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Research on Modeling and Experiment of Glass Substrate Peeling Based on Adhesion
Theory

Liwei HOU, Hengsheng WANG, Runhua LIU

Abstract: In this paper, the peeling of glass substrates is modeled, in a setting of automatic polishing and grinding for flat panel display glass substrates. The mechanical
model of glass substrates-adhesive pad structure is established. The vacuum adsorbing force between them is regarded as adhesive force. The model is simplified as a
distributed spring group which can describe the desorption and shear behavior of the glass substrates-adhesive pad structure. The corresponding analytical solution method
is proposed. Finally, experiment is conducted to verify the accuracy and feasibility of the proposed mechanical model.
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1 INTRODUCTION

Flat Panel Display (FPD) is another large-scale
industry developed after integrated circuit (IC). Along with
IC, FPD has become the core and foundation of electronic
information industry. With the rapid development of flat
panel display industry, the use of flat panel display glass
substrates is also increasing rapidly. At present, the
thickness of glass substrates used in commerce is usually
less than 0.7 mm, which requires thinning process to
achieve the purpose of thinning. Chemical Mechanical
Polishing (CMP) technology is the most widely used
thinning process. Considering the particularity of the
process, glass substrates are usually fixed on the grinding
and polishing machine by polyurethane adsorption pad. At
present, all the polishing and abrasive cutting is operated
manually and occupies the whole process for a long time.
The realization of automatic cutting system is an inevitable
choice to improve product quality consistency and
production efficiency of glass substrates. In order to realize
automatic polishing and cutting, in other words, to achieve
the desorption of glass substrates, it is necessary to
accurately describe the mechanical behavior between the
adsorbent pad and glass substrates, which is the key to
achieve non-destructive desorption and improve
production efficiency simultaneously.

The adsorption between the adsorbent pad and the
glass substrate is similar to many natural phenomena, such
as insects adsorbing on the surface of the object, geckos
walking on the vertical wall or even on the ceiling. These
phenomena are difficult to explain by the classical contact
theory, because the influence of material surface effect on
the contact performance is not considered. For this reason,
many scholars have developed many contact mechanics
models based on continuum mechanics, which can
consider the surface effect of materials. However, these
models all adopt the near-spherical hypothesis without
exception. These models have great limitations in
describing the adsorption behavior of adsorption pads on
glass substrates. Igor Sokolov [5] applied Atomic Force
Microscope (AFM) to detect the morphology of nano-area
on the surface of polyurethane adsorbent pad, and
measured its mechanical properties (elasticity and
viscidity). Atomic force microscopy is helpful to analyze
the adsorption mechanism of polyurethane adsorbent pad

on glass substrates, but it is difficult to reflect the
mechanical behavior of adsorption and desorption of
polyurethane adsorbent pad and polyurethane adsorbent
pad. At present, the research on adsorbing glass substrates
by adsorbing pads only appears in practical engineering
applications, and the adsorbing force is basically measured
by experiments. Therefore, it is important to establish a
more general mathematical model for the stripping of glass
substrates from the adsorbent pad, which can provide a
mechanical theoretical basis for the analysis of the
automatic feeding and unloading process of glass
substrates.

The failure of bonding interface based on fracture
mechanics can describe the process of glass substrate
desorption more accurately. In this paper, the process of
non-destructive peeling of glass substrate is modeled based
on bonding theory, which provides theoretical support for
the automatic production of glass substrate thinning
process. The structure of this paper is as follows: the first
part analyses the research background and key problems to
be solved; the second part analyses the process of glass
substrate peeling and builds the model based on the
bonding theory; the third part solves the mechanical model,
and the fourth part verifies the mechanical model.

2 MECHANICAL MODELING OF GLASS SUBSTRATE
DESORPTION PROCESS
2.1 Analysis of Glass Substrate Desorption Process

The automatic cutting process of glass substrate is
shown in Fig. 1. The wedge clamp is inserted into the
interface between the glass substrate and the adsorption
pad, and then lifted upward to complete the initial peeling
of the glass substrate from the surface of the adsorption pad.

