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Abstract. In this paper, the practical analysis methods are proposed for analyzing the
singular index and the intensity of singular stress field (ISSF) at the vertex of the interface
in the three dimensional (3D) bonded plate. The analysis methods focus FEM stresses at and
around the vertex. The singular index is determined from the FEM stress ratio at the vertex
obtained by performing FEM analyses on the finely and coarsely meshed models. Then, the
ISSF is determined by the ratio of the average FEM stresses at and around the vertex obtained
by performing the FEM analyses on the reference and unknown models under the same mesh
pattern. The validity of the present methods was examined by the plane strain bonded plate and
3D bonded plate in the literature. It was found that the present methods for the singular index
have the same accuracy as the FEM eigenvalue analysis. The asymptotic solutions with the
singular index and ISSF by the present method correspond to FEM stress distributions. Since
the ISSF by the body force method (BFM) is used as the reference solution, the present method
for ISSF has the same accuracy as BFM. Moreover, the critical ISSF values were calculated in
the experimental results of the butt joints with various adhesive thicknesses. In the case of the
ductile epoxy adhesive, it was shown that the critical ISSF at the vertex by 3D model was more
constant against the thickness than that by 2D model. The result is quite different from that
of the brittle epoxy adhesive and can be never obtained by 2D model.

1. Introduction

The intensity of singular stress field (ISSF) is useful for evaluating the debonding strength [1-4].
Generally, the finite element method (FEM) is often used to evaluate the strength in various
industries [5,6]. However, the ISSF cannot be calculated directly by FEM [7-10]. The authors
proposed the method for calculating the ISSF easily and accurately by the FEM [3,4,11,12].
The method does not require the complex calculation and can be applied to various bonded
structures. In the previous studies, the ISSF for the butt joint was analyzed by 2D model [3,4].
It was found that the debonding fracture criterion can be expressed with the ISSF [11,13].
Actual butt joint has the vertex and its debonding fracture is caused from the vertex of the
interface. However, it is difficult to analyze the ISSF at the vertex and the debonding fracture
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Figure 1. Schematic illustration of 3D bonded plate models for analyzing the singular index

criterion is not discussed by the ISSF at the vertex in 3D model.

In this paper, the practical analysis methods are proposed for analyzing the singular index
and the ISSF at the vertex of the interface in 3D bonded plate. The critical ISSF values are
calculated in the experimental results of the butt joints with various adhesive thicknesses and
are compared with those by 2D model.

2. Analysis method for singular index and intensity of singular stress field

2.1. Analysis method for singular index

Figure 1 shows the schematic illustrations of the 3D bonded plate models. The model (a) is
subdivided by the minimum element size ey, = e(‘)’tm. The FEM stress in the z direction and the

ISSF at the vertex of the interface are denoted with a;}éx;f%M R and KZ;“(“) , respectively.
’ min=—€g

The model (b) is as large as the model (a) and subdivided by epin = nel®®. The FEM stress in

the z direction and the ISSF at the vertex of the interface are denoted with agémg%M S
3 min= 0

and Kgm(b), respectively.
The real singular stress in the z direction at the vertex of the interface in 3D bonded plate
is given by the following equation [9].

vtz
vt __ Kcr

z r1*>‘vt:r

(1)

Here, 7 is the distance from the vertex, A is the singular index at the vertex, K, is the ISSF at

the vertex. Since the minimum element size of the model (b) is n times as large as that of the
vtz(a) vtz(b)

model (a), the relation between the FEM stresses o,q pps|,  _vte and 0,0 ppyg|,  _ otz can
’ min=—€( ’ min=" €g
be expressed as follows [11].
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Solving Eq. (2) on Ay, the following equation is obtained.
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Figure 2. Schematic illustration of 2D and 3D bonded plate models.

Generally, the finite element eigen analysis method is often used for the analysis of Ayt Apte

can be determined by Eq. (3) much more easily than the finite element eigenanalysis method.
When the FEM stresses ajgc’l;(ggw emm—eside and ajgc’l;(g)M emm—neside are used instead of the

a%ﬁ%M emin—ells and agéfg%M ——— respectively, the Agq. is determined by the following
equation.

