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ABSTRACT

The bonded axi-symmetric structures have been widely used in the steel and
petroleum industries recent years. However, as is known that there is stress singularity
at the end of interface for different materials, which may result in the failure of the joint.
The intensity of singular stress field (ISSF) was discussed for bonded plate under
arbitrary material combination, while few studies are available for the intensity of
bonded structures in axi-symmetric problems, and no results with varying material
combination. Thus this research focuses on the analysis of ISSF of different axi-
symmetric problems with arbitrary material combinations, which may contribute to
evaluating the strength for axi-symmetric structures. And in addition, the analysis
method in this study was applied in the analysis of a practical engineering problem to
verify the significance of this study. This thesis is composed of total 6 chapters and
organized as follows

Chapter 1 gives an introduction of composites and bonded structures applied to
aviation industry, microelectronic packaging, and steel process equipment. Also the
applications and importance of bonded axi-symmetric structure are investigated. For
example the application in thermal spray coating roll used in continuous annealing
furnace and bonded joint of riser pipe in offshore oil equipment. With the extensive
application of the technology, structural failure problems are emerging, which requires
further study. Then, the issues of the research on singularity in the bonded structures
are reviewed, and it is found that there are only few papers focused on the ISSF for
bonded axi-symmetric problems. Then, the research purpose of this thesis is introduced,
focusing on the analysis of ISSF for bonded axi-symmetric structures.

In chapter 2, the proportional method is discussed for axi-symmetric problems. It
is known that FEM is not suitable for the solution of bimaterial problems due to the

mesh dependence of singular stress near the end of interface. However, FEM is still



useful in the analysis of singular stress problems since FEM error can be eliminated by
applying the proportional method. This study extends the method to the bonded axi-
symmetric problems. However, the difference between bonded plane problems and axi-
symmetric problems makes the application of proportional method quite difficult. This
is because non-singular stress appears due to non-zero circumferential strain €. Then,
non-singular terms are derived explicitly and eliminated from the stress components
calculated by FEM to extend this method to axi-symmetric problems. Finally the
method is verified by numerical analysis.

In chapter 3, the ISSF for the bonded cylinder is first calculated by changing the
material combination systematically after extending of the proportional method to axi-
symmetric problems. Then, the results are compared with that of plane strain problem
and the differences are elaborated. It is found that the ISSF of axi-symmetric problem
can not be governed by the Dundurs’ parameters, therefore, the maximum and
minimum values of the SIFs are considered and shown in tables and charts in the space
of Dundurs’ parameters.

Chapter 4 mainly focuses on another type of axi-symmetric bonded structure,
bonded pipe. The effect of inner radius on ISSF is also discussed. Generally, it is
thought that the bonded pipe with an infinite inner diameter is equivalent to the plane
strain problem, but it is found that they are quite different. Therefore, the results of
bonded pipe with infinite inner diameter are compared with the plane strain problem.
As is done in analysis of bonded cylinder in chapter 3, the maximum and minimum
values of the ISSF are considered and shown in tables and charts in the space of
Dundurs’ parameters.

Chapter 5 shows an example of the proposed method applied to a practical
engineering problem. By using the aforementioned analysis proposed for bonded axi-
symmetric structures, a pipe shaped hearth roll used in continuous annealing furnace
for producing steel sheet is investigated. Spraying coating is commonly used in the

hearth roll. However, after long-term use under high temperature and thermal shock,



the spray coating, which is a sandwich bonded structure, will peel off. Thus, Chapter 5
discusses how to improve the strength of the spray coating under thermal shock. It is
found that thinner top coating always has better thermal shock resistance. And under
fixed top coating thickness, the ISSF takes a minimum value when the coating thickness
ratio H/h=2, which is in accord with the previous research for plane strain state and
experimental results in engineering. Here, H and h represent the top coating thickness
and bond coating thickness, respectively.

In the last chapter of this thesis, chapter 6, main conclusions of this study are
summarized for bonded cylinder and boded pipe, and for the optimum design of thermal

spray coating.
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Chapter 1

Chapter 1 Introduction

1.1 Research Backgrounds

Modern technology has led to the employing of composites and bonded
structures/multiple layers in automotive and aerospace industries as well as in
microelectronics packaging. The significant size and weight reduction offered by the
chip scale packages (CSP) makes it ideal for the use in mobile devices like cell phones,
laptops, palmtops, and digital cameras. The advantages offered by CSP include smaller
size (reduced footprint and thickness), lesser weight, relatively easier assembly process,
lower over-all production costs and improvement in electrical performance.

Fig.1.1 demonstrated a wire-bonded uBGA ball grid array chip scale packaging
solution [1]. A typical chip scale packaging process starts with the mounting of the die
on the interposer using epoxy. The die is then wire-bonded to the interposer using gold
or aluminum wires. Plastic encapsulation then follows to protect the die and wires,
usually by transfer molding. After encapsulation, solder balls are attached to the bottom

side of the interposer. Finally, the parts are separated from the lead frame.

gold wire  chips resin

NG N /

1.4mm (MAX.)

,,,,,,,,,,,,,,,,,,,,,,,

;;;;;;;;;;;;;;;;;;

soldered ball

copper facing

045mm 0.8 mm

base
Fig. 1.1 The electrical device Chip Scale Package

Also composites are widely used in aviation industries. The Advance Composite
Material(ACM) was first applied in the manufacturing of F-14 jet fighter since 1960s.
The application of ACM in the development of F-18 fighter became more mature. Until

F-22, up to 24% of composite were used in the building of the body. In civil aviation,

Mechanical Engineering Dept. 1 Kyushu Institute of Technology



Chapter 1

Boeing first has composite used in the manufacturing of the rudder on B767 air plane,
and in the new B787 air plane, up to 50% of composites were used. Air Bus has also
developed its own new air crafts with composites are widely used such as A380 and the

new A350XWB.[2-8]

Materials used in 787 body

Fiberglass W Carbon laminate composite :  Total materials used
M Aluminum W Carbon sandwich composite : By weight
— Aluminum/steel/titanium : Other
Steel 5% Composites

50%

Aluminum
20%

By comparison, the 777 uses 12 percent
composites and 50 percent aluminum.

Fig. 1.2 Application of composite in Boeing 787 air plane

However, a mismatch of different materials properties may cause stress singularity
at the edge of an interface between different materials, which leads to failure of bonding
part in structures. As can be seen from Fig. 1.1, quite a lot interfaces exist inside the
CSP assemblies. Stress concentration happens along the interfaces due to the
discontinuous of material property and geometric configuration. And cyclic pressure
and temperature as well as humidity will increase the speed of delamination. Therefore,
there is an increasing concern that the CSP assemblies may not meet the mechanical
and the thermal cycling reliability requirements. In Fig. 1.3, the cross-section image
reveals delamination after the 3x JEDEC 260 C reflow test. Delamination initiates at
the interface between the underfill and the flux residue, and then propagated along the

solder mask [9].
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Fig. 1.3 The debonding from the end of adhesive joint of Chip Scale Package (CSP)[9]

Fig. 1.4 illustrates several forms of composite material interface failure. The
reliability evaluations based on fracture mechanics on the interface problems
composites win quite a lot of attentions. The strength analysis and the failure criteria of

bonded structures are becoming more and more important.

