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A B S T R A C T   

The aim of this paper is to explain that the ISSF evaluation method can apply when the fracture is cohesive as 
well as an interface fracture. The cohesive fracture usually occurs very close to the adhesive joint’s interface 
controlled by the intensity of singular stress field (ISSF). This is the reason why the adhesive strength can be 
evaluated as a constant value of ISSF. In this study, the fracture origin is confirmed at the interface end to verify 
the ISSF evaluation method. Next, the cohesive fracture near the interface is confirmed since the slight amount of 
adhesive remains near the polished streaks of the adherend steel. Finally, it is found that the cohesive fracture 
very close to the interface guarantees the appropriate adhesive strength which can be expressed as a constant 
value of the ISSF.   

1. Introduction 

Adhesive joining is widely used in many industrial fields such as 
automotive and aerospace industries, biomedical applications, and mi
croelectronics [1–4]. Due to the increasing demand for joining dissimilar 
structural components, adhesive joining is gaining more and more in
terest because of light weight, low price, and high productivity [5–7]. 
For example, to support high-speed transmission signals and miniatur
ization and thinning in memory applications, semiconductor packaging 
technology has diversified structures towards including many interfaces 
composed of different materials, such as connection between semi
conductors and substrates, encapsulation with resin, and multi-layered 
structure of semiconductor chips and wiring. When the number of dis
similar interfaces increases in this way, a singular stress field due to 
deformation mismatch is formed at each interface end, and the risk of 
peeling fracture increases. In the previous papers [7–10], the authors 
have shown that most of the adhesive joint strength can be expressed as 
a constant value of ISSF (Intensity of Singular Stress Field). 

Regarding adhesive joints in general, it is known that cohesive 
fracture is stronger than interface fracture [11–13]. For example, Jap
anese automobile standards [11] prescribes that the adhesive design, 
adhesive process and the selection of adhesives should be reconsidered if 
the interface fracture is observed. This is based on the following reason. 
The adhesive bulk strength is based on the chemical bond (covalent 

bond) in the adhesive molecule. On the other hand, the debonding 
strength is based on the hydrogen bond of epoxy resin, polyurethane 
resin, etc. between the adherend and the adhesive or the van der Waals 
force. Suzuki [14] explained that compared to the chemical bond (co
valent bond) energy controlling the adhesive strength, the hydrogen 
bond energy mainly controlling the adhesive strength is about 1/10 
(kJ ⋅mol− 1

)/(kJ ⋅mol− 1
), and the energy of the van der Waals force is 

about 1/100 (kJ ⋅mol− 1
)/(kJ ⋅mol− 1

). Therefore, if the bonding surface 
is completely flat to the molecular level, the adhesive joint fracture is 
always interface fracture. In order to cause cohesive fracture, therefore, 
it is necessary to perform surface treatment such as sanding on the 
bonded surface to increase the actual surface area and generate the 
anchor effect. If such appropriate surface treatments are applied, the 
fracture can be 100% cohesive fracture. 

Since the ISSF evaluation method is based on the singular stress field 
along the interface, many people may misunderstand that the interface 
fracture occurs when the adhesive strength is expressed as a constant 
value of the ISSF. In this paper, first, the fracture origin will be identified 
to confirm the validity of the ISSF evaluation method focusing on the 
scarf joints as well as the butt joint. Note that most of previous adhesive 
fracture observations were conducted without ISSF analysis results. 
Next, the fractured surface will be examined to confirm the fracture is 
cohesive or not especially focusing the fracture origin identified from 
the ISSF analysis. Finally, why the ISSF evaluation method is useful for 
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cohesive fracture will be clarified from the ISSF. The aim of this paper is 
to show that the ISSF evaluation method can apply when the fracture is 
cohesive as well as an interface fracture. 

2. ISSF method to evaluate the adhesive strength 

2.1. Adhesive strength expressed as a constant ISSF obtained from 2D 
analysis 

The ISSF calculation method was originally proposed by applying to 
the butt joint by using the mesh-independent technique named pro
portional method [8]. In the paper, the scarf joint is mainly focused. The 
prismatic butt joint in Fig. 1 can be regarded as a scarf joint whose scarf 
angle is 90◦. The previous study [10] showed that the ISSF (Intensity of 
the singular stress field) along the adhesive interface edge ISSF (Kσ(y)) 
can be defined the real stress σz Real. Here, the term “real stress σz Real” is 
used to distinguish from the “FEM stress σz FEM” obtained from FEM 
analysis including some error. Fig. 1. Prismatic butt joint.  

