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Micro-bond test is often used to investigate fiber/matrix bonding behavior. In this experiment, the average shear 

stress is generally used as the interface strength without considering the singular stress. Therefore, in this paper, 

the intensity of singular stress field (ISSF) is newly analyzed at the fiber entry/exit points. The obtained ISSFs at 

the fiber entry point in micro-bond test are compared to the single fiber pull-out under the same fiber geometry. 

The results show that care should be taken for the previous micro-bond test geometry since the ISSF varies 

sensitively depending on the testing geometry. To control the initial fiber/matrix debonding and evaluate the 

bonding behavior correctly, suitable testing geometries are proposed in micro-bond testing. 
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. Introduction 

Wide application of fiber reinforced composites technology in var-

ous fields is based on taking advantage of the high strength and high

tiffness of fibers. There are several micromechanics tests available to

nvestigate the fiber/matrix bonding behavior. Pull-out test and micro-

ond test are very popular at present. For example, Scheer et al. [1] ex-

erimentally investigated interfacial peeling of reinforcing fibers in

icro-bond test focusing on the energy release rate. Zhandarov et al.

2,3] investigated the pull-out force versus displacement in pull-out test

nd micro-bond test. Yang et al. [4,5] experimentally studied the effect

f a special surface treatment in glass fiber/epoxy composites focusing

n the interfacial shear strength (IFSS). Those studies showed that the

acroscopic properties of the composite can be improved by increasing

he fiber/matrix debonding strength [6,7] . However, the macroscopic

roperties are rarely proportional to the microscopic properties. More-

ver, the debonding strength varies depending on the testing method

nd testing conditions. 

The finite element method (FEM) has been widely used for many en-

ineering applications [8–10] . Regarding fiber reinforced composites,

tern et al. [11] developed a path independent integral formula for

he computation of the intensity of the stress singularity by using FEM.

tkinson et al. [12] , Povirk et al. [13] , and Freund et al. [14] conducted

ber pullout simulation studies by using a circular rigid cylinder. Hann

t al. [15] investigated the effect of contact angle, loading position and

oading type in micro-bond test by using FEM. Ash et al. [16] investi-

ated the effect of bead geometry and knife angle in micro-bond test via

EM. Zhang et al. [17] studied the effects of interfacial debonding and
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liding on fracture characterization of unidirectional fiber-reinforced

omposites by using FEM. Brito-Santana et al. [18] studied the influ-

nce of the debonding between fiber and matrix in micro scale via the

EM. In this way, the FEM is widely used to analyze fiber reinforced

omposites [19–25] . Ahmed et al. [26–32] studied sensing, low loss and

irefringent etc. by using FEM. 

Fig. 1 shows a micro-bond test commonly used to investigate

ber/matrix bonding behavior. The green part represents the fiber and

he grey portion represents matrix. Point E denotes the fiber entry point

loser to the load and constraints; Point A denotes the fiber exit point.

otation l b denotes the axial length of the bonded area from Point A to

oint E before applying load P . Here, the dark portion means constraints.

otation l g denotes the knife gap opening, that is, the horizontal distance

rom the constraint knife tip to the fiber surface assuming the symmetry

n both sides. Fig. 2 shows the single fiber pull-out test treated in the

revious paper [33,34] whose ISSF will be compared to Fig. 1 . 

The micro-bond test in Fig. 1 can be used more conveniently than

he pull-out test in Fig. 2 where large matrix region should be prepared

y molding during the cure procedure [2,35] . This is the reason why

ost of the previous experiments employed the micro-bond test instead

f the pull-out test [3] . In the micro-bond test, the experimental re-

ults are strongly affected by the equipment geometries. Under the same

ber/matrix combination, the experimental results of in micro-bond test

n Fig. 1 is quite different from that in pull-out test in Fig. 2 . The dif-

erence can be characterized by the ISSFs controlling the fiber/matrix

nterface initial debonding. 

In this paper, therefore, the ISSF of the micro-bond test will be ana-

yzed at the fiber entry/exit points. Then, the results will be compared

ith the ISSF of the pull-out test [33,34] to clarify the difference be-
 2020 
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Fig. 1. Modelling of micro-bond test of a fiber with D = 20 𝜇m and P / D = 1 
[N ⋅ mm 

− 1 ]. 

Fig. 2. Modelling of pull-out test with D = 20 𝜇m and P / D = 1 [N ⋅ mm 

− 1 ] [33]. 
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Nomenclature 

FEM Finite element method 

ISSF Intensity of singular stress field 

IFSS Interfacial shear strength based on average shear 

stress 

Point A Fiber exit point for micro-bond test in Fig. 1 

Point E Fiber entry point for micro-bond test in Fig. 1 

Point A 

∗ Fiber buried end for pull-out test in Fig. 2 

Point E ∗ Fiber entry point for pull-out test in Fig. 2 

l M 

Size of the matrix for pull-out test 

l b Fiber bonded length 

l g Knife gap opening 

D Width of the fiber in 2D analysis, fixed as D = 20 𝜇m 

P Total pull-force on the free end of fiber 

𝜃C Contact angle of matrix and fiber 

r i Distance from Point i ( i = A, E, E ∗ ) along the interface 

E F Young’s modulus of fiber 

E M 

Young’s modulus of matrix and droplet 

𝜈F Poisson’s ratio of fiber 

𝜈M 

Poisson’s ratio of matrix and droplet 

G F Shear modulus of fiber 

G M 

Shear modulus of matrix and droplet 

𝛼, 𝛽 Dundurs’ parameters 

𝜆, 𝜆1 , 𝜆2 Singular index 

𝜎𝑖 
𝑥 

Stress in the x -direction at Point i ( i = A, E, E ∗ ) 

𝜎𝑖 
𝑥,𝐹𝐸𝑀 

( 𝑟 𝑖 ) Stress distribution along r i in FEM analysis. 