The wedge mechanism contacts with the bottom
surface of the glass substrate and produces a concentrated
load to desorb the glass substrate. Because the glass
substrate is prone to rupture, the mechanical model of the
glass substrate-adsorption pad structure must be
established, which plays a decisive role in the non-
destructive cutting of the glass substrate. This paper
focuses on the modeling of the desorption process of the
glass substrate-adsorption pad structure, which is stable
and affected by many factors, such as the geometrical size
of the glass substrate. Because of the large size of the
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research object, the macro-forces such as gravity and
atmospheric pressure are the main influencing factors,
while the influence of low-scale adhesion forces such as
van der Waals force and surface tension is neglected.

Figure 1 Desorption Process of Glass Substrate: 1 — Bottom fixing plate of
polishing machine; 2 — Adsorption pad; 3 — Glass substrate; 4 — Wedge
mechanism; 5 — Robotic arm.

2.2 Modeling Idea

The glass substrate is tightly attached to the adsorbent
pad under vacuum adsorption. This structure can be
regarded as a typical sandwich bonding structure, that is, a
thin layer of bonding material is sandwiched between the
upper and lower layers of the adhesives. The vacuum
adsorbing force between the glass substrate and the
adsorbing pad is equivalent to the adhesive force of the
adsorbing material. Then the desorption process of the
glass substrate can be modeled according to the classical
Newtonian mechanics. According to this idea, the model is
simplified as shown in Fig. 2. The vacuum adsorption
between glass substrate and adsorption pad was modeled
by assuming a vacuum layer.

The cornerstone of mechanical modeling lies in
reasonable assumptions, and the differential equations
derived under different assumptions are generally different.
The number of constraints of hypothetical conditions
should be determined by the objects actually described.
The reasonable and satisfying model for engineering needs
is the pursuit of theoretical analysis. The hypothesis of
vacuum layer modelling includes whether the thickness of
vacuum layer is taken into account and whether the shear
effect of vacuum layer is taken into account. Based on these
assumptions, different vacuum layer models can be

obtained, which can be introduced into the constitutive
equation of the layer structure, and the differential equation
with different complexity can be derived. Considering that
the thickness of the vacuum layer can be neglected, the
effect of the thickness of the vacuum layer on the
transverse distribution of stress is neglected, and the
bonding stress along the thickness direction of the vacuum
layer is assumed to be constant.

Glass

Vacuum

Adsorption pad

Figure 2 Modeling idea of Sandwich Bonding Structure

In this paper, a spring model is used to simulate the
process of crack propagation in the desorption process of
glass substrate-adsorbent cushion structure, so as to
conveniently study the process of glass peeling and its
influence on the fracture parameters such as energy release
rate of peeling, which can intuitively reveal the
technological principle of glass peeling.

2.3 Vacuum Layer Model

According to the deformation theory of Timoshenko
beam, the axial and transverse displacement fields in the
bonded layer can be expressed as Ui(x;, z;) = uix) + zipi(x)
and Wi(x;, z;) = wi(x). Under the assumption that the stress
and strain of the vacuum layer change along Z direction,
the strain at any point in the vacuum layer can be calculated
by the ratio of the relative displacement of the lower edge
of glass to the upper edge of the adsorption pad and the
thickness of the vacuum layer:

()

. Wztop _ VVlbottom W2 =l —VVI z1=—h w, —w
E = = =
zz
hy hy hy
to bottom -
s = - :U2 22 U]z —h _ = —ho —he,
Xz
ha ha ha

Among them, H; and H, represent half of the
thickness of glass substrate and adsorbent pad respectively.
Under the assumption of plane strain, only the transverse
normal stress and the longitudinal shear stress of the
vacuum layer are considered. According to the linear
Hooke's law, the stress combination of vacuum layer is as

o=E, & and 7=G,y? , combined with Eq. (1):

O-:E': /ha(WZ _WI)

(2)
=G, / hy(uy —uy — oy — y,)

E =E,/(1-v?), G, =E, /[2(1+v,)], representing
the elastic modulus and shear modulus of a vacuum layer
under the assumption of plane strain respectively.

Considering that the vacuum layer is composed of
springs uniformly distributed in the transverse direction
and the longitudinal direction, the corresponding elastic
coefficient is k, and k.. When the structure is deformed, the
amount of deformation of the spring is the horizontal and
longitudinal stretching or compression of the upper and
lower layers. Therefore, according to Hooke's law, the
stress on the spring is:
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o=k AW
_ A3)
T=kAU
Obviously, the relative deformation of the lateral and
axial displacement at the interface can be expressed as

AW =Wy —20%™ and AU =USP —UP™™™. So we
have k, =E, /h,and k, =G, /h,.
We define the desorption and shear stiffness of the

bonding layer, so the desorption and shear stress of the
vacuum layer can be expressed as:

a:ka(WZ _Wl)

)
T =k, (uy —u; =y —hyp))

The desorption stress of the glass substrate-
adsorption pad depends on the desorption stiffness and the
lateral displacement difference between the glass substrate
and the neutral surface of the adsorption pad, regardless of
the thickness of the upper and lower layers. The shear stress
is related not only to the shear stiffness and longitudinal
displacement difference, but also to the product of the
angle of the interlayer and the half thickness.