Fig. 2. Debonding strength for Steel//Resin A.  
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Kσ (y)= lim
r→0

[
r1− λ × σz Real(r, y)

]
(1)  

Here, σz Real(r, y) is the real stress appearing at the bonding interface, 
which can be represented by σz Real(r, y) = Kσ(y)/r1− λ. The normalized 
ISSFs Fσ(y) can be expressed by Eq. (2). 

Fσ =
Kσ

σ∞
z W1− λ (2)  

Here, σ∞
z denotes the remote tensile stress as shown in Fig. 1. In Eqs. (1) 

and (2), λ is a singular index, which can be obtained from the eigen 

equation described in Section 2.2. Fig. 2(a) shows that the critical 
remote tensile stresses σc increases with decreasing the bondline thick
ness h. The solid black circle denotes the average value obtained from 5 
experimental results under h = const. Fig. 2(b) indicates the normalized 
ISSF obtained by using the plane strain modelling [8–10]. From Fig. 2 
(a), (b), the critical ISSF can be calculated as shown in Fig. 2(c) when the 
debonding occurs. The ISSF method may express the average adhesive 
strength within 7% error. 

Table 1 shows the mechanical properties of the adherend and the 
adhesive Resin A with Dundurs parameter α, β and singularity index λ 
[15,16]. Here, α, β are Dundurs parameters [15,16] defined from 

Table 1 
Material properties for Steel/Epoxy Resin A [18,19].  

Material Young’s modulus 
E [GPa] 

Poisson’s ratioν Bulk strength σB [MPa] α β Butt joint Scarf joint 

λ λ1 λ2 

Adherend S35C 206 0.30 570 0.969 0.199 0.685 0.737 0.977 
Adhesive Epoxy resin A 3.14 0.37 65.5  

Fig. 3. FEM analysis modelling.  

Fig. 4. Prismatic butt joint geometry with fillet.  
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Poisson’s ratio νj and shear modulus Gj of the adherend and adhesive (j 
= 1 for the adherend, j = 2 for the adhesive). It is known that when α 
(α-2β) > 0 the real stress σz Real has a singularity of the form σz Real∝  1/ 
r1− λ (λ < 1). 

2.2. Three-dimensional analysis to obtain the ISSF variation 

In this section, how to obtain the ISSF variation is briefly explained in 
the three-dimensional prismatic butt joint by using the proportional 
method [8–10]. The same FEM mesh pattern is applied to the reference 
and unknown problems [8–10] since the FEM mesh error is almost the 

same when the mesh size is specified. Fig. 3 illustrates FEM model for 
one-eighth region of the prismatic butt joint in Fig. 1 assuming the 
corner fillet radius ρ. From the symmetry, at z = 0 in Fig. 1, the boundary 
conditions ux = 0 at x = 0, uy = 0 at y = 0 and uz = 0 can be applied. 
Fig. 4 shows the butt joint geometry near the corner. By considering the 
real chamfer dimension [17] in Fig. 4, ρ = 0.0127 mm (ρ/W = 0.01) is 
focused. By considering the experiment [18,19], h = 0.5–5.0 mm is 
analyzed. In this analysis, first, the main model in Fig. 3 (a) consisting of 
larger elements is analyzed to obtain the displacements. Next, the sub
model in Fig. 3 (b) consisting of smaller elements is analyzed by using 
the obtained displacement. Then. the ISSF is calculated from the 

Fig. 5. Prismatic butt joint model with fillet considered in this study.  

Table 2 
Mesh independency of FEM stress ratio (ρ/W=0.01, h/W=0.0236).  

(a) At straight side 

y/W σz FEM| h/W=0.01

σz FEM| h/W≥1  

emin = 1/4000 mm emin = 1/8000 mm 

0.000 0.291 0.289  
0.100 0.291 0.290 
0.200 0.292 0.290 
0.300 0.292 0.291 
0.400 0.294 0.292 
0.450 0.290 0.288 
0.490 0.244 0.243 

(b) At fillet 
θ σz FEM| h/W=0.01 − σ̃z FEM

σ2D
z FEM | h/W≥1 

emin = 1/4000 mm emin = 1/8000 mm  
0 0.244 0.243 
9 0.252 0.251 
18 0.258 0.257 
27 0.262 0.261 
36 0.265 0.264 
45 0.266 0.265  
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submodel confirming mesh-independency [10]. The analysis model is 
composed of 8-node hexahedral elements as shown in Fig. 3. The FEM 
software MSC Marc/Mentat 2012 is used as the analysis code in this 
study. 

