 

and deviation from affine deformation during equi-biaxial stretching. 
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Chapter 4 

Effect of multiaxial deformation modes on 

microphase-separated structure of styrenic triblock 

copolymer 
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4.1 Introduction 

To investigate the deformation mechanism of SEBS, effect of deformation mode 

on mechanical properties and the microphase-separated structure of the sample is another 

important point to be taken into account. There are various common mechanical 

deformation modes, including uniaxial stretching, equi-biaxial stretching, planar 

extension1-3, shear, compression4-5 and bulge tests6-11. Deformation of SEBS during 

uniaxial and equi-biaxial stretching were investigated in Chapter 2. Compression and 

bulge tests are considered multiaxial deformation modes. Apart from a well-known 

equi-biaxial testing. these two modes are useful to understanding the mechanical 

propertied of polymer films as the deformation conditions are quite similar to practical 

applications. Small amount of sample was required to perform the compression and bulge 

test. Deformation behaviors of the sample during bulge test was proposed to be 

equivalent to the compression test as extension in multi-directions together with 

one-dimensional compression occurred during both deformation modes. However, the 

applied force was in the different direction. Moreover, the deformation in edge view of 

compressed sample was proposed to relate to transverse direction of equi-biaxial 

stretching, which occurred to keep the volume constant. 

In this chapter, microphase-separated structure of SEBS during equi-biaxial 

stretching was compared to compression and bulge tests using in situ SAXS measurement. 

An arrangement and deformation of PS domains during these three modes would be 

discussed. 

 

4.2 Experiment 

The procedure of the sample preparation was explained in section 2.2.1. Specimens 

were cut into a rectangular shape with dimensions of 20×20 mm2 for equi-biaxial and 
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15×15 mm2 for bulge test. For compression test, SEBS films were stamped into 

cylindrical shape with diameter of 3 mm. Experimental set-up of equi-biaxial stretching 

was described in Chapter 1. Figures 4.1 (a) and (b) illustrated the set-up of SEBS during 

compression and bulge tests, respectively. For compression testing, the specimen was set 

between parallel sapphire glasses and compressed at 10 μm s-1. For bulge testing, and 

experimental set-up have been described in detail elsewhere.10 Pressure was applied with 

a rate of 0.2 kPa s-1. The synchrotron radiation X-ray scattering measurements were 

conducted with the BL05XU beamlines in the SPring-8 facility in Japan. Figure 4.2. 

shows schematic illustration of experimental set-up of in situ SAXS measurements 

during equi-biaxial stretching, compression and bulge testing. The beam size at the 

samples was 150 × 150 μm2. The wavelength of the X-ray was 0.100 nm, and the 

sample-to-detector distance was 4 m for SAXS. Samples were exposed to the X-ray beam 

for 0.5-1 s at ambient temperature. For bulge test, SAXS patterns were taken with the 

beam perpendicular to the film surface (through view). For compression test, SAXS 

patterns were taken with the beam perpendicular to the film surface (through and edge 

view). 2D-scattering patterns of SAXS were obtained from a PILATUS 1M detector 

(DECTRIS Ltd) with a total pixel size of 172 × 172 µm2. Data were converted from 2D 

patterns to 1D profile by integrating with FIT2D (ver. 16.041, Andy Hammersley/ESRF, 

Grenoble, France). 
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Figure 4.1. Experimental set up of SEBS during (a) compression and (b) bulge tests. 

 

 

Figure 4.2. Schematic illustration of experimental set-up of in situ SAXS measurements 

during equi-biaxial stretching, compression and bulge testing. 