Joint Stresses

4 -« -
Cleavage Tensile Shear Peel

Fig. 1.4 Several forms of composite material interface failure
1.2 Studies history

For elastic fracture mechanics concepts to the debonding strength evaluation
between dissimilar materials, Williams [10] was be first to determine the characteristic
oscillating stress singularity at the crack tip in the elastic interfacial crack problem,
Then, elastic solutions around the interface crack tip to specific problems were
discussed by Erdogan [11, 12], England [13], and Rice and Sih [14]. Bogy [15] revealed
that the stresses at be interface corner approach infinity (stress singularity) in elastic bi-

material planes. This qualitatively explained why the failures of the bonded structures
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mostly initiate from the interface comer in the engineering.

From the view of linear elastic theory, the stress singularity occurring at end of
interface is an important feature for the biomaterial composites. The intersection points
of the free boundary and interface is the singular point of elastic stress, which is also
the starting point of interface crack. So far, many studies have been done to evaluate
this kind of singularity. For 2-D models of dissimilar materials structure, the
characteristic equation, which controls the order of singularity, was derived [15-27].
And especially, Dundurs et al. proposed two elastic mismatch parameters o, p which
can be used to express the singularity of a material combination [21, 22]. The Dundurs’

parameters o, 3 are defined as the following equation.

:Gl(K2+1)—GZ(K1+1) _ G,(x,-1)-G,(x,-1)
G,(x, +1)+G, (x; +1)’ G, (x, +1)+G, (1 +1)’
lane stress E.
Ky = 1+V1(p )  Gi=r—— (i=12)

]
3—4v,( planestrain) 2(1+V1)

Here, G;j, Ej and vj denote shear modulus, Young’s modulus and Poisson’s ratio for
material j in the bonded structure, respectively. The ISSFs for the aforementioned
problem in plane strain or plane stress are only determined by these problems. Thus
these parameters are very important for the later research of biomaterial problems. And
Bogy et al. made great efforts on the research of singular index A[15-20], which is the

root of the following equation. Here o, B are Dundurs’ parameters.
sin® (74
{sin2 (%ﬂ]—iz}ﬂz +2° {sin2 (%ij—ﬂ}aﬁﬂ# (,12 _1)a2 n i” ) -0

In the engineering design, to understand the existence of singularity at the end of
interface or the intensity of singularity is very important. However, there are still
confusion about the singular stress field around end of interface[28,29], strength
evaluation method and the evaluation parameters has not been established. Particularly,
the present research usually limited with plane problem, however, the axi-symmetric
problems or 3-D problems are also not rare. And there are only few researches on

strength evaluation for these cases.
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The small peel near or on the interface are called crack. The analysis of interfacial
crack and its theoretical solution were first started by Williams [30] and Irwin [31] from
1957, at the same time, they founded system of linear elastic fracture mechanics for
homogeneous materials. Then Williams [26] was be first to determine the characteristic
oscillating stress singularity at the crack tip in the elastic interfacial crack problem,
Then, elastic solutions around the interface crack tip to specific problems were
discussed by Erdogan [32,34], England [35].

During 1960s, based on Erdogan [32, 34], Rice and Sih’[36,37] study and
Muskhelishvili’ [38] elasticity theory, the research on the analytic solutions for crack at
the interface of dissimilar isotropic materials in 2D problem was popular. In which, the
stress intensity factors of an interface crack problem was defined in the form of a
complex number.

However, because of the difficulty in explaining the oscillatory of singularity and
confusion of definition, the strength evaluation method of dissimilar materials can’t be
established without linear fracture mechanics theory for interfacial crack problem. But
from around 1985, since new composite material, such as ceramics and microelectronic
device were widely used, and strength evaluation of these composites were required
and became important again. Recently, some researchers proposed the method for
accurately calculating the intensity of the singular stress field for the butt joints (Fig.
1.5(d)) and the single lap joints [39, 40], and reported that the debonding strengths of
the adhesive joints can be expressed with K, = K, [39, 41, 42], where K is the intensity
of singular stress field, K. is the critical value of the K,. Because the K, is suitable for
evaluating the adhesive strength of the bonded structure, it is expected that it becomes

possible to calculate the K, of the various bonded structures easily.
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Fig. 1.5 Several typical problems of stress concentration

1.3 Research Purposes

In the standard testing method, the specimens such as the bonded plates(Fig. 1.5(c))
and the bonded cylinders(Fig. 1.6(a)) are often adopted. It is well known that the
asymptotic solutions of the bonded cylinder and the bonded plate are similar. However,
they are not completely same. For example, for the famous stress concentration problem
of a plate with hole(Fig. 1.5(a)), the SIF is independent of material and the size of the
hole. While for the cylinder with notch(Fig. 1.5(b)), if the geometry boundary condition
is same, the SIF is only controlled by the Poisson’s ratio of the material, which means

we can determine the ISSF as long as we got the Poisson’s ratio of the material.
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Furthermore, for the bimaterial bonded structure in plane state(Fig. 1.5(c)), the SIF
depends on both materials’ properties, therefore the Dundurs’ parameters o, B are
necessary to express the ISSF. And as we all know, the ISSF for each set of a, B is
constant although the material combinations under these parameters can vary. However
the situation in bonded axi-symmetric problems are little different from the
aforementioned problems. Special stress concentration occurs at the interface corner
edge of the axi-symmetric bonded structures [44, 45], and the non-singular term is
included in the asymptotic solution of the bonded cylinder [46]. Even though the
bonded cylinder and the bonded plate in plane strain condition have same order of stress
singularity [43]. The researchers proposed the method for accurately and easily
calculating the intensity of the singular stress field for the bonded plate by solving the
ISSFs under (a, B) space. However, it is not examined whether the method can be
applied to the bonded axi-symmetric problems. Thus this study will focus on the ISSFs

of axi-symmetric problems under (a, ) space.

e I
Ei. vi H=1
Ri % o
R
Eaz, v2
H=1
T T
(a) Bonded Cylinder equivalent ) ]
to (b) when W/Ri—o (b) BOIldeid_l)Dlpe with

Fig. 1.6 Structure of (a) bonded cylinder, (b) bonded pipe

In this research, FE analyses are performed on the bonded plate (Fig. 1.5(c)) and
the bonded cylinder/pipe (Figs. 1.6(a),(b)) which are subdivided by the same mesh
pattern, and the differences between them will be clarified from the results. And the
method for accurately calculating the intensity of the singular stress field for the bonded
axi-symmetric problems will be obtained. The intensity of the singular stress field for

the bonded axi-symmetric problems will be calculated by changing the material
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combinations systematically and be compared with that for the bonded plate. Generally,
it is well known that the stress state in the bonded pipe can be regarded as the plane
strain condition when the inner radius of the bonded pipe R; approaches infinite.
However, since the existence of circumferential strain and non-singular terms of stress,
there is difference between the singular stress fields of bonded pipe and the bonded
plate in the plane strain condition, so it’s necessary to compare and clarify them.

By using the aforementioned results for bonded axi-symmetric structures, a
practical engineering problem will be studied in the last part of this research. Figure 1.7
shows the structure of a hearth rolls used in continuous annealing furnace for producing
steel sheet. It’s common to apply spraying coating on the hearth rolls. Figure 1.8 shows
the quarter structure of the roller, is a sandwich bonded structure. After long term of
use under high temperature, the spray coating will peel off. The last part of this study

will focus on how to improve the strength of the spray coating under thermal shock.

Fig. 1.7 Hearth roll used in continuous annealing furnace for producing steel sheet

Fig. 1.8 Bonded structure of hearth roll
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1.4 Overview of chapters

The bonded axi-symmetric structures have been widely used in the steel and
petroleum industries recent years. However, as is known that there is stress singularity
at the end of interface for different materials, which may result in the failure of the joint.
The intensity of singular stress is discussed for bonded plate under arbitrary material
combination [47]. Few studies are available for the intensity of bonded structures in
axi-symmetric problems, and no results with varying material combination. Thus this
study will focus on the analysis of ISSFs for axi-symmetric bonded problems.

