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Hccenedyemesn xapakmepucmuueckoe ypasHerue O yRpy2020 NOJis HARPSANCEHUU Y ePUUHbL HAOpe-
3a HA cMbIKe 08X MAMEPUAnos. YCmanoseneHo, umo paspyuenie npoucxooum 6 yeiogblx moukax ux
CMBIKA U3-30 BO3HUKHOBEHUS CUHZYNAPHBIX HANPAMCEHUL 8CIe0CMEUe PA3pbléd CRIOUWHOCHU Mame-
puana u ocobenHocmeil 2eomempuyeckoli Kongueypayuu. B none ynpyeux nanpaxcenuil y eepuiunsi
Haopesa Ha cmvlke 08YX MAmMepuanog nopsaooK maxoil CUHSYIAPHOCIU Onpeodeisiom cobcmeeHHble
3Hauenus QyHKyuu Hanpsdicenuil Ipu. Beinonnen ananusz cumeyispHuiX cOOCMEEHHbIX 3HAYEHUll U
MANOUZYHUEHHO20 NePEO20 HECUH2YNAPHO20 COOCMBEHH020 3HaYeHus. Paccmompenst pasnuunsie Kom-
OUHAYUU MAMEPUATIO8 U 2e0MEeMPUHECKUX KOHGUaypayull 01 08yX HAUOOIee UCNONb3YeMbIX MpAeK-
mopuil Ha Juazpamme boeu (B =0, B =a/4) u demanoho npoanaIU3UPOSAHBI NOLYUEHHbIE PE3Yilb-
mamoi. Ilokaszano, umo eeomempuyeckue KOHQuUeypayuu u KOMOUHAYUU MAMEPUANO8 ) BEePULUHbL
Haopes3a Cyuecmeento 6IUAIOM HA CUHSYIAPHOCIb HANPAXCEHUT 60U3U YeNOBbIX MOYeK HApe3d.
Ob6nacmu ¢ 8bICOKOU CUHZYTAPHOCIBIO HANPSNCCHUL ObLIU 8blOeNeHbl MexcOy aunusvu ff =0 u
B = a/4 na ouazpamme Boeu u npoananusuposansl Kax Osi Nepeo2o, Mak U 6Mopo20 CUHSYIAPHOLO
COOCMBEHHO20 3HAUEHUSL.

Kntouesvle cnosa: Hangpe3 Ha CTHIKE IBYX MaTepUANIOB, CHHTYJSPHBIE COOCTBEH-
HbIC 3HAYCHUS, MEPBOE HECHHTYISIPHOE COOCTBEHHOE 3HAYCHHE, XapaKTEPUCTH-
YEeCKO€ ypaBHEHHWE, TOJIe YNPYTHX HAIpPsHKEHUH.

Introduction. Today, bonded joints are used in manufacturing of many
modern structures such as micromechanical devices, adhesively bonded joints and
composite materials [1-6]. In structures containing these bonds, combination of
materials and geometrical configuration are a critical source of stress singularity,
and failure usually occurs at these corners.

In order to study the fracture mechanism of these bonds, a sufficient knowledge
on the variation of eigenvalues extracted from characteristic equation of the elastic
stress field is definitely one of the most important steps. These eigenvalues
determine the order of singularity near the bimaterial notch tip. The characteristic
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equation for a bimaterial notch has extensively been studied by many researchers
in different applicable geometrical and material configurations [7—14]. In this field,
Bogy [8, 9] and Hein and Erdogan [7] have formulated the stress and displacement
fields of bimaterial corners and determined the order of stress singularity for
different combinations of materials and corner angles. They indicated that both
geometrical description and the elastic properties of the materials could strongly
influence the state of singularity at the interface corners.

Despite the interest in research on the characteristic equation of bimaterial
notch problem, the emphasis was put only on singular eigenvalues, while higher
order eigenvalues have not been thoroughly studied. On the other hand, the recent
investigations indicated that the higher order terms can significantly affect distribution
of stress field adjacent a homogeneous and bimaterial notch tip [15-20]. Among
these higher order terms, the first non-singular stress terms which are called
V-stress in homogeneous notches and I-stress in bimaterial notches are the most
effective terms, whereas disregard of these terms may result in a significant error in
estimating the stress distribution near the corner [16, 20].