Fig. 5 illustrates the analysis model for the specimen used in the 
experiment when the corner fillet has the radius ρ = a. The ISSF Kσ(y)
can be defined from the real stress σz Real(r, y) along the interface side in 
Fig. 1 and the ISSFs Kσ(θ) can be defined from the real stress σz Real(r, θ)
around the corner fillet in Fig. 5 as shown in Eq. (3). 

Kσ(y) = lim
r→0

[
r1− λ × σz Real(r, y)

]

Kσ(θ) = lim
r→a

[
(a − r)1− λ

× σz Real(r, θ)
] (3) 

The normalized ISSFs Fσ(y), Fσ(θ) can be expressed by Eq. (4). Here, 
σ∞

z denotes the remote tensile stress as shown in Fig. 1. 

Fσ(y) =
Kσ(y)

σ∞
z W1− λ =

lim
r→0

[r1− λ × σz Real(r, y)
]

σ∞
z W1− λ

Fσ(θ) =
Kσ(θ)

σ∞
z W1− λ =

lim
r→a

[
(a − r)1− λ

× σz Real(r, θ)
]

σ∞
z W1− λ

(4) 

In Eq. (4), Fσ(θ) is normalized by σ∞
z W1− λ to be compared with Fσ(y)

[10] at the straight edge. In Eqs. (3) and (4), λ is a singularity index, 
which can be obtained from the eigen equation (5) [15,16]. 

[
sin2

(π
2

λ
)
− λ2

]2
β2 + 2λ2

[
sin2

(π
2

λ
)
− λ2

]2
αβ+ λ2[λ2 − 1

]
α2 +

sin2(λπ)
4

= 0

(5)  

α=
G1(κ2 + 1) − G2(κ1 + 1)
G1(κ2 + 1) + G2(κ1 + 1)

， β=
G1(κ2 − 1) − G2(κ1 − 1)
G1(κ2 + 1) + G2(κ1 + 1)

(6)  

κj =

⎧
⎪⎨

⎪⎩

3 − νj

1 + νj
(plane stress)

3 − 4νj (plane strain)
(j= 1, 2) (7)  

Here, α, β are Dundurs parameters [15,16] defined from Poisson’s ratio 
νj and shear modulus Gj of the adherend and adhesive (j = 1 for the 
adherend, j = 2 for the adhesive) as shown in Eqs. (6) and (7). It is 
known that when α (α-2β) > 0 the real stress σz Real has a singularity of 
the form σz Real∝ 1/ r1− λ (λ < 1) [7–10]. Table 1 shows the mechanical 
properties of the adherend and the adhesive used in the experiment with 
Dundurs parameter α, β and singularity index λ [15,16]. 

Since the FEM stress σz FEM varies depending on the mesh size, the 
ISSF cannot be obtained from Eqs. (3) and (4). However, by applying the 
same mesh pattern to the unknown and the reference problems around 
the interface edge, the FEM stress ratio can be mesh-independent as 
shown in the previous study [7–10]. This is because the error of the FEM 
stress ratio can be canceled under the same mesh [7–10]. The exact ISSF 
of the unknown problem can be obtained by multiplying the FEM stress 
ratio and the exact ISSF of the reference solution. The following rela
tionship can be confirmed from the reference problem (KREF

σ , FREF
σ ,

σREF
z FEM(r)) and the unknown problem (Kσ , Fσ , σz Real(r)). Here, λ and σ∞

z 
are the same for the reference problem and the unknown problem. 

Fig. 6. Example of contour plots of FEM Stress σz and ISSF ratio distribution when ρ/W = 0.01.  