FEM is not suitable for the solution of bimaterial problems due to the mesh
dependence of singular stress near the end of interface. However FEM is still useful in
the analysis of singular stress problems since FEM error can be eliminated in
proportional method proposed by Nisitani[48]. This method can accurately obtain the
ISSFs of bonded structure as long as the solution of reference problem is accurate
enough. As we know, the reference problem has already been analytically solved by
body force method[47]. This research will extend this method to the bonded axi-
symmetric problems. However, the difference between plane problems and axi-
symmetric problems make the application of proportional method quite difficult since
the existence of non-singular stress. Thus this research will concentrate on addressing
these issues and the ISSFs of different axi-symmetric problems with arbitrary material
combinations will be investigated, and in addition, this method will be applied in the
analysis of a practical engineering problem.

The paper is composed of total 6 chapters and organized as follows.

Chapter 1 gives the introduction of applications of composites and bonded
structures in aviation industry, microelectronic packaging, and steel process equipment.
Also the application and importance of bonded axi-symmetric structure are investigated.
For example the application in thermal spray coating roll used in contentious annealing
furnace and bonded joint of riser pipe in offshore oil equipment. With the extensive
application of the technology, structural failure problems are emerging, which requires

further study. Then the issues of the research on singularity in the bonded structures are
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reviewed, and it’s found that there are only few papers concentrated on the analysis of
ISSFs for bonded axi-symmetric problems. Then the research purpose of this thesis,
analysis of singular stress intensity for bonded axi-symmetric structures, is introduced.

In chapter 2, the proportional method is introduced. It is known that FEM is not
suitable for the solution of bimaterial problems due to the mesh dependence of singular
stress near the end of interface. However FEM is still useful in the analysis of singular
stress problems since FEM error can be eliminated by applying the proportional method.
This study extends the method to the bonded axi-symmetric problems. However, the
difference between bonded plane problems and axi-symmetric problems make the
application of proportional method quite difficult since the existence of non-singular
stress due to non-zero circumferential strain eg. Then the derivation of non-singular
stress is carried on and eliminated from the stress components calculated by FEM to
extend this method and break through the limitation. At last the method is verified by
numerical analysis.

In chapter 3, the ISSF for the bonded cylinder is first calculated by changing the
material combination systematically after the extension of the proportional method in
axi-symmetric problems. And then the results are compared with that of plane strain
problem and the differences were elaborated. It is found that the ISSFs of axi-symmetric
problem cannot be governed by the Dundurs’ parameters, therefore, the maximum and
minimum values of the ISSFs are considered and shown in tables and charts in the space
of Dundurs’ parameters.

Chapter 4 mainly focuses on another type of axi-symmetric bonded structure,
bonded pipe. The effect of inner radius on ISSF is also discussed. Generally, it is
thought that the bonded pipe with an infinite inner diameter is equivalent to the plane
strain problem, but actually they are quite different. Therefore, the results of bonded
pipe with infinite inner diameter are compared with the plane strain problem. As is done
in analysis of bonded cylinder in chapter 3, the maximum and minimum values of the
ISSF are considered and shown in tables and charts in the space of Dundurs’ parameters.

Chapter 5 applies the previous method to a practical engineering problem. By
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using the aforementioned analysis method for bonded axi-symmetric structures, a pipe
shaped hearth roll used in continuous annealing furnace for producing steel sheet is
investigated. It’s common to apply spraying coating on the hearth roll. However, after
long term of use under high temperature and thermal shock, the spray coating, which is
a sandwich bonded structure, will peels off. Thus Chapter 5 focuses on how to improve
the strength of the spray coating under thermal shock. In the research of spray coating,
the analysis method for bonded pipe with circumferential interface is applied in this
practical engineering problem. It is found that thinner top coating always has better
thermal shock resistance. And for each constant top coating thickness, the singular
stress intensity reaches its minimum value when the coating thickness ratio of top
coating and the bond coating H/h=2, which is in accord with previous research for
plane strain state and experimental results in engineering. Here H and h represent the
top coating thickness and bond coating thickness respectively.

In the last chapter of this thesis, chapter 6, main conclusions of this study are
summarized for analysis of bonded cylinder and boded pipe, and its application in the

optimum design of thermal spray coating.
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Chapter 2 Extended proportional method and the basic reference

problem for the analysis of axi-symmetric problems

2.1 Introduction

Adhesive bonding usually has been used in various industries such as automobile,
marine and airplanes, for example the application in thermal spray coating roll used in
contentious annealing furnace and bonded joint of riser pipe in offshore oil equipment.
It has been wide used since it has number of advantages over the traditional pipe joint,
such as no welding residual stress, lightweight, lower costs, easy to process and
corrosion-resistant [1-3]. With the rapid growth in the use of adhesive bonding, many
research works have been done to establish the evaluation criteria of this kind of
adhesive joint. Arenas and Afendi et al. have researched the effect of adhesive thickness
on the adhesive joint [4-6]. Sandwich adhesive specimen and its bending tests have also
been studied [7]. A.A. Neves et al. studied the effect of adhesive thickness and material
properties on a bonded cylinder specimen [8]. However, there are few studies on bonded
axi-symmetric structure. Especially there are few studies focus on the intensity of
singular stress at the end of inter face for the bonded axi-symmetric structure.

As is known to all, the improper selection of material combination will cause stress
singularity at the end of interface, which may result in the failure of the joint. Thus a
rational selection of material combination is crucial to the strength of the adhesive pipe
joint. Chen et al. have investigated the intensity of stress singularity for arbitrary
material combination in a boned strip [9]. So far only few researches have considered
the stress intensity of adhesive axi-symmetric problems, and no result of arbitrary

material combination has been obtained.
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Fig. 2.1 Several bonded structures

In order to obtain the stress intensity near the corner interface, a basic result is
necessary. Teranishi and Nisitani proposed a highly accurate numerical method named
the proportional method (crack tip stress method) to determine the stress intensity factor
of a homogenous plate shown in Fig. 2.1(a) [10]. Anyway, this method cannot be used
directly into the problem of bonded axi-symmetric problems(Fig. 2.1(d)) since there are
non-singular terms in stress components. In this thesis, the stress intensity will be
evaluated by using an extended proportional method. Therefore this chapter will mainly
focus on how to extend the method and break through the limitation in axi-symmetric

problems. The difference between plane strain/stress problems and axi-symmetric
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problems will be discussed. The derivation of non-singular stress will be carried on and
then the improved proportional method is proposed and verified by several examples.

FEM is also employed in this research.
2.2 Numerical analysis method

Fig. 2.1(a) shows the structure of the bonded strip under plain strain condition,

which is the reference problem of this research. For this structure, it’s known to all that
the stress at the end of interface goes infinity with its singularity of o;; 1/R*(Fig.

2.1(b)), in which R is the distance from the end of interface in a dissimilar materials
bonded structure. Here A is singular index, which is the root of Eq. (2.1). As for a and

B in Eq. (2.1) are known as Dundurs’ parameters which are expressed by the following

Eq. (2.2)[11,12], here v is Possion’s ratio and G = E/2(1-+v) is shear modulus.