𝐾 

𝑖 
𝜎, 𝜆1 

ISSF at Point i ( i = A, E, E ∗ ) corresponding to 𝜆1 

𝐾 

𝑖 
𝜎, 𝜆2 

ISSF at Point i ( i = A, E, E ∗ ) corresponding to 𝜆2 

𝐾 

𝑖 
𝜎

ISSF at Point i ( i = A, E, E ∗ ) 

e min Minimum element size in FEM modelling 

Δ𝜃C Change of 𝜃C after deformation 

𝑢 𝑖 
𝑦 
(0) Displacement in the y-direction at Point i 

x Distance from Point i the x -direction along the surface 

𝑢 𝑖 
𝑦 
( 𝑥 ) Displacement in the y-direction along the surface 

from Point i 

ween the two popular testing methods. The effects of major geometries

uch as bond length l b and knife gap opening l g on the ISSFs in micro-

ond test will be also clarified to establish the most suitable testing con-

itions. In the previous micro-bond tests, very small knife gap opening

 g was used without considering the singular stress. The final goal of

his study is to clarify the fiber pull out mechanism toward designing

uitable fiber reinforced composites. 

. Modelling to analyze intensity of singular stress filed (ISSF) 

.1. Modelling of micro-bond test in contrast to fiber pull-out test 

Fig. 1 illustrates the modelling of the micro-bond test to calculate the

SSF. In contrast, Fig. 2 illustrates the modelling of the fiber pull-out test

hose detail is indicated in the previous paper [33] and Appendix A . As

hown in Fig. 1 and 2 , a similar rectangular shaped fiber is assumed. A

maller rectangular shaped region is assumed for the droplet in Fig. 1 in

ontrast to a larger rectangular shaped region for the matrix in Fig. 2 .

n real micro-bond test, the resin droplet is an irregular sphere shape

estrained by the knife-edge. Although the contact angle in micro-bond

est is usually 𝜃𝑐 = 𝜋∕6 ∼ 𝜋∕4 [2] in Fig. 1 , in this simulation the con-

act angle 𝜃c = 𝜋/2 is assumed to compare with the ISSFs under the

ull-out test in Fig. 2 . Under this assumption, the singular index is the

ame at Point E and Point E ∗ . In both models in Fig. 1 and 2 , perfectly

onded interface is assumed between the resin and the fiber with zero

nterface thickness. In other words, the material properties around the

nterface vary in a stepwise manner. Notations E , 𝜈 , E , 𝜈 represent
F F M M 
he Young’s modulus and Poisson’s ratio of fiber and matrix, respec-

ively. Notation D denotes the diameter of the fiber, which is the width

f the fiber in the present 2D modelling. A uniform tensile stress is dis-

ributed at the end of the fiber, and the total force is P . In other words,

 / D = 1 [N ⋅ mm 

− 1 ] is normalized to analysis the ISSF. The rectangular

haped droplet is assumed as shown in Fig. 1 with the large width of

he droplet in the x-direction as l b /2 on each side. In other words, in

his study, the 2D square shape of the droplet is assumed. Usually, the

onded area l b ≤ 250 𝜇m is used in the previous micro-bond experiments

 1 , 2 , 6 , 7 , 15 , 16 , 36 ]. 

In this study, the ISSF in Fig. 1 is mainly discussed by varying l b 
nd l g under plane strain. In the Cartesian x- and y-coordinates shown

n Fig. 1 and 2 , the y-direction corresponds to the axial direction of the

ber, and the x-direction corresponds to the radial direction of the fiber.

otation r i , ( i = A, E, E ∗ ), denotes the distance from Point i , ( i = A, E,

 

∗ ) in the y direction and r i = 0 means Point i . It should be noted that

hear-lag theory is widely used for considering shear stress distributions

long fiber interface [37–39] . However, this theory is simply based on

ne dimensional assumption of the fiber and cannot express the ISSF.

or example, although experiment results of the IFSS is proportional to

he bonded length, the real ISSF at the entry point is not proportional to

he bonded length [ 33 , 34 ]. In this analysis software MSC Marc is used

o analyze the micro-bond model in Fig. 1 . 

.2. Singular stress field at the fiber entry/exit points 

The normal singular stress, which may cause debonding at the entry

oint, can be expressed as follows: [40] 

𝑖 
𝑥 
= 

𝐾 

𝑖 
𝜎, 𝜆1 

𝑟 
1− 𝜆1 
𝑖 

+ 

𝐾 

𝑖 
𝜎, 𝜆2 

𝑟 
1− 𝜆2 
𝑖 

, 
(
𝑖 = A , E , E ∗ 

)
(1)

Here 𝜆1 and 𝜆2 are singular indexes, which can be calculated by

olving the following characteristic equations [ 41 , 42 ]. Singular indexes

t Point E in Fig. 1 and Point E ∗ in Fig. 2 are same, but singular indexes
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Table 1 

Mechanical properties of Glass fiber/Epoxy. 

Fiber Matrix (Droplet) 

Material Glass fiber Epoxy 

Young’s Modulus (GPa) 75 3.3 

Poisson’s Ratio 0.17 0.35 

Dundurs’ Parameter 𝛼 = 0.9071 𝛽 = 0.2016 

Singular Index 𝜆1 = 0.6592 𝜆2 = 0.9992 
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Table 2 

FEM Stress ratio with 𝜆𝑖 

1 = 0 . 6592 when l b = 100 𝜇m and l g = 20 𝜇m between 

Point E and Point A in Fig. 1 for the material combination in Table 1 . 