 

4.3 Results and discussion 

4.3.1 Stress-strain relationship 

Figure 4.3 displays stress-strain curves of equi-biaxial stretching, compression and 

bulge tests. Stress and strain of bulge test were calculated from the following equation:11 

𝑆𝑡𝑟𝑒𝑠𝑠 (𝜎) =
𝑃𝑅

2𝑡
=

𝑃(𝑎2+ℎ2)

4𝑡ℎ
    (4.1) 

𝑆𝑡𝑟𝑎𝑖𝑛 (𝜀) =
𝑠−𝑠0

𝑠𝑠
    (4.2) 
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𝑠 = 𝜃𝑅 = tan−1 (
ℎ

𝑎
)

2(𝑎2+ℎ2)

ℎ
   (4.3) 

where s is the arc length, s0 is the initial arc length, P is the applied pressure, h is the 

bulge height, t is the sample thickness, a is the film radius, and θ and R are the angle and 

the bulge radius of curvature, respectively. Samples of equi-biaxial stretching and bulge 

tests were stretched until ruptured. Samples under bulge test was considered to deform 

in multiaxial directions. Equi-biaxial stretching and bulge tests showed almost same 

initial modulus. However, equi-biaxial stretching showed larger strain at break than that 

of bulge test, which could be because larger entanglement effect of PEB chains during 

multiaxial stretching of bulge test. For compression test, the sample was compressed to 

strain -0.9 to observe the stress. Minus sign of strain refers to the opposite direction to 

the stretching direction of other deformation modes.  

 

Figure 4.3. (a) Stress-strain curves of SEBS samples during equi-biaxial stretching, 

bulge and compression tests at 25 °C. (b) Magnified stress-strain curve of compression 

test. 
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4.3.2 Microdomain structure change of SEBS during various deformation modes 

In situ SAXS measurement was performed during equi-biaxial stretching, 

compression, and bulge tests. Equi-biaxial stretching results which was discussed in 

Chapter 1, was adopted to compare the deformation behaviors with compression and 

bulge tests as they are multiaxial deformation modes. Figures 4.4, 4.5, 4.6 and 4.7 show 

2D SAXS patterns and 1D SAXS profiles of SEBS during equi-biaxial stretching, bulge, 

and edge and through view of compression tests, respectively. For bulge test, an 

observation position was at the center of the sample as it was proposed to be the position 

that sample was deformed isotropically in multiaxial directions. SAXS results were 

analyzed from X- and Y-axes for comparing the results from two different directions. It 

was found that three diffraction peaks of SEBS shifted to lower q region in two directions 

during equi-biaxial stretching, bulge test and through view of compression tests. On the 

other hand, the diffraction peaks shifted to higher and lower q region in compressing and 

transverse direction, respectively. This shift of the diffraction peaks insists that domain 

spacing of PS domains increased with increasing strain during equi-biaxial stretching, 

bulge, and through view of compression tests. For edge view of compression test, the 

spacing of PS domains decreased and increased in compressing and transverse directions, 

respectively. Deformation of the sample in through view of compression test was 

considered to be same as under equi-biaxial stretching. The sample was totally attached 

to the sapphire glasses during compression test, leading to the possibility that the 

compressive force on each position of the sample was equivalent. Different characteristic 

of 2D SAXS patterns was found in each deformation mode. Explanation was discussed 

based on the calculation of scattering pattern using Fast Fourier Transform (FFT). The 

calculated patterns are shown in the Appendix of Chapter 2 (Figures 2A.1 to 2A.3). 

Scattering patterns are related to the characteristic features of reflection planes of the 
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paracrystalline lattice.12 In the case that the size of grain is much larger than beam size, 

a dot-like pattern is observed. In contrast, a line-like pattern emerges when the size of 

grain is smaller. For equi-biaxial stretching and compression test, the ring pattern 

contained dot-like and line-like characteristics when the sample was stretched. Due to 

the random-oriented multigrain structure of SEBS, it is feasible that different sizes of 

grain occurred, resulting in the combination of two types of patterns. For bulge tests, 

dot-like characteristic was obviously observed from 2D SAXS patterns, indicating that 

large grain occurred during deformation. The different characteristic of 2D SAXS 

patterns of equi-biaxial stretching, compression and bulge test suggest that biaxial and 

multiaxial deformation affect the deformation in mesoscopic structure of SEBS. 