{sinz (%ij—iz}ﬂz +242 {sinz (%ﬂj—lz}aﬂ+iz (2*-1)a? L sin’(7)

(2.1)
o G, (x, +1)-G, (i +1) 5 G, (x,-1)-G,(x,-1)
G, (x, +1)+G, (x; +1)’ G, (x, +1)+G, (1, +1)
3-v.
Y (plane stress)
K]: 1+VJ (J:]_,Z)
3—4v,( plane strain) 2.2)
The intensity of singular stress K, at the end of interface is then expressed as
K, = Ligg R™ x O pjo=r/2 (R)] (2.4)
And the dimensionless SIF F; is then defined as the following equation.
K, Lig(]) [ R™ x O pjo=r/2 (R)]
T oW)” o(W)™ (2.5)

The singular index A for different material combinations are shown in Table 2.1.
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Table 2.1 Singular index A for different material combinations

a | p=04 | p=-03 | p=-02 | p=-01 | p=0 | p=0.1 | p=0.2 | p=03 | p=0.4
-1 | 0.8073 | 0.7205 | 0.6646 | 0.6247 | 0.5946

-0.95 | 0.8536 | 0.7576 | 0.6975 | 0.6550 | 0.6232

-0.9 | 0.9008 | 0.7941 | 0.7295 | 0.6845 | 0.6511

-0.8 | 1.0000 | 0.8655 | 0.7916 | 0.7415 | 0.7048

-0.7 | 1.1174 | 0.9348 | 0.8510 | 0.7961 | 0.7564

-0.6 1.0000 | 0.9071 | 0.8480 | 0.8060 | 0.7746

-0.5 1.0558 | 0.9580 | 0.8966 | 0.8532 | 0.8210

-0.4 1.0913 | 1.0000 | 0.9403 | 0.8974 | 0.8655

-0.3 1.0964 | 1.0276 | 0.9761 | 0.9371 | 0.9075

-0.2 1.0756 | 1.0360 | 1.0000 | 0.9699 | 0.9457 | 0.9269

-0.1 1.0251 | 1.0083 | 0.9921 | 0.9777 | 0.9659
0 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000

0.1 0.9269 | 0.9777 | 0.9921 | 1.0083 | 1.0251

0.2 0.9659 | 0.9457 | 0.9699 | 1.0000 | 1.0360 | 1.0756

03 0.9075 | 0.9371 | 0.9761 | 1.0276 | 1.0964

0.4 0.8655 | 0.8974 | 0.9403 | 1.0000 | 1.0913

05 0.8210 | 0.8532 | 0.8966 | 0.9580 | 1.0558

06 0.7746 | 0.8060 | 0.8480 | 0.9071 | 1.0000

07 0.7564 | 0.7961 | 0.8510 | 0.9348 | 1.1174
08 0.7048 | 0.7415 | 0.7916 | 0.8655 | 1.0000
0.9 0.6511 | 0.6845 | 0.7295 | 0.7941 | 0.9008

0.95 0.6232 | 0.6550 | 0.6975 | 0.7576 | 0.8536
1 0.5946 | 0.6247 | 0.6646 | 0.7205 | 0.8073

Red: 1<1; Black: 1=1; Green: 1>1
The aforementioned proportional method mainly focus on the ratio of SIFs
K2 /KB, here Aand B represent two different problems. Considering Eq. (2.4), the ratio

of SIFs is finally controlled by the ratio of singular stress at the end of interface if the
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two problems have same singular index A, or in other words, have same material

combinations. Eq. (2.6) shows the relationship of the ratios.

KA Li—rE[lelA XO-AH‘H:”/Z(R)} _ Ilm Rl—/lA O'Ag‘a:ﬂ/2 (R) _ IImM (26)
K R0 B)] R ()R L)

Assuming the SIFs of problems A have been analytically given in advance, while
that for problem B is yet to be solved. The unknown SIF of problem B can be obtained
as long as the ratio of singular stress is given. Since we cannot get the real value of
singular stress, thus instead, FEM valued is used. But there is still difficulty as is shown
in Eq. (2.4) and Fig. 2.2, the stress near the end of interface tends to go infinite, while

the stress calculated by FEM is finite and increases with decreasing the element size.

1.06¢ r r r r r r r I I
—_—— emin=1/8

1.05 —— eminzlllo T
—p—e;,;=1/16

1.04
\

©
~ 1.03
£ 102 N \
S 101 °~
w
1
0.99

0.98° ; : : -

0 005 01 015 02 025 03 035 04 045 05
Distance from the end of interface R

Fig. 2.2 Stress near the end of interface calculated by FEM

Although the FEM value does not equal to the real one, the ratio of FEM

stress o/} /o is still available since the error of FEM value can be eliminated if same
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mesh pattern is applied to the different problems.

Take the bonded strip and butt joint shown in Fig. 2.1(a) and (¢) as an example.
Here we assume butt joint and bonded strip as the unknown problem and given
reference problem respectively. Same material property and FE mesh pattern are

applied to the two problems (Fig. 2.3).

Av A

A e T
y 4 E
E,|v, [/ il H=1
H=1
/ Y “ Ay g - )&E Vv g
& > <—d > R a0
R R b
Ey v H=1 II I/E' Vi H=1
oy ) =
(a) Reference problem: Bonded strip (b) Unknown problem: Butt joint

Fig. 2.3 Unknown problem and given reference problem in same FE mesh pattern

Table 2.2 shows the results of this example, as we can see, the stress near the end
of interface is quite different when the mesh size is different, and it increases with

O.PLT

BUTT / -

decreasing the minimum element size. However the ratio of stress oy rgy
almost keeps constant, which means the stress ratio is independent of mesh size. And it
BUTT /5PLT

is also found that the stress ratio oy pgy /0y Fpy almost keeps constant along the

interface.
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Table 2.2 Ratio of stress for different problems (t/W=0.01)

Fine mesh emin=1/38 Rough mesh emin=1/3*
& BUTT BT

ol (]| (5
0 1.640 (0.609) 0 1.246 (0.609)

1/38 1.365 (0.609) 1/34 1.306 (0.609)

2/38 1.320 (0.609) 2/3* 1.001 (0.608)

3/38 1.286 (0.609) 3/34 0.975 (0.608)

4/38 1.262 (0.609) 4/3* 0.956 (0.608)

5/38 1.243 (0.609) 5/34 0.942 (0.607)

Then we can assume when the element size approaches zero, which means the
FEM results is equal to the real one, the ratio still keeps constant and is equal to real

results. Recall Eq. (2.6), the ratio of the two different problems is given as

A GA _ R o'..A
KU —lim 0\94/2( ): ij,FEM (2.7)

B B B
R—0
K, Flo e\e:n/z(R) Oij rem

Thus the SIF of unknown problem B can be obtained.