Smallest mesh size e min = 3 − 9 D Smallest mesh size e min = 3 − 10 D 
𝑟 𝑖 

𝑒 𝑚𝑖𝑛 

𝜎𝐸 
𝑥,𝐹𝐸𝑀 

( 𝑟 𝐸 ) [MPa] 
𝜎𝐸 
𝑥,𝐹𝐸𝑀 

( 𝑟 𝐸 ) 
𝜎𝐴 
𝑥,𝐹𝐸𝑀 

( 𝑟 𝐴 ) 
𝑟 𝑖 

𝑒 𝑚𝑖𝑛 

𝜎𝐸 
𝑥,𝐹𝐸𝑀 

( 𝑟 𝐸 ) [MPa] 
𝜎𝐸 
𝑥,𝐹𝐸𝑀 

( 𝑟 𝐸 ) 
𝜎𝐴 
𝑥,𝐹𝐸𝑀 

( 𝑟 𝐴 ) 

0.0 1.211 -1.376 0.0 1.724 -1.371 

0.5 1.033 -1.371 0.5 1.469 -1.368 

1.0 0.756 -1.365 1.0 1.075 -1.366 

1.5 0.630 -1.359 1.5 0.896 -1.364 

2.0 0.594 -1.356 2.0 0.845 -1.363 

Fig. 3. ISSF variations 𝐾 

𝐴 
𝜎

, 𝐾 

𝐸 
𝜎

, 𝐾 

𝐸 ∗ 

𝜎
by varying l b when l g = 20 𝜇m in micro-bond 

test. 

Table 3 

ISSF variations 𝐾 

𝐴 
𝜎

, 𝐾 

𝐸 
𝜎

, 𝐾 

𝐸 ∗ 

𝜎
[MPa ⋅ m 

1 − 0.6592 ] by varying 

l b when l g = 20 𝜇m in micro-bond test, (): ISSF ratio variations 

𝐾 

𝐴 
𝜎
∕ 𝐾 

𝐸 
𝜎

and 𝐾 

𝐸 ∗ 

𝜎
∕ 𝐾 

𝐸 
𝜎

by varying l b . 

l b [ 𝜇m] 𝐾 𝐸 
𝜎
( 𝐾 𝐸 

𝜎
∕ 𝐾 𝐸 

𝜎
) 𝐾 𝐴 

𝜎
( 𝐾 𝐴 

𝜎
∕ 𝐾 𝐸 

𝜎
) 𝐾 𝐸 

∗ 

𝜎
( 𝐾 𝐸 ∗ 

𝜎
∕ 𝐾 𝐸 

𝜎
) 

100 0.680(1.000) -0.324(-0.476) 0.433(0.637) 

150 0.562(1.000) -0.179(-0.318) 0.389(0.691) 

200 0.515(1.000) -0.124(-0.240) 0.364(0.707) 

400 0.448(1.000) -0.0498(-0.111) 0.326(0.728) 

t  

o  

E  

s  

I  

d  

i  

e

3

3

 

𝐾  

i  

d  

D  

T  

i  

n  

P  

e

t Point A in Fig. 1 and Point A 

∗ in Fig. 2 are different. In micro-bond

est, Point A and Point E have same singular indexes. Therefore, the

SSFs at Point A, Point E and Point E ∗ can be compared. But they cannot

e directly compared with Point A 

∗ . 

4 𝑠𝑖 𝑛 2 ( 𝜋𝜆) 
{ 

𝑠𝑖 𝑛 2 
(
𝜋𝜆

2 

)
− 𝜆2 

} 

𝛽2 + 4 𝜆2 𝑠𝑖 𝑛 2 ( 𝜋𝜆) 𝛼𝛽

+ 

{ 

𝑠𝑖 𝑛 2 
(
𝜋𝜆

2 

)
− 𝜆2 

} 

𝛼2 + 4 𝜆2 𝑠𝑖 𝑛 2 ( 𝜋𝜆) 𝛽

+2 
{ 

𝜆2 cos ( 2 𝜋𝜆) + 𝑠𝑖 𝑛 2 
(
𝜋𝜆

2 

)
cos ( 𝜋𝜆) + 

1 
2 
𝑠𝑖 𝑛 2 ( 𝜋𝜆) 

} 

𝛼

+ 𝑠𝑖 𝑛 2 
(3 𝜋𝜆

2 

)
− 𝜆2 = 0 (2) 

Here, 𝛼, 𝛽 denote bi-material parameters of Dundurs [43] , and G F 

nd G M 

are shear modulus, which can be transformed from Young’s

odulus E F , E M 

and Poisson’s ratios 𝜈F , 𝜈M 

. Subscripts M, F represent

he matrix and the reinforcing fiber, respectively. In this study, analysis

s carried out under plane strain. 

𝛼 = 

𝐺 𝐹 ( 𝜅𝑀 

+1 ) − 𝐺 𝑀 

( 𝜅𝐹 +1 ) 
𝐺 𝐹 ( 𝜅𝑀 

+1 ) + 𝐺 𝑀 

( 𝜅𝐹 +1 ) , 𝛽 = 

𝐺 𝐹 ( 𝜅𝑀 

−1 ) − 𝐺 𝑀 

( 𝜅𝐹 −1 ) 
𝐺 𝐹 ( 𝜅𝑀 

+1 ) + 𝐺 𝑀 

( 𝜅𝐹 +1 ) , 

𝜅𝑖 = 

{ 

(
3 − 𝜈𝑖 

)
∕ 
(
1 + 𝜈𝑖 

)
( 𝑃 𝑙𝑎𝑖𝑛 𝑠𝑡𝑟𝑒𝑠𝑠 ) (

3 − 4 𝜈𝑖 
)
( 𝑃 𝑙𝑎𝑖𝑛 𝑠𝑡𝑟𝑎𝑖𝑛 ) ( 𝑖 = 𝑀, 𝐹 ) 

⎫ ⎪ ⎪ ⎬ ⎪ ⎪ ⎭ 
(3) 

For the material combination as shown in Table 1 , 𝛼 = 0.9071,

= 0.2016, 𝜆1 = 0.6592, 𝜆2 = 0.9992. Here, 𝜆2 is close to 1, which

eans that Eq. (1) can be written as Eq. (4) . 