2.4 Equilibrium Equation

The Fig. 3 is a schematic diagram of the force analysis
of the micro-body of the glass substrate-vacuum layer-
adsorption pad structure. N, O;, and M; in the Fig. 3
represent the axial force, the transverse shear force and the
bending moment load of the unit width structure,
respectively. According to the continuous rule of
Timoshenko beam, these internal forces can be expressed
by displacement and rotation angle:

du; dw; do,
Ny=4—,0=C|—L+¢, || M;=D,—~ 5
=4 9 ( & 40) & (%)
O\ dv 3
My /f } ‘\ My+dM,
H|I .'V|4_K_ 7 l = N+dN
h_,i
T
My+dMs

*
= [—]\'_" Ng"'(iN;
Ox+dQ,

Figure 3 Force analysis of the model

Where 4, =4/,, C,=k A and D, =Dj, are tensile,
shear and bending stiffness of the bonded layer. For
isotropic materials, they can be calculated by A4 = El* H,,
C,=kGH, and D,=E H’ /12, in  which
El* =L /(1—vi2) and G; = E; /[2(1+v;)] is the effective
elastic modulus and shear modulus of the bonded material

under the assumption of plane strain, ks represents Shear
correction factor. The three internal forces of glass and
adsorbent pad can be obtained by equilibrium equation
respectively:

ﬂ+‘r= , %-FO':O, %+h1r—Q1 =0

w, a, ®
—2 - 7=0,—2-0=0, —2+hr-0,=0

dx dx dx

We define the corresponding flexibility parameter as
a;,=1/4;,, ¢ =1/C; and d; =1/D,. The relationship

between displacement of glass and adsorbent pad and bond
stress can be established as follows:

2 2 3

4%y =-ar, %+M:_Clg, d—(pl:—dla—dlhlﬂ

dx? dr - de? dx’ & (7

d*u, dp, d*w, d*p, dr
=—a,7, —=+ =—c,0, =-d,o—d,h,—

dxz 2 dx dx2 2 3 2 2772 dx

3 SOLUTION OF DIFFERENTIAL EQUATIONS
3.1 Differential Equation

Both Egs. (4) and (7) reflect the relationship between
displacement of glass and adsorbent pad and bond stress.
By combining the two formulas, the differential equation
containing only one variable of stress is obtained:

4 2
o) T )0 ko~ ) =0
d’c dr

k (a, +a +d2hz2 —d1h12)a—kf (dily —dyhy)o =0

e
3.2 Solution of Bond Stress

According to the first equation in Eq. (8), the first order
differential of shear stress dz/dx can be expressed as the
expression of desorption stress. Then, the second equation
can be substituted. After simplification, the sixth order
homogeneous linear differential equation of desorption
stress can be derived:

dbc d*c d’c
e T & +1m & +1,0 =0 )
in which:

m =k (a+a, +d1h12 +d2h22)_ka(cl +¢,)
ny, =k k(o +a, +d1h12 +d2h22)(01 +¢y)+k, (d, +d,)(10)
ny = —k k. [(ay + ay)d) +dy) +dydy (I + hz)z]

It can be seen that the characteristic equation of Eq.
9) isA° + 77114 + 772/12 +1,=0. If A=22, the attributes
of its solutions depend on A4 =g” /4+ p* /27, in which

p=mn,+n’/3 and q=2n] /27-nm, /3+n;. 1t is
assumed that the general form of the solution of desorption
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and shear stress is:

6
o(x) = ) Fexp(4,%)
n=l1

(1n
7(x)=— }

6 3
— L ISR et + A e, v+
d1h17d2h2 n=1 k A’

o n

In the formula above, Fi, Fb,.., F7 are integral
constants. It is necessary to calculate the boundary
conditions by the internal force and displacement formula
of the lower section.

