3gdoooobobobobobobbbooogooon
guoouoboooooonod

O ooo*, o0 oo *2 00 OO* 00 o0 *4

A precise and efficient method for evaluating singular stress field
at the vertex in three dimensional bonded body

Tatsujiro MIYAZAKI*1, Takuma INOUE?, Nao-Aki NODA*3 and Yoshikazu SANC}

1 Department of Mechanical Engineering, Faculty of Engineering, University of the Ryukyus
1 Senbaru, Nishihara-cho, Nakagami-gun, Okinawa 903-0213, Japan
*2 Department of Mechanical Systems Engineering, Graduate School of Engineering and Science, University of the Ryukyus
1 Senbaru, Nishihara-cho, Nakagami-gun, Okinawa 903-0213, Japan
*3+4 Department of Engineering, Graduate School of Engineering, Kyushu Institute of Technology
1-1 Sensui-cho, Tobata-ku, Kitakyushu-shi, Fukuoka 804-8550, Japan

Receivedo o OO OO 2017

Abstract

In this paper, convenient analysis methods are proposed for analyzing the singular index and the intensity of singular
stress field (ISSF) at the vertex on the interface in the three dimensional (3D) bonded body. The analysis methods focus
on 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 for the finely and coarsely meshed models. Then, the ISSF is determined from
the average FEM stresses around the vertex obtained for the reference and unknown models by applying the similar mesh
pattern. The validity of the present methods is examined by comparing the results of 3D bonded models with/without
fixed free surfaces. It is found that the obtained singular index has the same accuracy as the FEM eigenvalue analysis.
The asymptotic solutions with the singular index and ISSF obtained by the present method correspond to FEM stress
distributions. Since the ISSF obtained 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 are calculated from the experimental
results of the butt joints under various adhesive thicknesses. The critical ISSF at the side of 3D butt joint is in good
agreement with the critical ISSF of 2D butt joint model. It is shown that the critical ISSF at the vertex of 3D joint is
constant as well as the critical 2D ISSF independent of the adhesive thickness.

Keywords Bi-materials, Interface, Finite element method, Singular index, Intensity of singular stress field, Bonded
body
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(a) Buitt joint used in the tensile experiment (®) C:Iritié:gll,lc_)?SFK"C by 2D model (Noda et al., 2014; Noda et
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(c) Critical ISSFK distribution along the interface end by 3D model.

Fig. 1 Critical ISSFKgc distribution of butt joints. (a) Butt joint used in the tensile experiment, (b) critical
ISSFKyc by 2D model (Noda et al., 2014; Noda et al., 2015), (c) critical IBgEdistribution along the
interface end by 3D model (Noda et al., 2017, Noda et al. to be submitted).
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Fig. 2 Schematic illustration of 3D bonded body models for analyzing the singular index.
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Fig. 3 Schematic illustration of 2D bonded plate and 3D bonded body models.
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Fig. 4 Schematic illustration of analysis models.

Material 1
Material 2
2D 2D
020, F]z;M 051, FEM

egD* L_.‘ > x
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Fig. 5 Examples of meshed reference and unknown models.
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Table 1 Material properties used in the present analyses.

Material 1 Material 2
E1 [GPa] ‘ V1 E> [GPa] ‘ Vo
1660 | 0.26| 274 |0.38]0.9647| 0.1844] 0.6805| 0.407

a [3 )\ZD FUZD*

Table 2 Comparison between singular indexgg of 3D bonded body model fixed in thedirection in Fig. 4(b)
by Eg. (8) and\yp of 2D bonded plate model under plane strain in Fig. 4(c) by Eq. (23) Wien2 mm

ando;” = oy’ = 0p = 1 MPa.

Fine mesh model Coarse mesh model
&%/ (W/2) | o, | &%/ (w/2) | agde,
4.360x 106 \ 40.63 \ 1.744% 1075 \ 26.10 \ 0.6809\ 0.6805

/\side )\2D

Table 3 Mesh-dependent FEM stresses of unknown 3D bonded body model fixed-ditaetion in Fig. 4(b) and

2D bonded plate model under plane strain in Fig. 4(c) and reference 2D bonded plate model under plane

strain in Fig. 4(a) whelV = 2 mm ando;’ = 0, = 0p = 1 MPa.