𝑖 
𝑥 
= 

𝐾 

𝑖 
𝜎, 𝜆1 

𝑟 
1− 𝜆1 
𝑖 

+ 

𝐾 

𝑖 
𝜎, 𝜆2 

𝑟 
1− 𝜆2 
𝑖 

≅
𝐾 

𝑖 
𝜎, 𝜆1 

𝑟 
1− 𝜆1 
𝑖 

, 
(
𝑖 = A , E , E ∗ 

)
(4)

Here, 𝐾 

𝑖 
𝜎, 𝜆1 

and 𝐾 

𝑖 
𝜎, 𝜆2 

denote ISSFs for the normal stress at the vicin-

ty of Point i on the interface r i ( i = A, E, E ∗ ). As the 𝜆2 for most material

n reality is close to 1 under this geometry [44] , the second term 𝐾 

𝑖 
𝜎, 𝜆2 

an be omitted, ISSF 𝐾 

𝑖 
𝜎

in this study can be expressed by 𝐾 

𝑖 
𝜎, 𝜆1 

corre-

ponding with 𝜆1 . Definition of 𝐾 

𝑖 
𝜎

are shown in Eq. (5) . 

 

𝑖 
𝜎
≅ 𝐾 

𝑖 
𝜎, 𝜆1 

= 

𝑙𝑖𝑚 

𝑟 → 0 

[
𝜎𝑖 
𝑥 

(
𝑟 𝑖 
)
⋅ 𝑟 1− 𝜆1 

𝑖 

]
, 
(
𝑖 = A , E , E ∗ 

)
(5)

.3. Proportional method by using FEM 

Finite element method (FEM) analysis should be well conducted and

ay require experience and skills for engineering applications [ 8–14 ,

7 , 45 ]. In this analysis, a mesh independent proportional method is

sed to calculate the ISSF 𝐾 

𝑖 
𝜎

defined in Eq. (5) . Since 𝜆2 is close to 1,

he second term can be omitted, the ISSF can be calculated from the

atio of FEM stress 𝜎𝐹𝐸𝑀 

𝑥, 𝑖 
( 𝑟 𝑖 ) as shown in Eq. (6) [ 40–42 , 46 ]. 

𝐾 

𝑖 
𝜎

𝐾 

𝑗 
𝜎

≅
𝜎𝑖 
𝑥,𝐹𝐸𝑀 

(
𝑟 𝑖 
)

𝜎
𝑗 

𝑥,𝐹𝐸𝑀 

(
𝑟 𝑗 
) , (𝑖, 𝑗 = A , E , E ∗ 

)
(6) 

Table 2 shows the FEM stress 𝜎𝐸 
𝑥,𝐹𝐸𝑀 

( 𝑟 𝐸 ) near Point E and the FEM

tress ratio 𝜎𝐸 
𝑥,𝐹𝐸𝑀 

( 𝑟 𝐸 )∕ 𝜎𝐴 
𝑥,𝐹𝐸𝑀 

( 𝑟 𝐴 ) . Although 𝜎𝐸 
𝑥,𝐹𝐸𝑀 

( 𝑟 𝐸 ) varies depend-

ng on the FEM mesh size, the FEM stress ratio 𝜎𝐸 
𝑥,𝐹𝐸𝑀 

( 𝑟 𝐸 )∕ 𝜎𝐴 
𝑥,𝐹𝐸𝑀 

( 𝑟 𝐴 )
s almost the same independent of mesh size. This is because the same

esh pattern is applied to the singular stress region to cancel the FEM er-

or. The FEM stress ratio in Table 2 can be regarded as the real stress ra-

io although the FEM stress cannot express the real singular stress. Since
he stress ratio can be obtained accurately in Table 2 , the ISSF can be

btained from the ISSF of reference solutions with the ratio as shown in

q. (6) . The ISSF of the pull-out test in Fig. 2 can be used as the reference

olutions whose FEM modelling is indicated in the Appendix A [ 33 , 34 ].

n Appendix B , an example of the FEM mesh of micro-bond test is in-

icated in Fig. B.1 . It should be noted that the FEM stress 𝜎𝑖 
𝑥, 𝐹𝐸𝑀 

( 𝑟 𝑖 )
ndicated in Table 2 is mainly controlled by the minimum element size

 min around the singular point. 

. Results and discussion 

.1. Bond length l b effect on ISSF in micro-bond test 

Fig. 3 and Table 3 indicate the ISSF 𝐾 

𝐸 
𝜎

at the entry point and the ISSF

 

𝐴 
𝜎

of the exit point in comparison with the ISSF 𝐾 

𝐸 ∗ 
𝜎

of the pull-out test

n Fig. 2 at the entry point by varying the bond length l b . Here, other

imensions are fixed as knife gap opening l g = 20 𝜇m, fiber diameter

 = 20 𝜇m and contact angle 𝜃C = 𝜋/2 for Glass fiber/Epoxy in Table 1 .

hose ISSFs 𝐾 

𝐸 
𝜎

, 𝐾 

𝐴 
𝜎

, 𝐾 

𝐸 ∗ 
𝜎

decrease with increasing l b . As shown in the

nterface stress distribution in Appendix B , the tensile stress appears

ear the entry Point E and the compressive stress appears near the exit

oint A. From Fig. 3 and Table 3 , no matter how the l b changes, the

ntry Point E in micro-bond test is more severe for debonding. 
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Fig. 4. ISSF ratio variations by varying l b when l g = 20 𝜇m. 

Fig. 5. ISSF variation 𝐾 

𝐸 
𝜎

by varying l g when l b = 100 𝜇m, 200 𝜇m, 400 𝜇m. 
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Fig. 6. Fiber deformation at the unrestrained surface by varying knife gap 

opening l g for l b = 100 𝜇m and l b = 400 𝜇m. 
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In the pull-out test, a similar tensile ISSF appears the entry point E ∗ 

s shown in Fig. 3 and also a similar compressive ISSF appears near the

nd Point A 

∗ in Fig. 2 . The ISSFs at Point E and Point E ∗ decrease in a

imilar way by increasing l b . 