Fig. 7. Critical ISSF obtained from 2D and 3D analysis.  
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Kσ

KREF
σ

=
Fσσ∞

z W1− λ

FREF
σ σ∞

z W1− λ =
lim
r→0

[r1− λ×σz Real(r)
]

lim
r→0

[
r1− λ×σREF

z Real(r)
]= lim

r→0

r1− λ×σz Real(r)
r1− λ×σREF

z Real(r)
=

σz FEM(r)
σREF

z FEM(r)

but ​ σz FEM ∕=σz Real

(8)  

2.3. Mesh independency showing that the FEM ratio can be regarded as 
the ISSF ratio 

Table 2 shows an example of the FEM stress ratio based on small 
strain-small displacement analysis. Here, the two-dimensional bonded 
plate whose exact solution is available can be used as the reference 
problem. Table 2 (a) shows FEM stress ratio σz FEM|h/W=0.01/σ2D

z FEM | h/W≥1 

along the interface side. Table 2 (b) shows the FEM stress ratio 
(σz FEM|h/W=0.01 − σ̃z FEM)/σ2D

z FEM | h/W≥1 around the corner fillet. The pre
vious study [9] showed that the non-singular term σ̃z FEM appears at the 
corner fillet, which is expressed by Eq. (9). 

σ̃z FEM = −
(ν1 − ν2)E1E2

(1 + ν1)ν1E2 − (1 + ν2)ν2E1
εθ (9) 

Here, εθ is the strain in the θ-direction in Fig. 4. As shown in Table 2, 
the ratio of FEM stress is mesh-independent at the straight interface side 
and the corner fillet. As shown in Table 2, the ISSF can be obtained 
accurately from the ISSF ratio. 

2.4. Effect of the bondline thickness h on the ISSF 

Fig. 6 shows examples of the contour plot of FEM stress when ρ/W =
0.01. Fig. 6 shows FEM stress σz when (a) h/W = 0.01, Fig. 6 (b) shows 
FEM stress σz when (b) h/W ≥ 1. Note that in Fig. 6 (c) shows the FEM 
stress ratio but it can be regarded as the exact ISSF ratio. Those figures 
are useful for understanding the effect of h on the ISSF. As shown in 
Fig. 6 (a), when h is smaller, FEM stress is comparatively smaller espe
cially at the interface corner due to the interaction of ISSFs at z = ±h/2. 

Fig. 8. Fractured surface of the butt joint specimens focusing on the fracture origin on the surface in Fig. 8(c).  

Fig. 9. Detail of fracture origin in Fig. 8(a) and (b) whose size is about 20 μm observed on the surface in Fig. 8(c).  

R. Takaki et al.                                                                                                                                                                                                                                  



International Journal of Adhesion and Adhesives 116 (2022) 103148

7

Instead, as shown in Fig. 6 (b), when h/W ≥ 1, FEM stress is relatively 
larger especially at the corner. With decreasing h, the ISSS decreases due 
to the interaction of the two interfaces z = ±h/2 as shown in Fig. 2(b). 
This is the reason why the debonding strength in Fig. 1 can be expressed 
as a constant ISSF as shown in Fig. 2(c). 

2.5. Validity of 2D ISSF analysis 

Compared to the 3D analysis discussed above, the simple 2D analysis 
can be used conveniently. Fig. 7 shows the critical ISSFs at the center of 
the interface Kσc(0) obtained from the 3D analysis in comparison with 
the ISSF obtained from the plane strain 2D analysis. In Fig. 7, the 3D 
constant value of Kσc(0) = 1.058 ± 0.080[MPa⋅m0.315] is almost the 
same as the 2D constant value K2D

σc = 1.039 ± 0.0643[MPa⋅ m0.315] in 
Fig. 2(c). Moreover, in Fig. 7, the critical ISSF Kvtx

σc at the corner is also 
indicated where the debonding occurs. The critical ISSF Kvtx

σc obtained 

from the 3D analysis. As shown in Fig. 7, the adhesive strength can be 
expressed as K2D

σc = const,Kσc(0) = const. or Kvtx
σc = const. independent of 

h. By using one of the three, the adhesive strength can be expressed; and 
therefore, the validity of the 2D analysis is confirmed. 