 

 

Figure 4.4. (a) 2D SAXS patterns of SEBS during equi-biaxial stretching at 1 mm s-1 

and 25 °C at various strains with the beam perpendicular to the film surface (through 

view). (b) 1D SAXS profiles obtained from (a) in the X-axis and (c) Y-axis. Black dot 

lines were obtained from the model calculation. 
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Figure 4.5. (a) 2D SAXS patterns of SEBS during bulge test at 25 °C at various strains 

with the beam perpendicular to the film surface (through view). (b) 1D SAXS profiles 

obtained from (a) in the X-axis and (c) Y-axis.  

 

 

Figure 4.6. (a) 2D SAXS patterns of SEBS during compression test at 10 μm s-1 and 

25 °C at various strains with the beam perpendicular to the film surface (edge view). (b) 

1D SAXS profiles obtained from (a) in the compressing and (c) transverse directions.  
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Figure 4.7. (a) 2D SAXS patterns of SEBS during compression test at 10 μm s-1 and 

25 °C at various strains with the beam perpendicular to the film surface (through view). 

(b) 1D SAXS profiles obtained from (a) in the compressing and (c) transverse directions. 
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Calculation method was described in Chapter 2. Average length of semiaxes of PS 

domains increased after the film sample was initially stretched by the applied pressure 

and remained constant. It can be stated that an increasing in film strain during bulge test 

led to an increase in domain spacing. However, deformation of PS domains occurred 

only in the initial state of film deformation. Large entanglement effect of the PEB chains 

during bulge test might be a reason that limit the deformation of PS domains. 

 

Figure 4.8. Deformation behaviors of SEBS during bulge test with increasing strain. (a) 

Relationship between real strain and d/d0. (b) Average length of semiaxes of PS 

domains. 

 

Figures 4.9 (a), (b), (c), and (d) illustrate relationship between real strain and d/d0 

in compressing and transverse direction of edge view, through view, and average length 

of semiaxes of PS domains during compression test. It was found that SEBS did not 

exhibit affine deformation, which might be because PS domains cannot arrange 

0

0.5

1

1.5


d

/d
0

 (110)

7.85

7.9

7.95

8

8.05

0 0.2 0.4 0.6 0.8 1 1.2 1.4

A
v
er

ag
e 

le
n
g
th

 o
f 

se
m

im
aj

o
r 

ax
es

o
f 

P
S

 d
o
m

ai
n
s 

(n
m

)

Real strain

0

(a)

(b)



 

 

84 

 

themselves well during the compression force. The deformation of PS domains during 

compression test was elucidated from form factor results. As both edge and through 

views can be obtained from compression test, deformation of PS domains in three-

dimension was investigated. In edge view, the form factor shifted toward the higher and 

lower q region in compressing and transverse direction, respectively. In case of through 

view, the form factor shifted toward the lower q region in both the X- and Y-axis, 

indicating isotropic deformation along the two axes. These results confirm the 

transformation of spherical PS domains to oblate spheroid during compression test. 

Semimajor and semiminor axes were calculated from the form factor of edge view in 

compressing direction and through view, respectively. The semiminor axis of oblate 

spherical PS domains clearly increased, while the semimajor axis decreased with 

increasing strain, as shown in Figure 4.9 (d).  
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Figure 4.9. Deformation behaviors of SEBS during compression test with decreasing 

strain. Relationship between real strain and d/d0 (a) edge view of compressing direction. 

(b) edge view of transverse direction. (c) through view of compression test. and (d) 

Average length of semiaxes of PS domains. 
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4.4 Conclusions 

 An arrangement and deformation of PS domains during compression and bulge 

tests were investigated to compare with equi-biaxial stretching using in situ SAXS 

measurement. Bulge tests was considered a multiaxial deformation, while compression 

test and equi-biaxial stretching were similar. Different characteristics in 2D patterns three 

deformation modes were observed. Dot-like patterns were clearly observed in the 2D 

patterns of the bulge test, indicating that large grains mostly occurred in SEBS during 

multiaxial deformation mode. On the contrary, the combination of dot-like and line-like 

patterns was observed during equi-biaxial stretching and compression test, suggesting 

that different size of gain occurred when SEBS was stretched simultaneously in only two 

directions. Simple arrangement of PS domains was observed at small strain during 

equi-bixial stretching and bulge tests, however, it was not observed in both view of 

compression test. This result indicates an effect of the direction of applied force in the 

sample deformation. In all deformation modes, spherical PS domains transformed to 

oblate spheroid. The deformation of PS domains during bulge test occurred only in the 

initial state. Large entanglement effect of the PEB chains during bulge test might be a 

reason that limit the deformation of PS domains. For compression test, the semimajor 

and semiminor axes increased and decreased with increasing strain. 
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Conclusions 