In this paper, a comprehensive study is done on characteristic equation of
elastic stress field of bimaterial notches. In addition to singular eigenvalues, the
eigenvalue associated with I-stress term is studied as well. The study is done on
different combinations of materials and geometrical configuration. The combinations
of materials were selected for two of the most applicable lines of the Body
diagram, f=a/4 and B =0, for different values of «. The results indicate that
both geometrical configuration and material combination significantly affect the
order of singularity and the value of first non-singular eigenvalue. Finally, the area
with high stress singularity between these two lines was determined and discussed.

1. Characteristic Equation of Elastic Stress Field near a Bimaterial Notch
Tip. The asymptotic free-edge stress and displacement fields near a bimaterial
notch tip can be obtained using Airy’s stress function approach. Using this method,
it can be indicated that the stresses and displacements near a bimaterial notch tip,
shown in Fig. 1, subjected to a remote mechanical load can be represented as

N
m _ A=l m
of = D Hr
k=1
N (1)
m _ Ay m
u —EHk’” "gik >

k

1

where (i, j)=(r, 0) are the polar coordinates located at the bimaterial notch tip,
m=1,2 represents the material number, and A, corresponds to the kth eigenvalue.
Also in Eq. (1), f; and g; are known functions of elastic properties of the
materials, eigenvalues A, the local geometry characterized by the angles 6, and
0,, and the polar coordinate 6. The eigenvalues of a bimaterial problem are
obtained by solving numerically the characteristic equation and they depend not
only on the corner geometry characterized by 6, and 6, but also on the elastic
properties of each material.
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Material 1

Interface Corner

Interface

Material 2

Fig. 1. General configuration of a bimaterial notch.

Ak

Due to the presence of stress term containing expression 7 B , it is clear that

the real eigenvalues in the range of 0< A, <1 result in a stress singularity. The
term |A; — 1| which represents the intensity of the singularity near the interface
corner is referred to as the order of singularity and it increases when A, approaches
zero. There are one or two eigenvalues in the range of 0< 4, <1, depending on the
combination of materials and geometrical configuration. There are also different
numbers of higher order eigenvalues A, =1 representing non-singular terms of
stress field near the interface corner.

The eigenvalues A, can be extracted by solving the characteristic equation
for the values of A:

F=e?+b>—c?—d*=0, 2)

where

e=(a— B){cos(240,)— cos(2A0, — 240, )+ A*[cos(20,) — cos(20, + 20, ) —
—1+¢c08(20,)]} + (1+ @)[1 = cos(240,)]— (1— B)[1— cos(240,)],  (3a)

b= (a— PB){sin(20,) — sin(240, — 246, ) — A*[sin(20,) — sin(20, + 26, )+

+sin(260,)]} — (1+ @)sin(240, ) — (1— B)sin(246, ), (3b)

¢ = A{(a— B)[cos(220,) — cos(2A0; + 26, )+ cos(240, ) — cos(246, — 26 ,) —
— 1+ cos(20,)]+ (1+ @)1 - cos(20,)]— (1— B)[1—cos(20,)]},  (3¢)

d = M(a— p)[sin(260,)+ sin(2A0, — 26 ,) — sin(20, ) + sin(260, + 26, ) —

—sin(246,)]— (1+ a)sin(26, ) — (1— B)sin(26,)}. (3d)
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The parameters « and f, called Dundurs’ elastic mismatch parameters, are
defined as

_ Mk D)= po (kg +1)
pi(ey + D+ pp(ky +1)°

_ iy =) — oy —1)
il D)+ uy(ey +1)°

4)

In this equation, E,,, v, ,and u, =E,, /[2(1+v,,)] are the Young modulus,
Poisson’s ratio and shear modulus associated with the material m (m=1, 2),
respectively. The parameter «,, is equal to 3—4v, for the plane strain and
3-v,,)/(1+v,,) for the plane stress conditions. It can be seen when u,/u, =
or u,/u, —>0, the parameter a approaches 1 or —1, respectively. On the other
hand, by considering the restriction of 0<v,, <1/2 and assuming the plane strain
conditions, the parameter  varies only between (a +1)/4 and (« —1)/4 in terms
of parameter «. For the plane strain condition, all the values of mismatch
parameters « and [ are contained within a parallelogram enclosed between
a==*1 and a—4f==1 in the a— f plane. The point = =0 represents the
condition associated with a homogeneous notch with identical materials. It is also
noteworthy that the sign of & depends on the relative stiffness of materials 1 and 2.