3. Fracture origin identification when the adhesive strength can 
be expressed as a constant ISSF 

3.1. Fracture origin of butt joints 

Fig. 8 shows an example of the butt joint’s whole fractured surface of 
h = 0.1 mm and h = 0.3 mm [10]. The large amount of adhesive remains 
on those fractured surfaces in Fig. 8(a) and (b) as illustrated in Fig. 8(c). 
Bonded surface are ground mechanically by using WAH-60 (white 
aluminum oxide, No. 60, grain size) grinding wheel. The figure on the 
left is the whole fractured surfaces, and the figure on the right is an 

Fig. 10. Critical ISSF distributions by varying adhesive thickness.  
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enlarged view ( × 50) around the fracture origin. As shown in Fig. 8, for 
almost all specimen the fracture originates from the interface side away 
from the corners. The detail is indicated in Section 3.2 in relation to the 
ISSF variation. Fig. 9 shows the detail of fracture origin in Fig. 8(a) and 
(b). As shown in Fig. 9, the fracture originates from a dent whose depth 
is about 20 μm at the adhesive surface at |x| = W/2 in Fig. 1. Those dents 
are formed due to the machining the xy plane at |z| = h/2 of the bonded 
surface before bonding in the y-direction in Fig. 1. Since the yz surface of 
Fig. 1 at |x| = W/2 is polished in the z-direction by using sandpaper from 
# 400 to # 1000 in order to remove the adhesive protruding to the edge 
of the adhesive layer, dents may be formed affected by those machining 
and polishing at the intersection |x| = W/2 and |z| = h/2. It may be 

conjectured that those dents can be origins of the fracture. 

3.2. Position of the fracture origin in relation to the ISSF in prismatic butt 
joints 

In this section, the position where the fracture origin is described in 
terms of the ISSF discussed in Section 2.2. The detail can be found in the 
previous papers [10,18,19]. Fig. 10 shows the ISSF variations when 
debonding stress σ∞

z = σc is applied. Here, the fracture origins are 
denoted by the solid circles for different bondline thickness h. From 
Fig. 10, it is seen that the maximum ISSF at the side is almost equal to the 
maximum ISSF at the corner when h ≤ 2.0 mm (h/W ≤ 0.157). However, 

Fig. 11. An example of difference stress distributions but the same damage appears for 2D notch.  

Fig. 12. Prismatic scarf joint.  
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most of the fractures originate from the interface side instead of the 
interface corner because the maximum ISSF exists in a certain range at 
the middle of the interface side. Instead, the maximum ISSF always 
exists in a limited region at the interface corner and the fracture hardly 
occurs at the corner. The peak ISSF appears reflecting the corner point 
singularity at y/W = 0.5 when ρ→0. At the corner, only one fracture 
origin is found when h = 0.05 mm (h/W = 0.00394) as shown in Fig. 10 
(a). This is because the ISSF variation is almost constant as shown in 
Fig. 10 (b) when h = 0.05 mm. Instead, when h = 5 mm, for example, 
although the ISSF at the fillet is larger than the ISSF at the center of the 
side, the fracture originates from the side since the ISSF at the fillet is 
extremely localized in the circumferential direction. 

One may think that why the fracture does not occur at the maximum 
position of the ISSF. Since it is known that the brittle and fatigue fracture 
is controlled by the larger stress region size (large ISSF region size) as 
well as the maximum stress (the maximum ISSF), an example is 
explained by using a simple 2D notch. Fig. 11 (a), (b) shows an example 
where the same damage appears under different maximum stress at the 
notch root. Since the fracture process zone size is about 2ε, two notches 

ρ = ρ1 and ρ = ρ2 are equivalent since the 2ε process zone is subjected to 
almost the same severity [20]. If the fracture process zone size becomes 
larger, for example, 4ε, the stress of the notch ρ = ρ2 becomes more 
severe and more like to be fractured even though the maximum stress is 
smaller than the maximum stress for ρ = ρ1. Similarly, when h = 5 mm in 
Fig. 10, although the ISSF at the fillet is larger than the ISSF at the center 
of the side, the ISSF at the fillet is extremely localized in the circum
ferential direction. In this way, the certain constant of large ISSF region 
is necessary for the fracture origin. Therefore, the fracture does not 
occur at the corner although the maximum ISSF value is situated at the 
corner. 

3.3. Fracture origin of scarf joints when the adhesive strength can be 
expressed as a constant ISSF 

Fig. 12 shows the prismatic scarf joint specimen. Regarding the scarf 
joint with the scarf θ = 30◦ in Fig. 12, different from the butt joint (θ =
90◦), two distinct singular stress fields appear along the interface. They 
correspond to two distinct singularity indices. The interface stress σθ(r)

Fig. 13. Debonding strength for scarf joint.  
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at a distance r from the interface end can be expressed by Eq. (10). 