To clarify the relation between 𝐾 

𝐸 
𝜎

at Point E in micro-bond test

nd 𝐾 

𝐸 ∗ 
𝜎

at Point E ∗ in pull-out test, Table 3 and Fig. 4 shows ISSF

atios − 𝐾 

𝐴 
𝜎
∕ 𝐾 

𝐸 
𝜎

and 𝐾 

𝐸 ∗ 
𝜎

∕ 𝐾 

𝐸 
𝜎

. As shown in Table 3 and Fig. 4 , the ra-

io − 𝐾 

𝐴 
𝜎
∕ 𝐾 

𝐸 
𝜎

decreases significantly with increasing l b . Instead, the ratio

 

𝐸 ∗ 
𝜎

∕ 𝐾 

𝐸 
𝜎

is almost constant as 𝐾 

𝐸 ∗ 
𝜎

∕ 𝐾 

𝐸 
𝜎

≅ 0 . 75 . In other words, the ISSF

t Point E in micro-bond test is about 1.5 times of that at Point E ∗ in pull-

ut test. As, pull-out is relatively complex compared to the micro-bond

est. The pull-out test require large size of the matrix and a complex

ure procedure [ 2 , 35 ]. While the micro-bond test is relatively simpler

nd easier compared to the pull-out test. Besides, there is more exper-

ment study of micro-bond tests available. From the ISSF results, the

icro-bond test and pull-out test are almost proportional under ideal-

zed situation. Therefore, the results of the pull-out test can be predicted

y the results of micro-bond test of same material and fiber geometry. 
.2. Effect of knife gap opening l g on ISSF in micro-bond test 

Table 4 and Fig. 5 illustrate the ISSF 𝐾 

𝐸 
𝜎

by varying knife gap opening

 g assuming the droplet dimensions l b = 100 𝜇m, 200 𝜇m, 400 𝜇m. The

esult l b = 100 𝜇m can be shown in the range l g ≤ 40 𝜇m because larger

 g > 40 𝜇m cannot support the smaller droplet size l b = 100 𝜇m. In the

revious experiment [ 1 , 2 , 6 , 7 , 15 , 16 , 36 ], the bonded length l b , which

s nearly equal to the droplet size, was in the range l b = 50 𝜇m~400 𝜇m

n most cases. 

In Fig. 5 , when l g ≤ 10 𝜇m, the ISSF 𝐾 

𝐸 
𝜎

increases significantly with

ecreasing the knife gap opening l g . In other words, when l g ≤ 10 𝜇m,

he ISSF 𝐾 

𝐸 
𝜎

is sensitive to l g although when l g ≥ 10 𝜇m, the ISSF 𝐾 

𝐸 
𝜎

is

early independent of l g . When l b = 100 𝜇m, the ISSF increases slightly

ith increasing l g because of the bend deformation of the small size

roplet l b = 100 𝜇m. Since many previous tests were conducted under l g 
 10 𝜇m [47–49] , the initial debonding condition varies depending on

 g whose slight change affects the ISSF. Therefore, as a conclusion, the

icro-bond testing geometry l g ≥ 10 𝜇m is recommended since the ISSF

 

𝐸 
𝜎

becomes almost constant as shown in Fig. 5 . In the experiments, no

roplet fracture should be confirmed instead of the interface debond-

ng since the sphered droplet shape is deformed due to the knife edge

upport. 

.3. Resin deformation and fiber elongation in micro-bond test 

To understand the geometrical effect in micro-bond test, the ma-

rix surface deformation is studied in this section. Fig. 6 illustrates the

isplacement 𝑢 𝐸 
𝑦 
( 𝑥 ) when P = 1MPa × 0.02mm × 1mm = 0.02N,

 b = 100 𝜇m and l b = 400 𝜇m using the cartesian coordinate system in

ig. 6 where the x-axis is the distance from Point E ( x = 0) until the

nife edge ( x = l g ). At the knife edge x ≥ l g , the displacement in the

-direction is constrained with no shear stress as u y = 0, 𝜏xy = 0. The

eformation when l b = 400 𝜇m is relatively smaller than the deformation

hen l b = 100 𝜇m. 

Table 5 a, b shows displacement 𝑢 𝐸 
𝑦 
(0) at the entry Point E, dis-

lacement 𝑢 𝐴 
𝑦 
(0) at the exit Point A, and fiber elongation 𝑢 𝐸 

𝑦 
(0) − 𝑢 𝐴 

𝑦 
(0) .

able 5a , b also shows the contact angle change defined as Δ𝜃𝐶 =
𝑎 𝑛 −1 [ 𝑑 𝑢 𝐸 

𝑦 
(0)∕ 𝑑 𝑥 ] at Point E. Fig. 7 shows 𝑢 𝐸 

𝑦 
(0) and 𝑢 𝐴 

𝑦 
(0) both of which

ncrease with increasing l g although Table 5a , b shows 𝐾 

𝐸 
𝜎

decreases

ith increasing l g . Since the ratio 𝑢 𝐸 
𝑦 
(0)∕ 𝐾 

𝐸 
𝜎

is not constant as shown in

able 5a , b , 𝑢 𝐸 
𝑦 
(0) is not controlled by the ISSF 𝐾 

𝐸 
𝜎

. Instead, as shown

n Table 5a , b and Fig. 8 , the ratio 𝐾 

𝐸 
𝜎
∕Δ𝜃𝐶 is almost constant, and

herefore, 𝐾 

𝐸 
𝜎

is almost controlled by Δ𝜃𝐶 . 