The mismatch parameter « is positive when material 2 is more compliant
than material 1, and negative when material 2 is stiffer than material 1. In this
paper, the material 1 is considered to be stiffer than material 2, and thus the
combinations of material can be selected from the first and fourth quadrants of
a — [ plane. On the other hand, Fig. 2 illustrates the values of mismatch parameters
for some mostly-used combinations of material [16]. It can be seen that for a wide
range of the bimaterial joints, the mismatch parameters are concentrated along and
between lines = /4 and f=0 in the o — f space, with more data points near
B = a/4. Therefore, in the current paper the lines f=a/4 and = 0are considered
for study of the characteristic equation.

p
| ] Selected combination of materials
- _ Al/Polycarbonate
p=0
0251 B =M
Al/Epoxy
0.20 - Ti/ALO, .
" | |
Sic/Si TIGAHAVIALO, -4 Glass/Epoxy
0.15 4 Sic/Al
ALOyRe T Sic/TiBAY
0.10 1 Zr0,/ALC,
- Sic/Steel
0.05 | VSN »ALO./MNb
000 & — — — — — — — MgOAW  __
B gO/Ni
-0.05 y . . T T
0.0 0.2 0.4 0.6 0.8 10 o

Fig. 2. Values of elastic mismatch parameters ¢ and S in plane strain condition for selected
combination of materials [16].
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It should be noted that the angles 6, and 6, are assumed to be equal in this
paper giving 6, =6, =z — (y/2). Therefore, by considering different values of «
in the range of 0<a <1 and 0, =60, =7 —(y/2), the eigenvalues corresponding
to both singular and first non-singular terms can be calculated by solving Eq. (2)
numerically.

It is also noteworthy that the first singular eigenvalue represents the mode |
(opening mode) and the second singular one is associated with the mode II (sliding
mode) of the edge motion after applying the external load [3, 15].

2. Results and Discussions.

2.1. Singular Eigenvalues. In this section, singular eigenvalues are studied as
a function of opening angle y and mismatch parameters a and f.

2.1.1. First Singular Eigenvalue. Figures 3 and 4 indicate the variation of the
first singular eigenvalue corresponding to the mode I versus opening angle v,
across two lines #=0 and = /4.1t can be seen that, in case of =0, the first
singular eigenvalue increases with increasing opening angle v and decreases with
increasing mismatch parameter « for a constant value of y.It also can be seen that
for all opening angles and mismatch parameter «, the first singular eigenvalue is a
real value.

0.55
——— =0 p=0
o g=0d :

0.54 /.<‘>
—
[
2 053
g
[
=
< 052 o
&
(4]
.56
2 o051
175
g
[

0.50 ,
Increasing o

049 T T T T T T T T T
0 10 20 30 40 50 60 70 80 S0

Opening angle y (deg)

Fig. 3. Variation of first singular eigenvalue versus opening angle y for § =0.

In case of = a/4, the first singular eigenvalue has the imaginary part, as
well as the real part when the opening angle is small. With increasing opening
angle the imaginary part disappears, while the real part decreases with increasing
opening angle. It should be noted that only real part is plotted in Fig. 4 as a
function of opening angle. It is seen that the real part attains its maximum value at
the point, where the imaginary part disappears. It also can be seen that the first
singular eigenvalue increases with increasing « for a constant opening angle.

It should be mentioned that only real parts of the eigenvalues (singular and
nonsingular) are studied in this paper. In fact, only real parts of the eigenvalues
directly affect stress distribution near homogeneous and bimaterial notches. This is
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Fig. 4. Variation of real part of the first singular eigenvalue versus opening angle y for = /4.

because the complex eigenvalues of the notch problem (homogeneous or bimaterial)
are conjugate and their effects counteract each other finally [15, 19].