σθ(r)=
Kσ,λ1

r1− λ1
+

Kσ,λ2

r1− λ2
(10) 

For Resin A/Steel, the singular indices are λ1 = 0.737 and λ2 = 0.977 
≅ 1. From λ2 − λ1 = 0.240 > 0 and Kσ,λ2/Kσ,λ1 ⋅rλ2 − λ1 ≪1 near the interface 
end as r→0. In other words, the first term of the two singular stresses 
becomes dominant as can be expressed σθ, λ1 →Kσ,λ1/r1− λ1 when r→ 0. 

σθ(r)=
Kσ,λ1

r1− λ1

(

1+
Kσ,λ2

Kσ,λ1

rλ2 − λ1

)

→
Kσ,λ1

r1− λ1
(r → 0) (11) 

In this study, two distinct ISSFs are obtained accurately on the basis 
of the previous study [21]. Fig 13 (a) shows the critical remote tensile 
stress σc where the solid black circle denotes the average value obtained 
from 5 experiment results under h = const. Fig. 13 (b) shows the critical 
ISSF Kσc,λ1 and Fig. 13(c) shows the critical ISSF Kσc,λ2 . As shown in 

Fig. 13(b), by using the first term of the ISSF Kσc,λ1 = const. the average 
adhesive strength can be expressed as a constant value within 2% error. 
Fig. 13(c) shows the second term of the critical ISSF Kσc,λ2 is not constant 
because the second singular stress field is relatively small as r→0 as 
shown in Eq. (11). This critical ISSF Kσc,λ1 = 0.823 ± 0.016 MPa⋅m0.263 

in Fig. 13(b) is much smaller than the critical ISSF of butt joint Kσc =

1.039 ± 0.0643 MPa⋅m0.315 in Fig. 2(c). In this paper, the singular stress 
σθ(r) at interface end is focused for scarf and butt joints. The interface 
shear stress τrθ of scarf joint is much larger than the one of butt joint. This 
is the reason why the critical ISSF of scarf joint Kσc,λ1 is much smaller 
than the critical ISSF of butt joint Kσc. The reason why the critical ISSF of 
h = 5.0 mm is smaller than the one of h = 0.05–2.0 mm will be described 
later. Previously, Mintzas et al. [6] reported that the Suzuki’s experi
mental results can be expressed as a constant value of the ISSF. However, 
in their analysis [6], only the first term singular stress field was 
considered and relatively small critical value of the ISSF for h = 5.0 mm 

Fig. 14. Fractured surface of the scarf joint focusing on the fracture origin when 0.05 < h < 2.0 on the surface in Fig. 14 (g).  
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was not indicated. Chen-Nisitani [22] clarified that when two singular 
stress fields are approximated by one singular stress field, the expression 
varies depending on the distance r and hardly expressing two distinct 
singular stress fields. 

Figs. 14 and 15 show an example of the scarf joint’s whole fractured 
surface when the adhesive layer thickness h = 0.05–5.0 mm. The large 
amount of adhesive remains on those fractured surfaces in Fig. 14(a)–(f) 
as illustrated in Fig. 14(g). The figure on the left is the whole fractured 
surfaces whose shape is a square as shown in Fig. 12 [18,19], and the 
figure on the right is an enlarged view of the area around the fracture 
origin. The observation shows that all of the fractures occur from the 
side of ξ = − W/2 (Fig. 12 ①) to the y = ± W/2 (Fig. 12 ③) then extend 
to ξ = + W/2 (Fig. 12 ②) when h = 0.05–2.0 mm. 

It should be noted that when the adhesive bondline thickness h = 5.0 
mm there is no fracture near the adhesive interface. As shown in Fig. 15, 
when h = 5.0 mm the fracture occurs across the adhesive layer. This is 
the reason why the average adhesive strength of h = 5.0 mm is 20% 
lower than the other average adhesive strength, which can be expressed 
as a constant ISSF as Kσc, λ1 = 0.823 ± 0.016 MPa⋅m0.263 for h =
0.05–2.0 mm in Fig. 13(b). Instead, regarding the butt joint, the average 
adhesive strength can be always expressed as Kσc = 1.039 ± 0.0643 
MPa⋅m0.315 for h = 0.05–5.0 mm within 7% error as shown in Fig. 2(c). 
This is because as shown in Fig. 8 (c) the butt joint fracture pattern of 
resin thickness occurs always near the interface as shown in Fig. 8 (c). 
Therefore, it may be concluded that when the cohesive fracture near the 
bonded surface occurs the sufficient adhesive strength is obtained and 
the strength can be expressed as a constant value of the ISSF. Fig. 16 
shows examples of fracture origin with the magnification 1000 when h 

= 0.1 mm and h = 0.3 mm. As shown in Fig. 16, for scarf joints with h =
0.05–2.0 mm, the fracture originates from a dent whose depth is about 
20 μm at the interface side. 

