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Conclusions

Introduction

・In the tensile shear deformation process, shear stress is applied diagonally from the elongation direction, and the stress direction changes 

to the tensile direction as the strain increases. 
・From the SAXS measurement during cyclic test, it was suggested that there were the stress distribution in the SLJ adhesive layer, and the 

maximum stress is applied at the sample end.

Materials, Experiments, Result and Discussion

Objective

・Reducing the weight
・Design flexibility

https://toyota.jp/mirai/grade/

Adhesives for automotive 

・Safety
・Reliability

Advantages Some problems
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Stress distribution 

Tensile test
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Single-Lap Joint (SLJ) 

The deformation behavior of in-situ
structural information of PU

・small-angle X-ray scattering (SAXS) 
・birefringence
・fourier transform infrared 

spectroscopy 
and so on.
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Polyurethane (PU) ・multi-block copolymer 
・microphase-separated structure
・strong hydrogen bond of hard segments 

Polyol

Soft segment

Diisocyanate

Diol

Hard segment Urethane group

By using 

Changes in the molecular aggregation structure of
the PU adhesive during the tensile shear
deformation process are analyzed using
synchrotron radiation μ-beam SAXS measurement.

PPG
Mn = 725, 1,000 or 2,000

Poly(oxypropylene) glycol

BD

1,4-butanediol

MDI

4,4’-diphenylmethane 

diisocyanate

Soft segment Hard segment

Sample name
Mn (GPC*)

/ gmol-1
Mw/Mn

hard segment 

contents / wt%

PPG725-MD-BD 33,000 1.95 47

PPG1000-MD-BD 131,000 2.95 37

PPG2000-MD-BD 50,000 2.22 24
Prepared PU adhesive with difference urethane group contents

Molecular ratio PPG : MDI : BD = 1 : 2.08 : 1

Polymerization of PU adhesive（Prepolymer method） Differential scanning 
calorimetry(DSC) Dynamic Viscoelasticity

Condition
Heat rate : 10℃ / min
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Condition
Heat rate : 1℃ / min

frequency：11 Hz

Sample name Tg, SS / ℃ Tm, HS / ℃
hard segment 

contents / wt%

PPG725-MD-BD 3.63 167.7 47

PPG1000-MD-BD -16.8 157.8 37

PPG2000-MD-BD -42.8 170.5 24
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PPG

Tensile test Lap shear test

Sample name

hard segment 

contents / 

wt%

Young’s 

modulus / 

MPa

Strain at 

break

Tensile 

strength / 

MPa

Lap shear 

strength / 

MPa

failure 

mode

PPG725-MD-BD 47 8.8 3.5 15.8 5.6±1.5 adhesive

PPG1000-MD-BD 37 5.1 10.0 31.8 5.1±2.6 adhesive

PPG2000-MD-BD 24 2.1 14.5 10.6 1.8±1.3 adhesive

strain γ

= elongation value / adhesive 

thickness

Beam size : 10×10 μm2

Exposure time：1 sec

Interval : 2 sec
detector：PILATUS 1M

crosshead rate：0.01 mm / sec

Adherend material：SUS304

Adherend size：30×1×2 mm3

Adhesive thickness：600 μm

Adhesive area：2×5 mm2

𝑑 =
2π

𝑞
𝑞 =

4π sin 𝜃

𝜆

q：reciprocal lattice vector

λ：wave length, θ：incident angle

d：domain spacing

Spacing of hard 

segment domains d

Molecular aggregation structure during deformation analysis

・In the initial state, d = 11.2, 13.1, 20.3 nm respectively

・These isotropic ring changed to ellipsoid 

・The inclination of the ellipse gradually changed to tensile 

direction

SAXS patterns of PU

The long axis of an 
ellipsoid: 2a
The short axis of an 
ellipsoid: 2b

Ellipticity = the longest diameter of an ellipsoid a 

/ the shortest diameter of an ellipsoid b

Long axis direction Short axis direction
Evaluate the profile in 
each axial direction

Strain obtained from spacing
of hard segment domain

⇒ As the applied strain increased, the change in the internal structure 

of the adhesive also increased.

Depending on the measurement positions

Changing the SAXS measurement position for each cycle.

Moutrille, M et al, Composites Part A: Applied 
Science and Manufacturing 2009, 40 (8), 985-996.

Stress distribution 

Measure 5 positions

Beam size : 10×10 μm2

Exposure time：1 sec

Interval : 2 sec
detector：PILATUS 1M

crosshead rate：0.01 mm / sec

Adherend material：SUS304

Adherend size：30×1×2 mm3

Adhesive thickness：600 μm

Adhesive area：2×5 mm2

Sample : PPG1000-MD-BD-37

The change of ellipticity of the SAXS patterns

Sample : PPG1000-MD-BD-37

The change of ellipticity of the 
SAXS patterns

Initial state                Applied strain 
ε = 0

𝑑 =
2π

𝑞
𝑞 =

4π sin 𝜃

𝜆

q：reciprocal lattice vector

λ：wave length, θ：incident angle

d：domain spacing

・ The change in domain spacing of PPG2000-MD-BD was smaller

⇒This is probably because applied stress was not propagated well to the PU with 

low hard segment contents.

*Gel Permeation Chromatography

In the tensile shear deformation process, 

・Shear stress is applied diagonally from the elongation direction

・As the strain increase, the stress direction changes to the tensile direction

・As the molecular weight of PPG    , the angle of inclination of the ellipse

・The ellipticity were maximum at the end of the adhesive layer.

・The stress distribution was anti-symmetrical in the thickness direction. 

⇒ Those are the stress concentration in edges of adhesive.

Name of measurement positions

Depending on the positions of
microphase-separated structure

Sample : PPG1000-MD-BD-37

𝑑 =
2π

𝑞
𝑞 =

4π sin 𝜃

𝜆