2.1.2. Second Singular Eigenvalue. In Figs. 5 and 6, the variation of the
second singular eigenvalue (associated with sliding mode) is illustrated as a
function of opening angle y,for f=0 and = /4.1t can be seen that for =0,
the second singular eigenvalue is always a real value and increases with increasing
y having a higher slope than the first singular eigenvalue (see Fig. 3). Also,
second singular eigenvalue increases by increasing ¢ for a constant value of y.
For = a/4,the second singular eigenvalue is a complex value which changes into
a real value with increasing opening angle y. In fact, for = /4 the second
singular eigenvalue is the conjugate value of the first singular eigenvalue in small
values of y.It also can be seen that for both =0 and = a/4,the real part of the
second eigenvalue is increased with increasing opening angle y.

1.1
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——8—— u=05

08 4 ——®—— a=06

—— a=07

0.7 A

First eigenvalue mode II

06

05

04 T T T T T T T T T
0 10 20 30 40 50 80 70 10} 20

Opening angle y (deg)

Fig. 5. Variation of second singular eigenvalue versus opening angle y for g =0.
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Fig. 6. Variation of real part of the second singular eigenvalue versus opening angle y for = a/4.

2.2. First Non-Singular Eigenvalues. As it was mentioned in the introduction,
recent studies on the homogeneous and bimaterial notched specimens indicate that
the first non-singular stress term can significantly influence on the stress distribution
near the notch tip .Therefore, study of variation of the first non-singular eigenvalue
as a function of opening angle and mismatch parameters is necessary. This section
focuses on variation of this eigenvalue versus geometry and mismatch parameters
in a wide range of opening angles and applicable combinations of materials.

Figures 7 and 8 show variation of the first non-singular eigenvalue as a
function of y for f=0, 0<a<1 and f=a/4, 0<a<1 It can be seen that for
both cases, the eigenvalue is a real value at first and changes into a complex value
by increasing the opening angle 7. In fact, by increasing the value of the opening
angle, the first nonsingular eigenvalue chaotically changes from a real value to a
complex value but the first transition does not occur at angles less than 44.9°,

184

—_— o=0 B - 0
g =011
———— =02 —= Real&Complex

First nonsingular eigenvalue (real part)

Only rea] ==

0.8 T T T T T T T T T
0 10 20 30 40 50 60 70 80 90
Opening angle y (deg)

Fig. 7. Variation of real part of the first non-singular eigenvalue versus opening angle y for g = 0.
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Fig. 8. Variation of real part of the first non-singular eigenvalue versus opening angle y for § = a/4.

The opening angle corresponding to the first transition from real to complex
value which is called critical opening angle, v ,., is around 44.9° for homogeneous
notches and varies in bimaterial notches for different values of «. In Fig. 9, the
critical opening angle y . is plotted as a function of mismatch parameter «. It is
seen that at & =0 (associated with the homogeneous notches), the critical opening
angle y .. is 44.9° and this value increases with increasing «. It also can be seen
that for = a/4,value of y . increases with a higher slope than that for 5= 0.

Yer (deg)
54
v
—— B=0 3
52 4 v B=o/d
—#— Monolithic solid

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 08 09 o

Fig. 9. Variation of critical opening angle for the first non-singular eigenvalue.

2.3. Areas with Higher Order of Singularity. As it was mentioned in Section 1,
the term |A; —1| is referred to as order of singularity, and it increases when 4,
approaches zero. In this section, the areas with higher order of singularity in the
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Bogy diagram are determined for singular eigenvalues. The results plotted in Figs.
3—6 illustrated the variation of singular eigenvalues as a function of corner
geometry and combination of materials.

In order to determine the high order of singularity areas, the range
0.5<1<0.55 for the first singular eigenvalue (eigenvalue of mode I) and
0.5< 1< 0.7 for the second singular eigenvalue (eigenvalue of mode II) are
considered. Figure 10 indicates a limited area in the Bogy diagram between two
lines f=0 and = /4 representing the first singular eigenvalue in the range of
0.5<A<055 and0<y <90° It is seen that for @> 0.6 the first singular
eigenvalue may fall outside the selected range.

B
1

B=ov4

0.5<A<0.55 for all y between 0 and 90°

0.6 1

Fig. 10. Area with higher order of singularity for the first singular eigenvalue in the range of
05< A< 055 and 0<y <90° limited by =0 and f =a/4.