4. Cohesive fracture verification when the adhesive strength can 
be expressed as a constant ISSF 

4.1. Cohesive fracture confirmation on whole fractured surface for resin 
A 

In this Section, the fractured surface is examined to confirm the 
fracture is cohesive or not. In the previous Section 3, the fractured 
surfaces where the large amount of adhesive remains near the fracture 
origin were discussed to identify the fracture origin. This is because in 
Figs. 8 and 14, since the large amount of adhesive remains, the fracture 
origin can be identified more easily. In this Section, however, the other 
surface side where the slight amount of adhesive remains is focused. 
This is because to confirm the cohesive fracture the slight amount of 
adhesive should be identified on this side. Fig. 17(c) shows an example 
of the butt joint’s whole fractured surface where the slight amount of 
adhesive remains near the fracture origin when h = 0.1 mm. As shown in 
Fig. 17(c), typical adhesive fracture pattern named “Mirror, Mist, and 
Hackle” [18,19] can be seen even though the adhesive amount is not 
very large near the fracture origin. 

Fig. 17(d) shows an example of the scarf joint’s whole fractured 
surface where the slight amount of adhesive remains when h = 0.3 mm. 
As shown in Fig. 17(d), another typical adhesive pattern named 
“Feather-like pattern” [18,19] can be seen even though the adhesive 

Fig. 15. The fractured surface in the scarf joint focusing on the fracture origin when h = 5.0 mm.  

Fig. 16. Detail of fracture origin in Fig. 14(b) and (c). 
whose size is about 20 μm observed on the surface in Fig. 14 (g) when h ≦ 2.0 mm. 
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Fig. 17. Cohesive fracture confirmation for the surface in Fig. 17(a), (b) where the slight amount of adhesive remains near the fracture origin.  

Fig. 18. Bulk adhesive strength for resin A, B and debonding strength for Steel/Epoxy Resin B.  
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amount is not very large near the fracture origin. From those, typical 
adhesive fracture patterns as shown in Fig. 17 (c), (d), the cohesive 
fracture can be confirmed when the adhesive strength can be evaluated 
by constant ISSF. Therefore, it may be concluded that the ISSF evalua
tion method can apply when the fracture is cohesive as well as an 
interface fracture. 

4.2. Cohesive fracture confirmation for resin B where the butt joint 
strength is larger than the bulk adhesive strength 

Fig. 18 (a) shows the stress strain curve of bulk adhesive Resin A 
showing that the tensile strength σB = 65.5 MPa [14]. From Fig. 2 (a), 
when h = 0.1 mm (h/W = 0.00787), the adhesive butt joint strength for 
Steel/Resin A can be σc = 58.8 MPa, which is very close to the bulk 
adhesive strength. Fig. 18 (a) also shows the stress strain curve of bulk 
adhesive Resin B showing that the tensile strength σB = 46.8 MPa [14]. 
Table 4 shows the compositions of Resin A and Resin B [14,18]. Resin A 
is the epoxy resin of bisphenol A type Epikote 828 (Yuka Shell Epoxy 
Co.) by using diethylenetriamine (DETA) as hardener. Resin B consists of 
Epikote 828 and Epikote 871 by using DETA as hardener. Here, Epikote 
871 is the flexible epoxy resin of dimer acid type (Yuka Shell Epoxy Co.). 
Resin A and Resin B are prepared corresponding to the mixture ratio as 

shown in Table 4. Fig. 18 (b) shows the adhesive butt joint strength σc 
for Steel/Resin B [8–10]. As shown in Fig. 18 (b), when h = 0.1 mm 
(h/W = 0.00787) the adhesive strength of Steel/Resin B can be σc =

71.4 MPa, which is about 1.5 times larger than the bulk adhesive 
strength σB = 48.6 MPa of Resin B [14]. Such large strength cannot be 
obtained if those fractures are interface fractures although the typical 
adhesive fracture pattern such as mirror, mist, hackle and feather-like 
pattern cannot be seen for resin B [18,19]. In this way, 100% cohesive 
fracture can be confirmed for Resin A and Resin B. Fig. 18 (c) shows the 
normalized ISSF and Fig. 18(d) shows the critical ISSF can be expressed 
as Kσc = 1.203 ± 0.144 MPa m0.326 of butt joint Steel/Resin B. As shown 
in Fig. 18 (a), Resin A is a brittle adhesive and Resin B is a ductile ad
hesive. Table 3 shows the mechanical properties of adhesive Resin B [18, 
19]. 