(a) Unknown 3D bonded body model in Fig. 4(b).

8%/ (W/2) ‘ O Fem ‘ Oem (€399)1 Asice ‘ 01 Fem ‘ Ogirem " (65°9) 1 Aside
4.360x 107 | 40.63 0.7907 31.63 0.6157
1.744x 10°° | 26.10 0.7907 20.32 0.6157

(b) Unknown 2D bonded plate model in Fig. 4(c).

&°/(W/2) ‘ O-)?OD,FEM ‘ U)?OD,FEM‘(e%D)l_AZD ‘ O-;EFEM ‘ O-)?EFEM'(e(Z)D)l_)\ZD
3712 53.32 0.7898 41.51 0.6150
39 18.60 0.7898 14.48 0.6149

(c) Reference 2D bonded plate model in Fig. 4(a).

&>/ (W/2) ‘ Ou0kem ‘ G)?(?EEM'(GIZ)D*)L)QD ‘ Oy rem ‘ fo*EM'(e%D*)lfAZD
312 52.79 0.7821 41.11 0.6090
39 18.42 0.7820 14.34 0.6089
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Table 4

Fig. 4(c) wherW = 2mm ando;’ = 0;” = gp = 1 MPa.
(a) 3D bonded body in Fig. 4(b).

&> /(W/2) | eg®/(W/2) | Kg

(b) 2D bonded plate in Fig. 4(c).

&> /(W/2) | 2/ (W/2) | K

312 4.360x 1078 | 0.514 312 3-12 0.513
312 1.744x 107°° | 0.514 312 39 0.513
39 4.360x 1078 | 0.514 39 312 0.513
39 1.744x 10°° | 0.514 39 39 0.513
10°
2D model under plane strain
‘ [XIYIXIY) % Fine
EL_ { * Coarse } FEM
E 102 T - Eq. (1)
.
b 1
£ 3D model —~—_]1-0.6805
o) 101 | with fixed free surface
q < |> { o Fine } FEM
. m Coarse
10° ' —  Eq.()
10° 10° 10" 10°
r/(w/2)

ISSFs for 3D bonded body fixed in theirection in Fig. 4(b) and 2D bonded plate under plane strain in

Fig. 6 Singular stress distributions at interface ends in 3D bonded body model fixeciditleetion in Fig. 4(b)

and 2D bonded plate model under plane strain in Fig. 4(c) Wiiea2 mm andoy;’

Table 5 Singular indexes at corner pointAy, z)

bonded body model in Fig. 4(d)sige 2andAvix WhenW = 2 mm ando,’ = 0p = 1 MPa.

(a) Avix at corner point A(x,y, 2)

(—W/2,-W/2,0).

(b) Aside at point B(X7 Y, Z) = (07 _W/27 0)

oy’ = 0o =1MPa.

(-W/2,—W/2,0) and point B(0, —W/2,0) in unknown 3D

Fine mesh model Coarse mesh model Avtx Fine mesh model Coarse mesh model
e/(W/2) | ot | &/(W/2) | oty | EQ.(7)] Ref. &%/W/2) | a5y | &%/ W/2) | ogie,

Aside

A2D

4.360x10°° [ 104.9 [ 1.744x10°° | 60.64 | 0.6050| 0.605

4.360x 1076 \ 34.73 \ 1.744% 1075 \ 22.32 \ 0.6809\ 0.6805
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Table 6 Mesh-dependent FEM stress of unknown 3D bonded body model in Fig. 4(d)W/ker2 mm and

g, = 0p = 1MPa.
(a) FEM stress at corner point &, y,z) = (-W/2,—-W/2,0).

e/ (W/2) ‘ Oy Fem ‘ Oxeen - (V26

O-ZV:&FEM ‘ Ox% pen - (V2681w

4.360x10°% | 104.9 0.9172 76.58 0.6699
1.744x 1075 | 60.64 0.9172 44.29 0.6699
(b) FEM stress at point Bx,y,z) = (0,—W/2,0).
%/ W/2) | o | oo (5°9" s | offten | ooy (€99 aee
4.360x10°% | 34.73 0.6764 27.04 0.5267
1.744x 1075 | 22.32 0.6764 17.38 0.5267

Table 7

(a) ISSF at corner point Ax,y,z) =

ISSFs for the vertex and side of unknown 3D model in Fig. 4(d) When2 mm ando;’ = 0p = 1 MPa.