0<y<74°

1
I
B=a/4 i

0<y<54° 0<y<52°

Fig. 11. Area with high order of singularity for the second singular eigenvalue in the range of
0.5< 1< 0.7 limited by the maximum opening angles.

Figure 11 shows the area in the Bogy diagram corresponding to the range of
0.5< 1<0.7 for the second singular eigenvalue. It is seen that in this case, the
restriction is on the opening angle y. Therefore, the second singular eigenvalue is
in the range of 0.5< A< 0.7 for all values of mismatch parameters by considering
the restriction in ¥ as shown in the corners of the shown area. For higher opening
angle, the second singular eigenvalue falls outside the above-mentioned range.

It is clear from Figs. 10 and 11 that for first singular eigenvalue the order of
singularity is sensitive of mismatch parameter «, while the second singular
eigenvalue is sensitive to the opening angle 7.
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Conclusions. The characteristic equation of elastic stress field near a bimaterial
notch tip was studied. The analysis was done on the most applicable combination
of materials and geometrical configurations in the Bogy diagram between lines
f=0 and B=a/4 In addition to singular eigenvalues, the first nonsingular
eigenvalue was also studied. For different combination of materials and geometrical
configuration, singular and first nonsingular eigenvalues were comprehensively
studied. Finally, the areas between lines =0 and = a/4 with more singularity
were determined. It was shown that the first singular eigenvalue is sensitive of
mismatch parameter «, while the second singular eigenvalue is sensitive to the
opening angle y. It also was shown that, in the case of =0, both the first and
second singular eigenvalues are increased with increasing opening angle for the
same combination of materials. However, the first singular eigenvalue decreases
and the second singular eigenvalue increases with increasing « at the constant
value of the opening angle. The results presented in this paper can be used for
estimating the order of singularity as a function of combination of materials and
corner geometry in the most applicable bonded joints.

Pe3ome

JlocnimpKy€eThCsl XapaKTepUCTUYHE PIBHSHHS Ul NPY)KHOTO IIOJI HAIpPYKEHb Y
BiCTpi Ha/pi3y Ha CTUKY JBOX MaTepiaiiB. YCTaHOBIJICHO, IO PyHHYBaHHS BinOy-
Ba€ThCS B KYTOBUX TOYKAX iX CTHKY Yepe3 BUHMKHEHHS CHHTYJSIPHHX Halpys>KeHb
BHACIIIZIOK PO3PHUBY CYLIBHOCTI Marepiany i oCcOOMMBOCTEH I'€OMETPHUYHOI KOH-
¢irypanii. Y noni npy)XHUX Hampy>KeHb y BICTpi HaJpi3y Ha CTHKY ABOX MaTe-
piasiB MOPSIOK TaKoi CHHTYJSIPHOCTI BU3HAUYAIOTh BJacHi 3HaueHHA (yHKUIi Ha-
npyxeHs Epi. [IpoananizoBaHO CHHTYIISIpHI BJIacHi 3HAYEHHS 1 MAJIOBUBUEHE TIEPIIIES
HECHUHTYJISIpHE BJIaCHE 3HAYCHHS. Po3mstHyTO pi3HI KOMOiHAIil MaTepialiB i Teo-
METPUYHUX KOH(ITypaliid s 1BOX HaiOIIbII BUKOPHUCTOBYBAHUX TPAEKTOPIA Ha
niarpami bori (=0, f=a/4) Ta neraabHO IpoaHANi30BaHO OTPUMAHI Pe3yJIb-
tatu. IlokazaHo, o reomeTpuyHi KoHQirypamii i komOiHawii MarepiaiiB y BicTpi
Ha/pi3y CYTTEBO BIUIMBAIOTh Ha CHUHTYJSIPHICTH HAIPYKEHb MOOIM3Y KyTOBUX
TOYOK Hajpizy. OOmacTi 3 BHCOKOIO CHHTYJSIPHICTIO HampyXeHb BUAUICHO MiX
ninisimu f=0 i = a/4 na aiarpami Bori i mpoanaizoBaHO SK [JIsl MEPIIOro, TaK
1 ApYroro CHUHIYJISIPHOI'O BJIACHOTO 3HAYEHHS.
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