The reason why the ISSF 𝐾 

𝐸 
𝜎

becomes larger as l g → 0 in Fig. 5 can

e explained from the surface angle after deformation defined as Δ𝜃𝐶 =

𝑎 𝑛 −1 [ 
𝑑𝑢 𝐸 𝑦 (0) 

𝑑𝑥 
] . When the knife edge gap l g → 0 in micro-bond test, the

urface angle after deformation Δ𝜃𝐶 = 𝑡𝑎 𝑛 −1 [ 
𝑑𝑢 𝐸 𝑦 (0) ] becomes larger as
𝑑𝑥 
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Table 4 

ISSF variation 𝐾 

𝐸 
𝜎

[ MPa ⋅m 

1 − 0.6592 ] by varying l g . (): 𝐾 

𝐸 
𝜎
|𝑙 𝑏 ∕ 𝐾 

𝐸 
𝜎
|𝑙 𝑏 =100 μm . 

l b [ 𝜇m]\ l g [ 𝜇m] 1 5 10 20 40 80 

100 1.492(1.000) 0.840(1.000) 0.700(1.000) 0.637(1.000) 0.656(1.000) − ( − ) 
200 1.377(0.923) 0.749(0.891) 0.606(0.866) 0.526(0.826) 0.494(0.753) 0.515( − ) 
400 1.337(0.896) 0.718(0.855) 0.576(0.822) 0.493(0.773) 0.452(0.689) 0.457( − ) 

Table 5a 

Fiber deformation when l b = 100 𝜇m. 

Knife gap opening l g ( 𝜇m) 1 5 10 20 40 80 

𝐾 𝐸 
𝜎

1.492 0.840 0.700 0.637 0.656 − 
Displacement 𝑢 𝐸 

𝑦 
(0) ( 𝜇m) 0.0675 0.1041 0.1362 0.1919 0.3042 − 

Displacement 𝑢 𝐴 
𝑦 
(0) ( 𝜇m) 0.0593 0.0908 0.1201 0.1729 0.2831 − 

Fiber elongation Δ𝑙 𝑏 = 𝑢 𝐸 𝑦 − 𝑢 
𝐴 
𝑦 

0.0082 0.0133 0.0161 0.0190 0.0211 − 
𝜃𝐶 after deformation 67.1° 76.7° 78.8° 79.8° 79.5° − 
Δ𝜃𝐶 = 𝑡𝑎 𝑛 −1 [ 

𝑑𝑢 𝐸 
𝑦 
(0) 

𝑑𝑥 
] 22.9° 13.3° 11.2° 10.2° 10.5° − 

𝑢 𝐸 
𝑦 
(0)∕ 𝐾 𝐸 

𝜎
0.0452 0.1240 0.1945 0.3013 0.4636 − 

𝐾 𝐸 
𝜎
∕Δ𝜃𝐶 0.0652 0.0632 0.0625 0.0625 0.0625 − 

Table 5b 

Fiber deformation when l b = 400 𝜇m. 

Knife gap opening l g ( 𝜇m) 1 5 10 20 40 80 

𝐾 𝐸 
𝜎

1.337 0.718 0.576 0.493 0.452 0.457 

Displacement 𝑢 𝐸 
𝑦 
(0) ( 𝜇m) 0.0575 0.0821 0.1004 0.1254 0.1628 0.2241 

Displacement 𝑢 𝐴 
𝑦 
(0) ( 𝜇m) 0.0349 0.0495 0.0611 0.0781 0.1058 0.1566 

Fiber elongation Δ𝑙 𝑏 = 𝑢 𝐸 𝑦 − 𝑢 
𝐴 
𝑦 

0.0226 0.0326 0.0393 0.0473 0.0570 0.0675 

𝜃𝐶 after deformation 70.2° 79.2° 81.4° 82.8° 83.5° 83.8°

Δ𝜃𝐶 = 𝑡𝑎 𝑛 −1 [ 
𝑑𝑢 𝐸 

𝑦 
(0) 

𝑑𝑥 
] 19.8° 10.8° 8.6° 7.2° 6.5° 6.2°

𝑢 𝐸 
𝑦 
(0)∕ 𝐾 𝐸 

𝜎
0.0430 0.1144 0.1744 0.2545 0.3598 0.4906 

𝐾 𝐸 
𝜎
∕Δ𝜃𝐶 0.0674 0.0667 0.0672 0.0682 0.0700 0.0740 

Fig. 7. Surface displacement 𝑢 𝐸 
𝑦 
(0) and 𝑢 𝐴 

𝑦 
(0) by varying knife gap opening l g 

when l b = 100 𝜇m and l b = 400 𝜇m . 
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Fig. 8. ISSF ratio 𝐾 

𝐸 
𝜎
∕Δ𝜃𝐶 is almost constant independent of l g . 
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hown in Table 5a , b and Fig. 6 . This is because the fiber is pulled-

ut under the small knife gap opening l g → 0 (see Fig. 6 , for example,

hen l g = 1 𝜇m). Some previous experimental studies suggested that the

nife edge gap l g should be as small as possible [47–49] . To obtain the

eneral results independent of l g , however, a certain gap should be kept

n micro-bond test in Fig. 1 . 

.4. Effect of knife edge friction on ISSF in micro-bond test 

In the above discussion, no friction condition 𝜇 = 0 is assumed

y applying u y = 0, 𝜏xy = 0 along the knife edge shown in black in

ig. 1 . In real micro-bond test, however, the knife edge restrains the y-
isplacement as u y = 0 with a certain frictional stress as 𝜏xy ≠ 0. Since

he friction coefficient 𝜇 is unknown, in this section, along the knife

dge, assume another condition u y = 0, u x = 0, which is corresponding

o 𝜇 →∞ along the knife edge. Fig. 9 compares the two different bound-

ry conditions under the fixed dimensions D = 20 𝜇m and l b = 400 𝜇m.

he solid line represents the ISSF 𝐾 

𝐸 
𝜎

when the droplet is supported as

 y = 0, 𝜏xy = 0 by the knife edge. And the dashed line represents the

SSF 𝐾 

𝐸 
𝜎

when the droplet is supported as u y = 0, u x = 0. The ISSF of

eal experiment with friction can be plotted between those two lines ex-

ressing extreme cases. Since the ISSF 𝐾 

𝐸 
𝜎

under u y = 0, 𝜏xy = 0 is the

ost severe, this boundary condition is adopted in this study. 