3.3 Internal Force and Displacement

In the peeling process, there is a first order differential
relationship between the internal force and the adsorptive
force of the glass substrate, so the internal force and the
expression of the bonded layer can be easily deduced by
integral calculation of (11). By substituting (11) for the first
set of equations in formula (6), and integrating variable x,
the axial force can be obtained as follows:

6 2
{Z F, [;}” (e +ey)+ l ;dz }exp(/lnx) +Ex+ R }
N, ()C) _ n=l1 (e n
1 diiy — sy (12)
S A d +d
{ZF,, [k"—(cl +cy)+ 1/12 2 exp(4,x) + Fox+ F;
n=l o n
Ny(x) =
’ dihy —dyh,

Similarly, there are transverse shear forces:

6
Ql (x) = _|:2Fn %exp(ﬂ‘n'x) + F9:|

. n=1 n (13)
0, (x)= ZFn %exp(/lnx) +F,

n=l n

Finally, the expressions of stress (11) and shear force
(13) are substituted into the third set of equations in
formula (6) at the same time, and the bending moment can
be calculated by an integral operation of variable x:

R dy(hy +hy)
F,| 2 — (¢ +¢y) + =222 lexp(4, %) +
h1 E {k 116 PR P

(o] 17n
dl hl - thZ (

M, (x)=
_hh—dhy p )R
hl 9 10

T
|

(14)

6 2
Z F, & —(q +cy)+ 7(1] (h +2h2) exp(4,x)+
hZ n=1 k(r h2 ﬂn

dihy —dyh +[F7 . dihy }—lal2

M, (x)=
h
2 Flzjx*'Fls

2

Similarly, the axial and transverse displacement fields
and corresponding rotation angles can be obtained.
Through the above analysis and deduction, the
mathematical expressions of all the basic parameters
describing the bonding structure have been obtained,
including the desorption stress o, shear stress z, the internal
forces Ni, Q1, M, and displacement fields w1, ¢; and w; of
the glass layer, and the internal forces N, O,, M, and

displacement fields u», ¢ » and w» of the adsorption pad.
The mechanical model of the mixed boundary of internal
force and displacement field of bonded structure provided
in this section is universal and has the potential to be
applied in other scenarios to predict the internal stress of
bonded structure.

3.4 Integral Constant

As mentioned above, 19 integral constants need to be
determined by boundary conditions. Conventionally, each
end surface of the upper and lower layers is determined by
three boundary conditions (including force or displacement
conditions), and a total of 12 boundary conditions are
obtained for four end surfaces. This is obviously
inconsistent with the total number of unknown integral
constants. In fact, these integral constants are not
independent of each other. Their internal relations can be
derived by introducing the analytical expressions of bond
stress and displacement into the formula (4). Since the left
and right sides of the equal sign must be equal, the
following internal relations of integral constants can be
derived:

£ —diFy —dyF, =0

(ay +a, +dy 5 +d1h|2)F7 +(dhy —dyhy )dyhy iy —dyyFy) = 0
aFy+a,F +d i Fg +dyh5 Fy =0

(dily —dy iy )\ Fy + ey Frp) + dyhy Fris —dyhy Fig =0 (15)
dihFg—dy ;=0

aFy+dhFs+a,Fy+d, b Fg—F /k =0

Fg—Fo=0

Formula (2)-(15) shows that there are seven internal
relations among the integral constants. With 12
independent boundary conditions under actual external
loads, 19 linear equations about the integral constants can
be obtained. Note that in practice, it is not necessary to
solve all the integral constants, because some of them may
not be solved due to the rigid body displacement of the
whole or part of the structure in some cases. In fact, we
only need to pay attention to the first seven integral
constants contained in the bond stress formula.

Table 1 Geometric dimensions, material properties, loads and boundary
conditions of the objects involved in the composite structure of glass substrates
and adsorption pads

Parameters Glass Substrate | Adsorption pad
Material Si Polyurethane
Modulus of 7.09E4 E.=E.=320
Mechanical clasticity E, =30
properties Poisson ratio 0.23 0.4
Critical fracture 157.2-72.2 -
strength value
(MPa)
Critical bond 0.08 -
fracture energy
(N/mm)
Geometric | Thickness (mm) 0.2-1.0 1.0
dimensions Length (mm) 250-2200 3000
Boundary Displacement Free end Lower Surface
load boundary Fixation
conditions | loading method Left -
concentrated
load F=2N
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4 EXPERIMENT
4.1 Model Parameters

The geometric dimensions, material properties, loads
and boundary conditions of all the objects involved in the
computational model and experiment are shown in Tab. 1.