(-W/2,-W/2,0), K@, (b) ISSF at point B0, -W/2,0), K19,

Present method Ref. (BEM) Present method
e /(W/2) ‘ e/ (W/2) ‘ Ky | Curve fitting ‘ Conservative integral e /(W/2) ‘ e/ (W/2) ‘ KSide
312 4.360x 1079 | 0.515 312 4.360x 1075 | 0.440
312 1.744%x 10°% | 0.515 312 1.744x10°° | 0.440
0.509 0.515
39 4.360x 1076 | 0.515 3-° 4.360x 1078 | 0.440
39 1.744%x 10°% | 0.515 39 1.744x10°° | 0.440
3 3
10 3D model Vi 10 .
ertex 3D model Side
}\é ’W‘Nk A Fine } FEM
S 102 < 102 | A Coarse |
& ﬁ ' — Eq. (1)
S 1
5 1 =N ~—]1-0.6805
b ; y 1 |
10 o Fine } FEM b 10
@ Coarse
—— Present
Curve fitting (BEM) Eq. (1)
0 -—- Conservative integral (BEM) 0
10 ' : 10
-6 -5 -4 3 -6 -5 -4 3
10 10 10 10 10 10 10 10
r/(wi2) r/(W)/2)

(a) Point A(x,y,z) = (-W/2,-W/2,0).

(b) Point B(x,y,2) = (0,—W/2,0).

Fig. 7 Singular stress distributions at point{»Ay,z) = (0,—W/2,0) and B(—W/2,—W/2,0) in unknown 3D

model in Fig. 4(d) wheiV = 2mm ando;’ = gp =1

MPa
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Table 8 Material properties used in the present analyses.

Adherend Adhesive
Material ‘ E; [GPa] ‘ Vi Material ‘ E, [GPa] ‘ %)
210.0 | 0.3 | EpoxyresinA| 3.14 0.37| 0.969| 0.199 | 0.684 | 0.405
210.0 | 0.3 | EpoxyresinB| 2.16 0.38| 0.978| 0.188| 0.673| 0.404

a B )\ZD FCZrD*
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Table 9 Comparison between critical ISSFs at debonding fracture by 2D and 3D models.
(a) S35C / Epoxy resin A.

_
L Kol Ky
himm] | of MPa] | 1 ﬂt
2D model 3D model
K2 [MPam' 0] | K¥ [MPam ] | K5de [MPam! s
0.05 57.2 0.970 0.392 0.966
0.1 53.3 1.120 0.482 1.130
0.3 325 0.978 0.458 0.989
0.6 25.9 0.981 0.487 0.983
1.0 22.6 1.017 0.532 1.055
2.0 18.4 1.071 0.606 1.138
5.0 13.4 1.135 0.724 1.144
AverageKge 1.039 0.526 1.058
Aob = Aside = 0.684, Ay = 0.608.
(b) S35C / Epoxy resin B.
_
Kae Kol
= =<
h[mm] | of [MPa] ﬁF
2D model 3D model
K2 [MPaml 2] | Ky [MPam -] | Kside [MPam!sise]
0.05 76.8 1.147 0.457 1.144
0.1 71.4 1.339 0.565 1.346
0.3 49.7 1.342 0.621 1.361
0.6 41.2 1.411 0.694 1.428
1.0 25.3 1.042 0.539 1.082
2.0 19.7 1.060 0.596 1.132
5.0 13.6 1.085 0.691 1.094
AverageKgc 1.204 0.595 1.227

A2p = Aside= 0.674,Aix = 0.596.
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Fig. 8 Relation between critical ISS&;c and adhesive layer thicknelss
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