4.3. Cohesive fracture confirmation at fracture origin 

Fig. 19(a) shows an example of the butt joint’s whole fractured 
surface where the slight amount of adhesive remains near the fracture 
origin when h = 1.0 mm. In Fig. 19(a), the detail of the fracture origin is 
shown with the magnification 3000. For the reference, Fig. 19(b) shows 
the adherend steel surface with the magnification 3000 before applying 
the adhesive under the same processing conditions as the specimen used 
in the experiment. Differently from Fig. 19(b) and (a) shows a lot of 
patterns of minute irregularities throughout the photograph proving 
that the slight amount of adhesive remains due to the polished streaks of 
the adherend steel. Similar observation was reported by using SEM in 
the previous papers [18,19]. It may be concluded that even though the 
fracture originates from the interface end and the debonded surface 
looks like metal surface macroscopically the cohesive fracture can be 
confirmed. Therefore, it may be concluded that the ISSF evaluation 

Table 3 
Material properties for Steel/Epoxy Resin B [18,19].  

Material Young’s modulusE [GPa] Poisson’s ratioν Bulk strength σB [MPa] α β Butt joint Scarf joint 

λ λ1 λ2 

Adherend S35C 206 0.30 570 0.978 0.188 0.674 0.768 0.806 
Adhesive Epoxy resin B 2.16 0.38 46.8  

Table 4 
Compositions of adhesives [14,18].  

Resin Composition parts (weight ratio) 

Epikote 828 Epikote 871 DETA 

A 100 0 11.0 
B 75 25 9.5  

Fig. 19. Cohesive fracture confirmation for the surface in Fig. 17(a) 
where the slight amount of adhesive remains at the fracture origin when h = 1.0 mm. 

R. Takaki et al.                                                                                                                                                                                                                                  



International Journal of Adhesion and Adhesives 116 (2022) 103148

14

method can apply when the fracture is cohesive as well as an interface 
fracture. 

5. Conclusions 

The aim of this paper is to explain that the ISSF evaluation method 
can apply when the fracture is cohesive as well as an interface fracture. 
Previously it was shown that the adhesive strength can be expressed as a 
constant value of the ISSF at the interface end for butt joints and lap 
joints. However, since the ISSF evaluation method is based on the sin
gular stress field along the interface, many people may misunderstand 
that the method does not apply when the fracture is cohesive rather than 
an interface fractrue. Therefore, this study verified that the ISSF eval
uation method can apply or not to cohesive fracture which is desirable 
for such adhesive joints. This study mainly focuses on the scarf joint 
which can be regarded as a general joint since it can be characterized 
between the butt and lap joints. The conclusions can be summarized in 
the following way.  

(1) It is found that the fracture origin of the butt joint and scarf joint 
is the dent whose depth is about 20 μm situated on the side of the 
bonding interface. This origin at the interface end verifies the 
validity of the ISSF evaluation method. Those dents may be 
formed due to machining the bonded surface before bonding and 
polishing the edge of the adhesive layer.  

(2) When the adhesive bondline thickness h ≥ 5.0 mm, the fracture 
occurs across the adhesive layer and no fracture near the inter
face. This is the reason why the adhesive strength of h = 5.0 mm is 
lower than the strength of other h = 0.05–2.0 mm and the ad
hesive strength of h = 5.0 mm cannot be expressed as ISSF =
constant differently from the other strength when h = 0.05–2.0 
mm.  

(3) The ISSF evaluation method can apply when the fracture is 
cohesive as well as an interface fracture. This is because even 
when the strength is expressed as a constant ISSF, the cohesive 
fracture was confirmed since the slight amount of adhesive re
mains on the fractured surface. 

(4) Due to the roughness induced on the bonded surfaces appropri
ately, the cohesive usually occurs near the interface. This is the 
reason why the ISSF method can apply to the cohesive fracture. 
Since the fracture happens almost at the interface although the 
slight amount of adhesive remains, the fracture is controlled by 
the ISSF. 
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