4.2 Experiment Setup

In order to verify the mechanical model proposed in
this paper, the desorption process of glass substrates was
experimented. The schematic diagram of the desorption
process is shown in Fig. 4.

Elastic adhesive pad
Young's modulus E

—
Rigid glass substrate \ BAdA

Figure 4 Diagram of desorption process

The desorption experiment was carried out on the
experimental platform of NACHI six-axis manipulator
with WACOH six-axis force sensor at the end as shown in
Fig. 5. The maximum load of the manipulator is 4 kG and
the maximum working radius (arm length) is 541 mm. The
peeling angle can be adjusted from 0-180 and the peeling
displacement can be set in the range of 0 mm to 200 mm.
The displacement accuracy of the manipulator is 0.01 mm.
In addition, desorption force F'is acquired by WEF-6A200-
4-RC24 WACOH six-axis force sensor in real time, and its
accuracy can reach 0.01N. The desorption test refers to the
Chinese standard GBT-7122-1996 high strength
measurement floating roller method. The glass substrate is
fixed on the table by glue. During the desorption
experiment, the tensile strain of the specimens is kept
within 10%, which ensures that the linear elasticity
hypothesis is valid. The elastic modulus E of the specimens
is 320 MPa, and the thickness and width of the specimens
are 1.0 mm and 25 mm respectively.

Manipulatér Sen;or l;éd

Glass substrate
Figure 5 Desorption experiment platform

In order to keep the force angle unchanged in the
experiment, it is necessary to understand the relationship
between horizontal and vertical velocity. Fig. 6 shows the
relationship between the horizontal and vertical velocity of
the end effector of the manipulator when the desorption
angles are acute and obtuse respectively.

(2) A (b)
i Ah I/\vfenic al
—l—jA
I/;101:1' ontal Y
Ad y OI—X

|
B B
Figure 6 The relationship between the horizontal velocity Viorizonwt Of the
end effector and the vertical velocity V..rica at different peeling angles;
(a) @is acute; (b) 9 is obtuse

When 6 is an acute angle, the crack extends from
point B to point B'. In order to keep the desorption angle
unchanged, the end effector must always keep along the

AA'  direction. The horizontal displacement is
Ax =Ad — Ad cos @ = Ad(1—-cos ), the displacement in

the vertical direction is Ay = A = Adsin#, the ratio of
velocity in two directions equals the ratio of displacement:

Vhorizomal _ Ad[l B COS(Q)] _ 1- COS( 0) (l 6)
Vertical Ad -sin(0) sin( @)

Similarly, when the angle 0 is obtuse, the horizontal
displacement is Ax =Ad + Ad cos@ = Ad(1+cosf), the

displacement  in  the  vertical  direction s
Ay = Ah = Ad sin 8, the ratio of velocity in two directions

equals the ratio of displacement:

Vhorizontal _ Ad[l + COS(G)] _ 1+ COS(H)
V. Ad -sin(6)] sin(6)

vertical

(17)

Whether the desorption angle is acute or obtuse, it can
be found that the ratio of desorption velocity Veesorption tO
vertical velocity is constant:

Vdesorption _ Ad _ 1 (18)
Vierticat ~ Ad-sin(f)  sin(0)

In the design of desorption test, the horizontal and
vertical velocity of the end effector of the manipulator can
be calculated only by determining the desorption angle
theta and the desorption speed Vgesorption-

4.3 Result and Analysis

Fig. 7 shows the critical load Fiitical for desorption of
glass substrates (thicknesses range from 0.2 mm to 1.0 mm)
from adsorption pad under mechanical analysis and
experimental tests respectively. It can be seen from Fig. 7
that the analytical solution of the mechanical model
presented in this paper is in good agreement with the
experimental results. As the thickness of glass substrates
increases, the critical load Fiiicar decreases, which is
consistent with that in reference [7]. This is because the
overall stiffness of the system increases with the thickness
of glass substrates, resulting in the decrease of bending
deformation at the point to be desorbed, the decrease of
stress intensity factor at the interface crack tip, and the
decrease of critical load Feriica from the relationship
between energy release rate and stress intensity factor.
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5 == Experiment
4
=
=
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= 3
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i
52
1
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0z 03 04 05 06 07 08 08 10
The thickness of glass substrate/mm

Figure7 Comparison of Desorption Critical Load between Mechanical Analysis
and Experimental

4 CONCLUSION

The bonding mechanics model of glass substrates-
adsorbent pads proposed in this paper can effectively
characterize the adsorbing effect of adsorbent pads on glass
substrates, and can provide theoretical support for
automatic non-destructive peeling of glass substrates. The
difference between calculated and experimental desorption
critical load is less than 7%.