B
KE = K2 x e (2.8)
Oii FEM
Zhang et al. applied this method to the research on the effect of adhesive thickness

on the interface of singular stress at the butt joint shown in Fig. 2.1(c)[13].
2.3 Intensity of singular stress for bonded strip as a reference solution

In the previous sector, it is found that the ratio of interface stress distribution can
be given very accurately by using FEM. However, to obtain the intensity of singular
stress, a reference solution is necessary. Chen-Nisitani [9] and Noda et. al [14] have
analyzed the intensity of singular stress in a bonded strip in Fig. 2.1(a) accurately by

using the body force method. Fig.2.4 and Table 2.3 indicate the results for bonded strip.
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Table 2.3 Dimensionless SIF F; at the end of interface for a bonded strip

a@ | p=04 | B=03 | p=02 | Pp=01 | Pp=0 | B=0.1 | p=02 | B=0.3 | B=0.4
1.00 | 0540 | 0446 | 0395 | 0.357 | 0.332 - - - -
-0.90 | 0.726 | 0534 | 0456 | 0412 | 0.381 - - - -
-0.80 | 1.000 | 0.636 | 0538 | 0487 | 045 - - - -
-0.70 | 1.855 | 0.800 | 0626 | 0558 | 0.486 - - - -
-0.60 - 1.000 | 0.724 | 0638 | 0559 | 0.505 - - -
-0.50 - 1264 | 0842 | 0722 | 0635 | 0.551 - - -
-0.40 - 1.467 | 1.000 | 0.822 | 0718 | 0.615 - - -
-0.30 - 1609 | 1.118 | 0913 | 0.796 | 0.697 - - -
-0.20 - 1.690 | 1.153 | 1.000 | 0.889 | 0.797 | 0.404 - -
-0.10 - - 1.103 | 1.037 | 0955 | 0.890 | 0.767 - -
0.00 - - 1.000 | 1.000 | 1.000 | 1.000 | 1.000 - -
0.10 - - 0767 | 0890 | 0955 | 1.037 | 1.103 - -
0.20 - - 0404 | 0797 | 0.889 | 1.000 | 1.153 | 1.690 -
0.30 - - - 0697 | 0796 | 00913 | 1.118 | 1.609 -
0.40 - - - 0615 | 0718 | 0822 | 1.000 | 1.467 -
0.50 - - - 0551 | 0635 | 0722 | 0842 | 1.264 -
0.60 - - - 0505 | 0559 | 0.638 | 0.724 | 1.000 -
0.70 - - - - 0486 | 0558 | 0.626 | 0.800 | 1.855
0.80 - - - - 0450 | 0.487 | 0538 | 0636 | 1.000
0.90 - - - - 0381 | 0412 | 0456 | 0534 | 0.726
1.00 - - - - 0332 | 0357 | 0395 | 0446 | 0.540

Red: Bad pair;  Black: Equal pair; Green: Good pair

It 1s confirmed that when a(a-2B)>0 , the stress at the end of interface goes to
infinite with different intensity depending on a, B; stress goes to constant when o(ca.-
2B)=0 ; stress goes to 0 when a(a-2p)<0, which correspond the cases of 0<i<l, A=1
and A>1. These three material combination conditions are thus called bad pair, equal

pair and good pair. Fig. 2.5 shows the (a, B) space, in which the green area and red area
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represent the good pair and bad pair respectively.
2.4 Extended proportional method in bonded axi-symmetric problems

Sector 2.3 introduced the proportional method and sector 2.4 provided the accurate
solution of bonded strip as the reference problem. However, it comes to the problem
when directly apply this method to axi-symmetric problem. Take bonded cylinder (Fig.
2.1(d)) as an example. Table 2.4 and Table 2.5 shows the examples of stress ratio for
butt joint(Fig. 2.1(c)) and bonded cylinder (Fig. 2.1(d)) over bonded strip. Here we can
see in Table 2.4, if the two problems have the same FEM mesh pattern, all the stress

BUTT/5.PLT should be consistent with each other and independent of

components ratio oj
element size when FEM is employed. While in Table 2.5, which shows the results for
bonded cylinder over bonded strip, the ratios of all stress components do not consist
with each other. The ratios of 6z rex and oo, rEr are quite different from that of o0 Fem
and 7., rep. This is nature for axi-symmetric problem which needs additional discussion

for the analysis.

BUTT PLT
Table 2.4 Ratio of o /o  (E =1000,v, =0.25548042, E, =113.79748, v, = 0.20656946)

O—f(JL,’gM/ foL,;m O-\B(igw/ féi'E}lI Ufo%gmf / O—:Pl)L,;E;lI T)ﬁ/l:;;’\/[ .vl;fICEM
P11 111
Material [Mat. 1 [Mat.2 [Mat.1 [Mat.2 [Mat. 1 Mat. 2 Mat. 1 |Mat. 2
e..=2" 105253 [0.5254 [0.5254 [0.5254 10.5254 0.5253 0.5253 10.5254
e =27 10.5250 10.5253 [0.5252 [0.5252 ]0.5252 0.5252 0.5252 10.5253 22 122
. CYL PLT _ _ — —
Table 2.5 Ratio of Tuo.reu /O'I./.O’,,EM (E] =1000, v, =0.25548042, E, =113.79748, v, = 0.20656946)
O—ﬁlyéE\/I / O_,ZJLJTTE;»{ O—ﬁ)y,LFﬂw / O_fézl:“EM O—(S(JY,LFEM / O-:[’OL,;E;\/I T:;,’%‘EM / T,SfICEM I I I I T TT
Material | Mat. 1 | Mat.2 | Mat. 1 | Mat. 2 Mat. 1 Mat.2 | Mat. 1 | Mat. 2
e =2 0.996 0.992 0.198 0.996 0.996 0.991 0.901 0.996 ]
W W
€. = 27" 0.996 0.993 0.445 0.996 0.996 0.992 0.930 0.996

For the plain

strain problem shown in Fig. 2.6

problem, the stress near the end of interface can be expressed as

which is used as the reference
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K;LT
o =T (i=x.0,2)
KT (2.9)
PLT _ = Ty
xy - Rl*l
Here R is the distance from the end of interface.
Ay
y PLT
Ei,|v1 - KJ .
’\H:lx ;‘I“ - R|'—,1 (l:x’y’z)
r M\ — PLT
E PLT K‘T‘:\.
2, V2 H=1 Xy 1-4
w=1 R
T -

(N
;3 AXIAL
E’: El’ ! f AXIAL o AX1AL
g/%— o =——+40; “('=r,z,6')
J RI—/_ J .
R AXIAL
E.v AXIAL _ Ty + ~AXIAL
> V2 = TR Ty
’,_W:—I__s J

Fig. 2.7 Singular stress at the end of interface for axi-symmetric problem

And for the plain strain problem as shown in Fig. 2.7, the strain of z direction is
zero. While for the axis symmetric problem, the strain of 0 direction on the outer face

of the pipe can be expressed as

£, =220 (2.10)

r

which can lead to non-zero stresses [15], and then the stress of the unknown problem

shown in Fig. 2.7 is expressed as:
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AXIAL
AXIAL o ~ AXTAL A AXTAL ~ AXIAL .
Wik = 4 g =6 6 (j=1,2,0)
J lei 7 J J
(2.11)
AXIAL
AXIAL Ty ~AXIAL ~AXTAL ~AXTAL
=—— +7° =7 +7°
rz Rl—/l ¥z vz =

AXIAL

In Eq. (2.11) 64.; and 5;“WAL represents the singular terms and non-singular

terms of stress respectively. If the proportional method is suitable for the new unknown
problem shown in Fig. 2.7, the values in Table 2.5 should have consistence when the
non-singular terms is eliminated. And next how to eliminate the non-singular terms will
be introduced.

At the end of interface, the first term is the singular stress, and the second terms in

Eq. (2.11) have the expressions as

~ Ax747 a1 ~ AXT4L \Matl ~ 4X74L Ml ~ AXTAL
5O, » S\ 7

matl . t . 1 1.
r0 z0 OCgo rz ) In materia ’

~ AXTAL mat2 ~ AXIAL mat2 ~ AXTAL mat2 ~ AXTAL
0 b Uzo > o0 b iz

mat2 . .
) in material 2.

All these 8 stress components should meet the boundary conditions of bonded
interface and free edge of the outer surface. And the compatibility of deformation

should also be satisfied. As a result, these components should conform to the following

equations.