D. Chen, N.-A. Noda and R. Takaki et al. International Journal of Mechanical Sciences 183 (2020) 105817 

Fig. 9. Effect of friction on the knife edge on the ISSF in micro-bond test by 

comparing 𝜇 = 0 ( u y = 0, 𝜏xy = 0) and → ∞ ( u y = 0, u x = 0). 

Fig. 10. ISSF 𝐾 

𝐸 
𝜎

variation by varying l g for Carbon fiber/Epoxy. 

Table 6 

Mechanical properties of Carbon fiber/Epoxy. 

Fiber Matrix (Droplet) 

Material Carbon fiber Epoxy 

Young’s Modulus (GPa) 276 3.03 

Poisson’s Ratio 0.30 0.35 

Dundurs’ Parameter 𝛼 = 0.9775 𝛽 = 0.2250 

Singular Index 𝜆1 = 0.6751 𝜆2 = 0.9999 

Fig. 11. ISSF ratio 𝐾 

𝐸 ∗ 

𝜎
∕ 𝐾 

𝐸 
𝜎

of pull-out test and micro-bond test when l g = 20 𝜇m. 

Table 8 

ISSF 𝐾 

𝐸 
𝜎

in micro-bond test when l g = 20 𝜇m and 𝐾 

𝐸 ∗ 

𝜎
in 

pull-out test of Carbon fiber/Epoxy. 

l b [ 𝜇m] 100 150 200 400 

𝐾 𝐸 
∗ 

𝜎
[ 𝑀𝑃𝑎 ⋅ 𝑚 1−0 . 6751 ] 0.346 0.291 0.259 0.203 

𝐾 𝐸 
𝜎
[ 𝑀𝑃𝑎 ⋅ 𝑚 1−0 . 6751 ] 0.624 0.491 0.434 0.347 

𝐾 𝐸 
∗ 

𝜎
∕ 𝐾 𝐸 

𝜎
0.554 0.593 0.596 0.585 
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Table 7 

ISSF variation 𝐾 

𝐸 
𝜎

[MPa ⋅ m 

1 − 0.6751 ] by varying l g for Car

l b [ 𝜇m]\ l g [ 𝜇m] 1 5 10 

100 1.552(1.000) 0.834(1.000) 0.685(1

200 1.346(0.867) 0.675(0.809) 0.523(0

400 1.213(0.782) 0.583(0.699) 0.437(0
.5. ISSF in micro-bond test for carbon fiber/epoxy in comparison with 

lass fiber/epoxy 

In Section 3.2 , for the glass fiber/epoxy in Table 1 , the effect of knife

ap opening l g on the ISSF 𝐾 

𝐸 
𝜎

was discussed as shown in Table 4 and

ig. 5 . Then, it was found that when l g ≤ 10 𝜇m commonly used, the ISSF

 

𝐸 
𝜎

is very sensitive to l g . As a conclusion, l g ≥ 10 𝜇m is recommended

or suitable testing geometry since the ISSF 𝐾 

𝐸 
𝜎

becomes almost con-

tant. To verify this conclusion, for carbon fiber/epoxy in Table 6 , the

ffect of knife gap opening l g on the ISSF 𝐾 

𝐸 
𝜎

was discussed as shown in

able 7 and Fig. 10 . Here, the singular index for Carbon fiber/Epoxy

t Point E is 𝜆1, C = 0.6751 instead of the singular index for Glass

ber/Epoxy 𝜆1, g = 0.6592. Table 7 and Fig. 10 illustrate the ISSF 𝐾 

𝐸 
𝜎

by

arying knife gap opening l g when the droplet dimensions l b = 100 𝜇m,

200 𝜇m, 400 𝜇m in a similar way of Table 4 and Fig. 5 . The effect of

 g on the ISSF results in Fig. 10 is similar to Fig. 5 since the ISSF 𝐾 

𝐸 
𝜎

s sensitive to l g when l g ≤ 10 𝜇m and almost independent of l g when ≥

0 𝜇m. Therefore, to improve the accuracy of micro-bond test, a certain

ap l g should be kept. 

As shown in Table 3 and Fig. 4 in Section 3.1 , for Glass fiber/Epoxy,

he ISSF ratio 𝐾 

𝐸 ∗ 
𝜎

∕ 𝐾 

𝐸 
𝜎

is almost constant as 𝐾 

𝐸 ∗ 
𝜎

∕ 𝐾 

𝐸 
𝜎

≅ 0 . 75 . In other

ords, the ISSF at Point E in micro-bond test is about 1.5 times of that

t Point E ∗ in pull-out test. In this section, for Carbon fiber/Epoxy in

able 6 , the ISSF ratio 𝐾 

𝐸 ∗ 
𝜎

∕ 𝐾 

𝐸 
𝜎

is investigated. Table 8 and Fig. 11 show

he ISSF ratio 𝐾 

𝐸 ∗ 
𝜎

∕ 𝐾 

𝐸 
𝜎

≅ 0 . 60 for Carbon fiber/Epoxy. In other words,

he ISSF at Point E in micro-bond test is about 1.66 times of that at

oint E ∗ in pull-out test. In Fig. 11 , both ISSF ratios are nearly constant
bon fiber/Epoxy. (): 𝐾 

𝐸 
𝜎
|𝑙 𝑏 ∕ 𝐾 

𝐸 
𝜎
|𝑙 𝑏 =100 μm . 