In situ synchrotron radiation SAXS measurements revealed a change in the 

microphase-separated structure of SEBS during various deformation modes. In Chapter 

2, an orientation of the PEB chains as well as an arrangement and deformation of PS 

domains were investigated. WAXS measurements revealed the orientation of the PEB 

chains during uniaxial stretching only at high strain region, however, no orientation was 

found during equi-biaxial stretching. From SAXS results, spherical PS domains 

transformed to prolate spheroids during uniaxial stretching and to oblate spheroids during 

equi-biaxial stretching. Both deformation modes similarly followed the affine 

deformation up to the certain strain (Ɛd-A) due to the simple arrangement of PS domains 

and the extension of PEB chains. Ordering of PS domains decreased upon stretching. 

Above Ɛd-A, PS domains came into contact with each other in the transverse direction, 

and the distance between PS domains reached the maximum length of PEB chains in the 

fully-extended state, leading to irreversible phenomena in the sample. The 

plane-independent phenomenon was still occur during uniaxial stretching, however, 

equi-biaxial stretching showed plane-dependent phenomenon. Equi-biaxial stretching 

showed a lower Ɛd-A than uniaxial stretching due to entanglement effect of PEB chains. 

After contact of PS domains, ordering suddenly increased at around strain 6 and 2 during 

uniaxial and equi-biaxial stretching, respectively, due to the release of locked state of PS 

domains and extended PEB chains. This is explained based on the sudden change in 

FWHM of the (211) diffraction peak and shift to smaller plane spacing.  

In Chapter 3, the mechanical stretching behavior of SEBS was investigated under 

three different stretching modes and through in situ SAXS analysis. The cross-effect of 

strain represented by second invariants of the deformation tensor (I2) was identified, and 

only the Ogden model could be used to fit the data. In the cyclic stretching test, SEBS 
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exhibited smaller hysteresis and deviation from the affine deformation during cyclic 

equi-biaxial stretching than that during uniaxial stretching. The cross-effect of strains in 

different directions may be attributed to the (1) existence of three different lengths of 

PEB bridge chains between PS domains, (2) pulling out of PS end blocks from PS 

domains, and (3) presence of the entangled loop. The entangled loop effect might be the 

main factor for small hysteresis and deviation from affine deformation during 

equi-biaxial stretching. 

In Chapter 4, an arrangement and deformation of PS domains during compression 

and bulge tests were investigated to compare with equi-biaxial stretching using in situ 

SAXS measurement. Bulge test was considered a multiaxial deformation, while SEBS 

under compression test was considered a biaxial stretching test. Simple arrangement of 

PS domains was observed at small strain during equi-bixial stretching and bulge tests, 

however, it was not observed in both view of compression test. This result indicates an 

effect of the direction of applied force in the sample deformation. In all deformation 

modes, spherical PS domains transformed to oblate spheroid. The deformation of PS 

domains during bulge test occurred only in the initial state. Large entanglement effect of 

the PEB chains during bulge test might be a reason that limit the deformation of PS 

domains. For compression test, the semimajor and semiminor axes increased and 

decreased with increasing strain. 

From these studies, the results showed that glassy PS domains deformed during 

various deformation modes. This deformation could be because low molecular weight of 

PS in SEBS sample in this study. To improve the mechanical properties of SEBS, an 

increase in rigidity of PS domains was suggested. Possible ways might be an increase in 

molecular weight of the domains and the addition of some miscible polymer into the PS 

domains to increase the toughness of the sample.  
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