(emm )™ = (gt \™° = (g ™ < ()™ 2 g (2.12)
(G )™ = (Game )™ = gt (2.13)
()™ = (g™ = g (2.14)
(g™ = (g™ = g (2.15)

Transpose Eq. (2.14), and substitute Egs. (2.12), (2.13) into it gives
(E;f,aﬂ )maﬂ B (Egﬁf’“ )matz _ ELI[(OZ;SCML )matl v, (&_ﬁ)ﬂﬂ )lnatZ:l B ELZ [(&g,%ﬂu )maIZ v, (G~Z4z,m )mat2:| —0

Thus

(Vl sz&m:(%m)mm (&)™ (2.16)

z0 -

E, E,

Similarly, for Eq. (2.15), there is
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A marl - mai2 1 ~ 4X] matl - matl 1 - mar2 - mar2
(8?"“‘) _(gi)XIAL) _ (0'240“4") —v, (6—/4()XIAL) _ (0_/4)(//11‘) —v (O_—AXIAL) -0
¥ 7 E ¥ z E 80 2 =0
1

2

Substitute Eq. (2.16) into it gives

o matl
(G;JHAL) 1+, 5 2.18)
G A |
From Eq. (2.16) and Eq. (2.17) we can obtain
~ AxIAL Yt Vl —Evz
(™) _ g (2.19)
I+v,
and
~ Ax1AL a2 v, —&V1
(Gn")" _ " g (2.20)
O~_;ZXIAL Vv, —V,
1+v,
For axis symmetric problem under cylindrical coordinate system, there is
ou,
g =—=
or
u
&y =—
r
Ou, Ou,
Ve =T
Recall Eq. (2.14) we can obtain:
( g )“‘3“ _ ( g )‘“‘"2 Ly u,
_i ~ AxI4L N3 B ~ AXTAL AT ~ axzar \Mat! }: _(1+V|)V|E2 —(1+V2)V2EI ~ AXTAL
S A G W G CEAERE
Thus
(&ZA(;UAL )matl _ (&j(;XlAL )maLZ _ &ZAOMAL (2 22)
__ (VI _VZ)EIEZ ﬁ__ (Vl _VZ)EIEZ urAOXML .
(I+vVE, —(1+v,)V,E, r (1+v))VE,—(1+v, ), E, (W/2)
Substituting Eq. (2.22) into Egs. (2.19), (2.20) gives
~ matl 1+V VE =V E)E uAX]AL
(ijgAL) _ ( 2)( 1527V 1) 1 M (2.23)
(1+v)VE, —(1+v,)v,E, (W/2)
( 5 AL )"‘“tz _ (L+v))(ME, —V,E ) E,  u/d™ (2.24)

- (+v))VE, —(1+v,)v,E (W/2)
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And recall Eq. (2.12)

(&AMAL )matl _ (&AXML )matZ _ (ffﬂAL )matl _ (z:AXIAL )maIZ ~0 (225)

ro rO rz z

Until now, all eight non-singular terms have been solved since the displacement
u,AO)<7 s independent of mesh size. And next sector will verify this result by eliminating

these non-singular terms in the stress ratio
2.5 Discussion on the similarity of singular stress field and FEM model

The previous discussion verifies that the proportional method is suitable for

analyzing the problem in Fig. 2.7. The intensity of singular stress for axi-symmetric

problems v can be expressed as

AXIAL  ~ AXIAL
AL _ Oy rem — Oy T (226)
c - PLT o
ij,FEM

in which?>  has already been solved accurately. The only unknown parameter is

the ratio of ffﬁXr[}fﬁPL—fz}wL , or the value of © : LFZM , O ;";’,ﬁ; and U, rp, . Therefore FEM
. FEM
will next be used to get the stress value at the end of interface.

Very fine mesh will be used, since we need to get the approximate solution of
singular stress as accurate as possible and verify the mesh size independence of result.
We can’t use same mesh size for both singular zone and other area because the
limitation of hardware. Therefore the mesh with variable element size will be used. Fig.
2.8(a) show one type of mesh with fine mesh around the end of interface and rough
mesh for other area. This kind of mesh pattern was often used in most previous study.
However, numerical results showed unsmooth distribution for this kind of mesh since
there is error caused by distortional element, especially along the interface. In this
research, the mesh shown in Fig. 2.8(b) is used. There is no distortional element along
the interface with all element size varies gradually on the interface, smooth stress will
be obtained as a result.

Figure 2.9 and 2.10 show the FEM models of the bonded structure (same mesh

pattern for both bonded strip and bonded axi-symmetric structure). In order to confirm
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the mesh dependence of the solution, two mesh sizes are used, with the minimum

element size of 2713 and 2717 respectively.

y 0)’
L—
| |
Saae
Interface T F,ﬁ
[ e .
J s min
—— ]
T
J |
(a) Abrupt mesh

Interface |

Lodet

(b) Gradient mesh

Fig. 2.8 Effect of mesh pattern on the stress distribution along the interface
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Fig. 2.9 FEM model for bonded strip

A

Fig. 2.10 FEM model for bonded cylinder

The linear elastic analyses are performed on the bonded plate as shown in Fig. 2.6

31 Kyushu Institute of Technology
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and the bonded cylinder as shown in Fig. 2.7. The plane strain condition is assumed in
the case of the bonded plate. The square four nodes elements are used in the vicinity of
the interface corner edge.

Table 2.6 shows Young’s modulus E;, Poisson’s ratio v;, under the Dundurs’

parameters (o, £)=(0.8,0.3), where the subscript j differentiates the materials 1 and 2.

Table 2.6 Material property

Material 1 Material 2

E; E; Vi V2

1000 | 115.57895 | 0.28500 | 0.21043 | 0.8 | 0.3 | 0.8655

Table 2.7 shows the stress components of the bonded cylinder and bonded plate.

The stresses of bonded cylinde:rUfCOYvLFEM , eomv and the stresses of bonded plate Ty rom ,
“aomv should be continuous at the interface. However, in the FE analysis, the stresses
in material 1 do not correspond with those in the material 2 since the existence of stress

singularity. Therefore in this research, those stresses in materials 1 and 2 are averaged.

Table 2.7 Stress components of bonded cylinder and bonded plate

M O orem T oo O gorem L. U oM
e .
Mat.1 Mat.2 | Mat.1 Mat.2 Mat.1 Mat.2 | Mat.1 | Mat.2 | Mat.1 | Mat.2
2713 | -0.7255 | 0.4469 2.9569 0.1816 | 0.5941 0.1974 -2.6802E-04
=
217 | -1.0527 | 0.6488 4.3011 0.5080 | 0.8922 0.2862 -2.6812E-04
1 T orem T oM O orem T o.FEM
e .
Mat.1 Mat.2 | Mat.1 Mat.2 Mat.1 Mat.2 | Mat.1 | Mat.2
2713 | -0.7228 | 0.4454 2.9679 0.7212 | 0.6582 0.1966
Vi
2717 1 -1.0493 | 0.6467 4.3091 1.0471 | 0.9557 0.2853

And then, the eliminating of the non-singular terms will be introduced. The
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displacement of the first node locating at the end of interface (outer surface) is

Table 2.8 shows the constituents of the non-singular terms. The components

{

And outer radius r=0.5, thus

u

&g =

u

r

r

r
89:—:
r

u, =-2.6802x107,
u, =-2.6812x107,

-2.6802x107

0.5

-2.6812x107

0.5

e — 2—13

min

e — 2—17

min

=-5.3604x107",

=-53624x10", e

min

min

-13
e =27

— 2717

Substitute €, into Egs. (2.22)-(2.24), the non-singular terms can be obtained.