20 40 80 

.000) 0.624(1.000) 0.669(1.000) − ( − ) 

.763) 0.434(0.696) 0.395(0.591) 0.415( − ) 

.638) 0.347(0.556) 0.293(0.438) 0.269( − ) 
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Fig. B.1. An example of FEM mesh whose minimum element size e min = 3 − 9 D . 
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Fig. B.2. FEM stress 𝜎𝐴,𝐸 

𝑥,𝐹𝐸𝑀 

when e min = 3 − 9 D, l b = 100 𝜇m and l g = 20 𝜇m. 
ndependent of l b as 𝐾 

𝐸 ∗ 
𝜎

∕ 𝐾 

𝐸 
𝜎

≅ 0 . 60 ∼ 0 . 75 ≅ 0 . 66 . The ISSF of pull-out

est can be roughly estimated from the ISSF of micro-bond test. 

. Conclusions 

Micro-bond test has been used to investigate fiber/matrix bonding

ehavior without considering the singular stress. This paper newly ana-

yzed the intensity of singular stress field (ISSF) at the fiber entry point

nder tension and the ISSF at the fiber exit point under compression.

he results showed that no matter how the fiber bond length l b changes,

he fiber entry point is more dangerous in micro-bond test. Instead, in a

ber pull-out test, the fiber end point can be more dangerous if the em-

edded length is shorter. The ISSF at the entry point in micro-bond test

s about 1.5 times of the ISSF of pull-out test at the entry point under the

ame geometries D and l b . By using this knowledge, the ISSFs of pull-out

est can be predicted from micro-bond test. Care should be taken for the

mall knife gap opening l g ≤ 10 𝜇m popularly used in micro-bond test-

ng because the ISSF 𝐾 

𝐸 
𝜎

is sensitive to l g . Instead, testing geometry l g ≥

0 𝜇m can be recommended since the ISSF 𝐾 

𝐸 
𝜎

is nearly independent of

 g . 
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ppendix A. Modelling of a single fiber pull-out embedded in a 

emi-infinite region 

Fig. 2 shows the pull-out test of a single fiber partially embedded

n a semi-infinite resin matrix region studied in the previous paper [ 33 ,

4 ]. Here, Point A 

∗ denotes the fiber end, and Point E ∗ denotes the

ber/surface entry point. Notation l b denotes the axial bonded length

rom the end Point A 

∗ to the entry Point E ∗ before applying load P .

otation l M 

denote the size of the matrix. ISSF at Point A 

∗ and Point

 

∗ in pull-out model were discussed. Point E ∗ is more severe than Point

 

∗ , if l b is large enough. A two-dimensional rectangular shaped fiber was

onsidered in the matrix whose size l M 

in Fig. 2 is set as l M 

= 4000 D [33] .

able A.1 shows the stress 𝜎𝐸 ∗ 
𝑥,𝐹𝐸𝑀 

( 𝑟 𝐸 ∗ ) near Point E ∗ in Fig. 2 by varying

Table A.1 

FEM Stress 𝜎𝐸 ∗ 

𝑥,𝐹𝐸𝑀 

( 𝑟 𝐸 ∗ ) [MPa] in Fig. 2 . 

l M 2000 D 4000 D 6000 D 

𝑟 𝐸 ∗ ∕ 𝑒 𝑚𝑖𝑛 = 0.0 0.763 0.771 0.771 

𝑟 𝐸 ∗ ∕ 𝑒 𝑚𝑖𝑛 = 0 . 5 0.651 0.658 0.658 

𝑟 𝐸 ∗ ∕ 𝑒 𝑚𝑖𝑛 = 1 . 0 0.477 0.482 0.482 

𝑟 𝐸 ∗ ∕ 𝑒 𝑚𝑖𝑛 = 1 . 5 0.397 0.401 0.401 

𝑟 𝐸 ∗ ∕ 𝑒 𝑚𝑖𝑛 = 2 . 0 0.374 0.378 0.378 

he matrix size l M 

. It is seen that l M 

= 4000 D is large enough to express

he semi-infinite region since the stress 𝜎𝐸 ∗ 
𝑥,𝐹𝐸𝑀 

( 𝑟 𝐸 ∗ ) is the same when

 M 

≥ 4000 D . 

ppendix B. An example of FEM mesh and stress distributions for 

he micro-bond test 

Fig. B.1 shows an example of FEM mesh. Smaller mesh is applied

t the interface corner. The minimum element size e = 3 − 9 D and
min 
 min = 3 − 10 D are chosen confirming the mesh independency. To rep-

esent the knife edge support in Fig. 1 , the y-direction displacement is

xed with no shear stress as shown in Fig. B.1 . The distance from the

nife edge to the fiber surface is denoted by l g . 

Fig. B.2 shows the FEM stress 𝜎x,FEM 

distribution when e min = 3 − 9 D,

 b = 100 𝜇m and l g = 20 𝜇m focusing on Point E and Point A. The stress

x,FEM 

around Point E is under tension and the stress 𝜎x,FEM 

around Point

 is under compression. Fig. B.3 shows the stress 𝜎x , FEM 

( y ) and the shear

tress 𝜏yx , FEM 

( y ) along the entire fiber/droplet interface. Here, the y-

oordinate indicates the location from Point A at y = 0 to Point E at

 = 100 𝜇m. Since the stress at the vicinity of Point A and Point E goes to

nfinity, minimum element size e min = 3 − 9 D is used around the singular

oints in Fig. B.1 . 
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Fig. B.3. FEM stress 𝜎
𝐴, 𝐸 

𝑥,𝐹𝐸𝑀 

and 𝜏𝐴,𝐸 

𝑥𝑦,𝐹𝐸𝑀 

when e min = 3 − 9 D, l b = 100 𝜇m and 

l g = 20 𝜇m along the entire fiber/matrix interface. 
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