O_side(a) ] /Uside(b) ] >
20,FEM | ey =efide | 720, FEM e, =nefide

Aside =1 — : ( (4)
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side(a) side(b)
Here, 0 iy S and 00, FEM |y —negide 2T€ the FEM stresses at the center (0, —W/2,0)

on the interface end y = —W/2 in the finely and coarsely meshed 3D bonded plate models,
respectively.
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2.2. Mesh-independent technique useful for 3D bonded plate

The authors proposed the mesh-independent technique useful for 2D butt joint [3,4]. The
method is extended so that the ISSF at the vertex in 3D bonded plate can be analyzed. Figure
2 shows (a) unknown 3D bonded plate model and (b) reference 2D bonded plate model. The
method for analyzing the ISSF K% at (z,y,2) = (—W/2,—W/2,0) in Fig.2(b) by using the
ISSF K2P at (z,y) = (—W/2,0) as the reference solution is mentioned below.

As shown in Fig.2(a), the local polar coordinate (r,¢) is set at the vertex (z,y,z) =
(—=W/2,-=W/2,0)in the 3D model. ¢ is the angle between the interface end y = —W/2 and
r axis. When ¢ = 7/4, the singular stress field at (—W/2,—W/2,0) is expressed with the
following equation [9].

thx B
‘¢—ﬂ/4 (5)

¢ _ _
O-g z(rv ¢ - 7T/4) - rlf)‘vt:t
As shown in Fig.2(b), the local polar coordinate (r,6) is set at the interface end (x,y) =
(=W/2,0) in the 2D model. 6 is the angle between the interface end y = 0 and r axis. When

0 = m/2, the singular stress field at (—1/2,0) is expressed with the following equation [3,4].

2D _ — a
Uy ("",9 - 7T/2) - 7“1_>\2D (6)

The analysis methods focus average real/FEM stresses at and around the vertex. The FEM
analyses are performed on the reference and unknown models under the similar mesh pattern.
Since the mesh size dependency in the FEM stress is canceled by using a ratio, the average
FEM stress ratio 5§f§EM/6§%EM corresponds to the average real stress ratio 2%/ 6§D . When

the stress in 3D model is averaged from r = 0 to ﬂeé’tz and the stress in 2D model is averaged

from r =0 to e%D , the following equation is obtained.

Ko gmrpa e 0% (V2EE™)' 0 4 01 gy - (V2eg)! ot

= - - (7)
k3P A2D ooy e (657) 2D + 02 gy - (egP)' 720

Here, a;’ﬁFEM is the FEM stress at (1, ¢) = (v/2¢3%, w/4) in Fig. 2(a), af/ngEM and szFEM are
the FEM stresses at (r,0) = (0,7/2), (e3P, 7/2) in Fig. 2(b), respectively.

The local polar coordinate (r, ¢) is set at the center (0, —1/2,0) in Fig.2(b). ¢ is the angle
between the interface end y = —W/2 and r axis. When ¢ = 7/2, the singular stress field at the
center of interface end is expressed with the following equation [9]

Kside|
id g ¢=m/2
ot (r ¢ = m/2) = — 5 (®)
r side

The following equation is obtained as well as Eq. (7).

id id ide\1—\ id ide\1—X;

K5 e‘fb:w/z  Aside 020, pmn (€0°°€) 7 side + 00 ppy - (€0) T side (©)
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Because the ISSF for 2D bonded plate by the body force method (BFM) [8,10] is used, the ISSF
for 3D bonded plate can be obtained by Egs. (7) and (9) accurately.
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Figure 3. Schematic illustration of butt joint specimen and experimental adhesive strength
[13,14]

Table 1. Material properties used in the present analyses [13,14]

Adherend (S35C) | Adhesive (Epoxy resin) N 5 dop | F2P*
El [GPa] 141 E2 [GP&] V9
210.0 0.3 3.14 0.37 0.969 | 0.199 | 0.684 | 0.405

3. Debonding strength evaluation for butt joint by 3D model

The debonding strength for butt joint by 3D model is discussed by using the experimental result
by Suzuki [14]. Figure 3 shows the schematic illustration of the butt joint specimen and the
fracture stress. In the experiment, the adhesive thickness h is varied from 0.05 mm to 5 mm.
The adherend is the low cabon steel JIS S35C. The adhesives are the epoxy resin. The fracture
stress decreases with increasing h. Table 1 shows the material constants of the adherend and
adhesives. Then, A\op and the dimensionless ISSF F2P for 2D bonded plate, which are used in
the evaluation of the ISSF as the reference solution, are also shown in Table 1.