~CYL
Gij and

65" represent the singular terms and non-singular terms respectively.
Table 2.8 The constituents of the non-singular terms of bonded cylinder
CYL CYL CYL CYL
r0,FEM z0,FEM O_HO,FEM r0,FEM
Mat.1 Mat.2 Mat.1 | Mat.2 Mat.1 Mat.2 Mat.1 | Mat.2
5" -0.7255 0.4469 2.9787 0.7238 0.6606 0.1974
~CYL
op 0 0 -0.0218 -0.5422 -0.0665 0
2-13
-0.7255= | 0.4469= 2.9569= 0.1816= 0.5941= 0.1974=
O_i/C'VOY,LFEM
-0.7255+0 | 0.4469+0 | 2.9787-0.0218 | 0.7238-0.5422 | 0.6606-0.0665 |  0.1974+0
5" -1.0527 0.6488 43011 0.5080 0.8922 0.2862
P 0.0000 0.0000 -0.0218 -0.5424 -0.0666 0.0000
2-17
-1.0527= | 0.6488= 4.3011= 0.5080= 0.8922= 0.2862=
GifOY‘LFEM
-1.0527+0 | 0.6488+0 | 4.3229-0.0218 | 1.0504-0.5424 | 0.9588-0.0666 |  0.2862+0

As is shown in Table 2.8, the non-singular terms 0, I-CY

i

" are mesh independent while

the singular terms sc= are mesh dependent. Since the non-singular stresses are now
ij

uniquely determined by the radial displacement <z

by Egs. (2.23-2.25), the

proportional method can be applied to the bonded cylinder through the subtraction

process for eliminating the non-singular stress from the stress calculated by FEM.
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Table 2.9 shows the stress ratio of bonded cylinder and bonded plate, both direct

ratio and singular term ratio. As we can see, the stress ratios for the singular stresses

& JortT (non-singular stress eliminated) are same for each stress components (4

significant digits), which verified the derivation of the non-singular terms. The result
when emin=2"1" also shows the same good consistency as that of emin=2"2. It is also found

that the ratios are almost independent of element size.

Table 2.9 Stress ratio of bonded cylinder and bonded plate

rCOfII_:EM ><POLJT:EM O—SJIIEEM ;(I)_,LEM O_;):J.II_:EM / O_zPoL,vT=EM Tr?g,_FEM / Z-fyII)T.FEM
€min
Mat.1 Mat.2 Mat.1 Mat.2 Mat.1 Mat.2 Mat.1 Mat.2
-0.7255-0 0.4469-0 2.9569—(—0.0218) 0.1816—(—0.5422) 0.5941—(—0.0665) 0.1974-0
218 -0.7228 0.4454 2.9679 0.7212 0.7212 0.1966
=1.0037 =1.0035 =1.0036 =1.0037 =1.0036 =1.0037
-1.0527-0 0.6488-0 4.3011—(—0.0218) 0.5080—(—0.5424) 0.8922—(—0.0666) 0.2862-0
2 —-1.0493 0.6467 4.3091 1.0471 0.9557 0.2853
=1.0032 =1.0032 =1.0032 =1.0032 =1.0032 =1.0032

2.6 Conclusions

The basic theory of bonded dissimilar materials structures was introduced and the
key parameters and concepts in proportional method were also described. The reference
problem of a bonded strip under plane strain/stress condition used in the proportional
method were also introduced. The limitations of use of proportional method in bonded
axi-symmetric problems was demonstrated and investigated in this chapter. Then the
limitation of proportional method was broken through and an extended proportional
method was proposed. Furthermore, FEM was employed to verify the derivation of
non-singular terms and the reliability of the extended proportional method. The
achievements of this chapter have been conclude as follows:

1. The axi-symmetric problems are different from plane strain/stress problems

when directly apply the proportional method. The stress components of =~ and

-~ contain non-zero terms without singularity.

00,FEM
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2. The non-singular terms are originated from the circumferential strain o~ . Since

this strain component is controlled by the radial displacement at the end of interface,
which is mesh independent, the non-singular terms are constant composition of the
stress component. To extend the proportional method to the bonded axi-symmetric
problems, this terms have to be eliminated from the stress.

3. Itis found that the ratios of the all stress components without non-singular stress
are same with 4 significant digits, which verified the derivation of the non-singular
terms. It is also found that the ratios are almost independent of element size. This means
proportional method can be used to evaluate the ISSFs of bonded axi-symmetric

problems.

4. Since the stress components s~ and ,~da- do not contain non-singular

terms, it will be easier to evaluate the ISSFs by using the ratio of these two stress

components.
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Chapter 3 Analysis on Intensity of Singular Stress for Cylinder in

Comparison with Bonded Plate

3.1 Introduction

The intensities of the singular stress for the bonded plate and the butt joint under
arbitrary material combinations have been investigated in the previous study[1]. Thus
in this chapter, the intensity of the singular stress for the typical bonded axi-symmetric
problem, bonded cylinder (Fig. 3.1(b)) in comparison with bonded plate (Fig. 3.1(a))
will be considered as well.

The previous discussion in chapter 2 verifies that the proportional method is

suitable for analyzing the problem in Fig. 3.1(b). The dimensionless intensity of
singular stress for axi-symmetric problems g+ can be expressed as

AXIAL  ~ AXIAL
F (TAXIAL _ Giyrem ~ Gy F:LT (3 . 1)

PLT
iy, FEM

in which 777 has already been solved accurately[3,4].

)\y

L

H=1

Y

R

Ez, v H=1
w=1

1Yy

(a) Bonded plate (b) Bonded cylinder

Fig. 3.1 Bonded plate and bonded cylinder
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3.2 Difference of singularity between bonded plate and bonded cylinder

It’s known that the singular stress field near the end of interface of two dimensional
problems as shown in Figs. 3.1(a) is governed by Dundurs’ parameters (o, ) uniquely
regardless of the plane stress condition or the plane strain condition. However, the
singular stress field of the axi-symmetric problem such as the bonded cylinder in Fig.
3.1(b) is not governed by (a, B). Fig. 3.2 and Fig 3.3 show the material combinations
under the Dundurs’ parameters (o, 3)=(0.5,0.2). The properties of two materials are all
expressed as the functions of vi, which is the Poisson’s ratio of material 1. Fig. 3.2
shows that v, varies from 0.1177 to 0.3182 while v1 varies from 0 to 0.5; Fig. 3.3 shows

that E»/ E1 varies from 0.3284 to 0.3994 while v1 varies from 0 to 0.5.
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Fig. 3.2 v2 VS. v1 under (o, $)=(0.5,0.2)
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Fig. 3.4 is the stress ratio of the two problems shown in Fig. 3.1. The ratio for both

direct stress and stress intensity factor varies with vi. The value of ¢

varies

YL PLT
20, FEM /O-y(),FEM
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from 0.983 to 1.127 with the variation range of 14.7%, and the value of gor/prir

b

varies from 0.962 to 1.385 with the variation range of 40.3%. This means the Dundurs
parameters (o, ) cannot totally control the intensity of singular stress field close to the

end of interface for a bonded cylinder.

Therefore the maximum and minimum value of g JET should be considered.

3.3 Discussion of suitable prediction for debonding strength

1.8 [ [ [ [ [ [ [ [ [ T

L6 Equal pair: a=2p \

1.5

I

1.4
1.3]-

CYL PLT
Faz /Fay

1.2

I

1.0

]

0.9

I

0.8

]
a
=~
=~

0.7 i -

I

0.6 [ [ [ i r r [ [ [ I
060 01 02 03 04 05 06 07 08 09 1.0

Fig. 3.5 Infinite value of g /p77 at equal pair

Fig. 3.5 shows the value of F5'"/FEFT when B=0.2 is fixed. Both maximum
and minimum value are plotted in the figure. As is shown in the figure, the maximum
value of F5'%/EFLT tends to go infinite when it closes to the equal pair: a=2p.