Although the mechanical model proposed in this paper
is only applicable to the moment of desorption, which is
analyzed as a steady state without considering the force on
the interface between glass substrate and adsorbent pad
after desorption, desorption is the core of non-destructive
peeling of glass substrate, so the mechanical model can
meet the needs of Engineering applications. The analytical
method of mechanical model presented in this paper has
certain universality. When the object is multi-layer bonded
structure, whether under pure load or displacement
boundary conditions, or under mixed force and position
conditions, the model has general analytical solutions. The
results can be used to predict the strength or analyze the
bond fracture of multi-layer structure conveniently. In
addition, the mechanical model can also be used to analyze
the vacuum adsorption effect caused by material surface
effect.

Acknowledgments

The work was supported by Industrial Commissioner
Program of Changsha Science and Technology Bureau of
Hunan Province (CSKJ2017-42) and the Fundamental
Research Funds for the Central Universities of Central
South University (2019zzts252).

5 REFERENCES

[1] Autumn, K., Liang, Y. A., Hsieh, S. T., Zesch, W., Chan, W.
P.,Kenny, T. W., Fearing, R., & Full, R. J. (2000). Adhesive
force of a single gecko foot-hair. Nature 2000, 405(6787),
681-685. hitps://doi.org/10.1038/35015073

[2] Geim, A. K., Dubonos, S. V., Grigorieva, 1. V., et al. (2003).
Microfabricated adhesive mimicking gecko foot-hair.
Nature Materials, 2(7), 461-463.
https://doi.org/10.1038/nmat917

[3] Maugis, D. & Barquins, M. (1980). Fracture Mechanics and
Adherence of Viscoelastic Solids. Journal of Physics D-

Applied Physics, 11(14), 1989.
https://doi.org/10.1088/0022-3727/11/14/011

[4] Huguet, A. S. & Barthel, E. (2000). Surface Forces and the
Adhesive Contact of Axisymmetric Elastic Bodies. Journal
of Adhesion, 74(1-4), 143-175.
https://doi.org/10.1080/00218460008034528

[5] Sokolov, I., Ong, Q. K., Shodiev, H., et al. (2006). AFM
study of forces between silica, silicon nitride and
polyurethane pads. J Colloid Interface Sci, 300(2), 475-481.
https://doi.org/10.1016/j.jcis.2006.04.023

[6] Goland, M. & Reissner, E. (1944). The Stresses in Cemented
Joints. De Velopments in Adhesives, 66.

[71 Bigwood, D. A. & Crocombe, A. D. (1989). Elastic analysis
and engineering design formulae for bonded joints.
International Journal of Adhesion & Adhesives, 9(4). 229-
242. https://doi.org/10.1016/0143-7496(89)90066-3

[8] Wang, J. & Zeng, S. (2008). Thermal stresses analysis in
adhesive/solder bonded biomaterial assemblies. Journal of
Applied Physics, 104(11), 113508--8.
https://doi.org/10.1063/1.3021357

[91 Yousefsani, S. A. & Tahani, M. (2013). Analytical solutions
for adhesively bonded composite single-lap joints under
mechanical loadings wusing full layerwise theory.
International Journal of Adhesion and Adhesives, 43(0), 32-
41. https://doi.org/10.1016/j.ijadhadh.2013.01.012

Contact information:

Liwei HOU

Corresponding author

College of Mechanical and Electrical,

Central South University, Hunan 410083, China
Email: excharm@163.com

Hengsheng WANG

College of Mechanical and Electrical,

Central South University, Hunan 410083, China

State Key Laboratory for High Performance Complex Manufacturing,
Central South University, Hunan 410083, China

Runhua LIU
College of Mechanical and Electrical,
Central South University, Hunan 410083, China

1832

Technical Gazette 26, 6(2019), 1827-1832


mailto:excharm@126.com


<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile ()

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [612.000 792.000]

>> setpagedevice