Analysis results in the case of h = 5mm are mentioned as example below. Table 2 shows
Aotz by Eq. (3) and Agge by Eq. (4). Agige nearly equals A\op. Table 3 shows the FEM stresses of
unknown 3D butt joint model and reference 2D bonded plate model. All FEM stresses depend
on the element size. However, it is found that the mesh size dependency can be overcome by
multiplying the FEM stress by (emin)! ™. Therefore, the left-hand sides of Eqs. (7) and (9) have
mesh size independency. Table 4 shows the ISSFs at the vertex by Eq. (7) and at the center by
Eq. (9). Tt is found that K’* and K¢ are independent of the element size. Figure 4 shows the
singular stress distributions at the vertex and the center in the 3D butt joint model. The solid
lines are the asymptotic solutions which are obtained by substituting the singular indexes in
Table 2 and the ISSFs in Table 4 into Egs. (5) and (8). The lines are good agreement with the
FEM stress distributions. The differences between the asymptotic solution and FEM stress are
less than about 1% in 4.4 x 1076 < r/(W/2) < 7.89 x 10~* at the vertex and the center except
for the nodes near the singular point which is strongly influenced by the singularity. It can be
confirmed that the singular indexes and the ISSFs are determined accurately by the present
method.

Figure 5 shows the critical ISSFs at the vertex and the center by 3D model and the critical
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Table 2. Singular indexes Ay by Eq. (3) and Ag4e by Eq. (4)

(a) )\’Ut[E
Fine mesh model Coarse mesh model \
t
egm g g(t)g,ﬁFE‘M egm g g(thEM o
4.360 x 1076 | 89.49 | 1.744 x107° | 51.12 | 0.5961
(b) AS'Lde
Fine mesh model Coarse mesh model
e(s)ide O-S%)d%EM e(s)ide S%)de‘d Aside AQD
zY, 20,stde
4.360 x 1076 | 36.02 | 1.744 x 107° | 22.93 | 0.6741 | 0.6735

Table 3. Mesh-dependent FEM stresses of 3D butt joint model with h = 5mm in Fig.3 and
reference 2D model under plane strain in Fig. 2(b)

(a) FEM stress at the vertex of unknown 3D butt joint model in Fig.3

e o g(t)ngEM o %,EFEM' i R Zﬁ,FEM o Zﬁ,FEM' (egm)! ot
4.360 x 1076 | 89.49 0.6118 64.92 0.4438
1.744 x 107° | 51.12 0.6118 37.09 0.4438

(b) FEM stress at the center of unknown 3D butt joi

nt model in Fig. 3

e§ oSbmnr | oS men - (e§7) T Nside | o3 ppay | 056 iy - (€570) ! side
4.360 x 1076 | 36.02 0.6453 27.87 0.4993
1.744 x 107° | 22.93 0.6453 17.74 0.4993

(c) FEM stress at the interface end of reference 2D bonded plate model in Fig. 2(b)

g UZ(I)?}EM U%),*FEM' (egP*)t 22D U;E?EM USF,FEM‘ (eg?)!~22p
3712 | 57.88 0.4399 44.79 0.3404
379 | 19.73 0.4399 15.27 0.3404
Table 4. ISSFs for 3D butt joint with h = 5 mm
() K5 (b) K5
e%D* egtm K;;tz 6(2)D* e(s)ide K;ide
37121 4.360 x 107 | 0.392 37121 4.360 x 1076 | 0.418
3712 | 1.744 x 107° | 0.392 3712 ] 1.744 x 107° | 0.418
379 | 4.360 x 1076 | 0.392 379 | 4.360 x 1076 | 0.418
379 | 1.744 x 107° | 0.392 379 | 1.744 x 107° | 0.418

ISSFs by 2D model [13]. K29 almost equals K22. The K is more constant against the
thickness than that by 2D model and has the smallest scatter. The result can be never obtained
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Figure 4. Singular stress distributions at the vertex and the center of butt joint with A = 5 mm
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Figure 5. Relation between critical ISSF K. and adhesive layer thickness h

by 2D model.

4. Conclusion

In this paper, the practical analysis methods were proposed for analyzing the singular index and
the intensity of singular stress field (ISSF) at the vertex of the interface in 3D bonded plate.
The debonding strength for butt joint by 3D model is discussed by using the experimental result
in the earlier study.

(i) The critical ISSFs of the butt joints with various adhesive thicknesses in the earlier study
were calculated by 3D and 2D models. The critical ISSFs at the center on the side in 3D
model almost equaled those by 2D model. The critical ISSFs at the vertex in 3D model
was less scattered than those at the center on the side in 3D model.

(ii) The asymptotic solutions with the singular indexes and the ISSFs obtained by the present
method were good agreement with the FEM stress distributions. The differences between
the asymptotic solution and FEM stress were less than about 1% in 4.4x 107% < »/(W/2) <
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7.89 x 10~ at the vertex and the center except for the nodes near the singular point which
is strongly influenced by the singularity. It was confirmed that the singular indexes and the
ISSFs are determined accurately by the present method.
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