Let’s check Eq. 2.22-2.24. Under the condition of o = 2, it can be found that when
v1= 0.5, which corresponds to the maximum value of F5'*/FfT | the denominators

of these equations become 0 and therefore the non-singular terms diverge to co. That’s
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the reason for the infinite value when it closes to the equal pair.

As we all know, for equal pair and good pair, there is no singularity, therefore,
there is no meaning for F5':/FEEET under good and equal pair. For the prediction of
debonding strength of the bonded structure in good pair and close to equal pair, the

direct ratio of stress o

CYL / PLT
z0, FEM

Tyo pey 1S MOTE suitable. Thus for different region we

use different value to evaluate the debonding strength.

The stress singularity occurs at the corner edge point for bad pair; in this case,

F&'* JEFETis useful for the prediction of the debonding strength. But for equal pair and

good pair, there is no singularity, Therefore, the direct ratio of stress aZCS'LFEM/a;ﬂEM ,

which contains the influence of the non-singular stress, is more useful than the

F&FEJERET under equal and good pair. Fig. 3.6 show the maximum value of

CYL /PLT CYL PLT . _ . g . .
E;, /Fay and 040, rEm/ Oyo, pE 1 O SPACE when £=0.2 is fixed. In bad pair region,

the FS'L/EFFT represents the solid line which means the suitable prediction of

; o ; ; CYL PLT
debonding strength, while in good pair and close to equal pair, 40, rEm/! Oy, FEM

should be used and represented as solid line. Fig. 3.7 shows the same situation for the

results when £=0.3.
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PLT
00, FEM

/

cyL
00, FEM

CYL PLT
oz /Fay ’

F

3.4 Analysis results for bonded cylinder under arbitrary material combinations

As is discussed in the previous sector, different regions will use different value to

evaluate the debonding strength. In this research, both F5'%/EFIT  and

CYL PLT . . . . .. .
0. reM! Oyo, FEM will be considered, both in maximum and minimum values. Fig. 3.8

and Fig. 3.9 show the maximum and minimum value of FES'“/FET and

CYL PLT . . . ) )
0. reM! Oyo, FEM by changing the material combinations systematically in (a, f) space.
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The results for maximum and minimum value of F'Y/FFMT  and

O-ZC(;TII;EM a;éTI,EM are also shown in Table 3.1-Tabal 3.4.
Table 3.1 Maximum value of % /"
o b -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.45
0.1 0.789 0.855 0.996
0.2 0.775 0.861 0.986
0.3 0.856 0.972 1.230
0.4 0.845 0.955 1.080
0.5 0.827 0.937 1.020 1.350
0.6 0.802 0.918 0.981 1.120
0.7 0.899 0.948 1.030 1.320
0.8 0.879 0.919 0.977 1.090
0.9 0.859 0.892 0.935 0.996 1.150
1 0.839 0.866 0.898 0.937 0.981 0.995
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Table 3.2 Minimum value of & /F"

o -0.2 -0.1 0 0.1 0.2 0.3 04 0.45
01 | 0781 | 0835 | 0.89
02 | 0775 | 0825 | 0.885
0.3 0814 | 0870 | 0944
0.4 0808 | 0854 | 0.916
0.5 0804 | 0843 | 0895 | 0.962
0.6 0802 | 0837 | 0880 | 0.936
0.7 0833 | 0870 | 0918 | 0.976
0.8 0832 | 0865 | 0906 | 0.957
0.9 0834 | 0863 | 0899 | 0944 | 0992

1 0839 | 0866 | 0898 | 0937 | 0981 | 0.995

. cyYL PLT
Table 3.3 Maximum value of C:orew /5o re

-0.2 -0.1 0 0.1 0.2 0.3 0.4 0.45

0 0.978 0.997 1.000 0.997 0.978

0.1 0.903 0.956 0.996 1.032 1.065

0.2 0.844 0.920 0.986 1.052 1.145 1.246

0.3 0.889 0.972 1.050 1.184 1.444

0.4 0.863 0.955 1.031 1.172 1.525

0.5 0.838 0.937 1.000 1.127 1.447

0.6 0.808 0.918 0.975 1.071 1.299 3.117

0.7 0.899 0.946 1.020 1.165 1.862

0.8 0.879 0.919 0.974 1.066 1.327 2.276
0.9 0.859 0.892 0.934 0.993 1.098 1.237
1 0.839 0.866 0.898 0.937 0.981 0.995
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A cYL PLT
Table 3.4 Minimum value of zorem /o rem

-0.2 -0.1 0 0.1 0.2 0.3 0.4 0.45

0 0.948 0.981 1.000 0.981 0.948

0.1 0.878 0.936 0.989 1.000 1.022

0.2 0.844 0.898 0.955 1.000 1.060 1.246

0.3 0.850 0.914 0.984 1.036 1.358
0.4 0.826 0.880 0.948 1.000 1.343
0.5 0.812 0.857 0.914 0.983 1.134
0.6 0.808 0.843 0.890 0.951 1.000 3.117
0.7 0.835 0.875 0.925 0.986 1.564
0.8 0.833 0.866 0.909 0.962 1.000 2.276
0.9 0.834 0.864 0.900 0.945 0.994 1.000
1 0.839 0.866 0.898 0.937 0.981 0.995
0.5
0.4
0.3
0.2
0.1
& -
0.0
-0.1 = Ceramics/Resin
Sramics * Ceramics/Glass
02 Metal/Resin 4 Resin/Resin
' + MetalGlass I Resin/Glass
,®  Ceramics/Ceramics ¥ Glass/Glass

_03 " 1 Pr— | L
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a

Fig. 3.10 Material combinations in (o, ) space

Fig. 3.10 shows the (a, ) for the several typical engineering materials[5]. Most of

the material combinations are distributed in 0<4<0.3. When 0<$<0.3, the value of
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CYL
GPLT

(aZO‘ rm/ Ty, FEM) . is approximately located as the following range

O_CYL

08 <2+ <15 (3.2)
%50, FEM
CYL PLT H
Comparing Fig. 3.9 with Fig. 3.8, it is found that the range of o 0, rEm/! Oy0, FEMIS
quite different for different (a, £). The differences between (aZCOYLFEM a}féiEM) and
’ max

CYL PLT H H
(aZO‘ rm/ Ty, FEM) is approximately obtained as follow.

( CYL /O_PLT ) _( CYL /O_PLT )
ZO FEM' "y0,FEM/ . o~ ZO FEM’ ~yo0, FEM

CYL oPLT ) ( CYL oPLT )
(O-ZO,FEM/ y0, FEM x+ GZO,FEM/ y0, FEM

min < (1 (3.3)

It is difficult to discuss whether they are governed by Dundurs’ parameters (a, /)

H : CYL PLT CYL PLT :
if the differences between (O‘ZO’FEM Ty FEM)max and (GZO,FEM Tyo FEM)min IS
large. However, since the differences between them are less than about 10% as shown
in Eqg. (3.3), the validity of the discussion is verified and the effect of the material

combination can be put in order by Dundurs’ parameters (e, f).
3.5 Conclusion and discussion

In this chapter, the intensities of the singular stress field for the bonded cylinder
was analyzed by applying the proportional method verified by last chapter. The results
were calculated by changing the material combination systematically under (e, ) space.
The results of bonded cylinder has been compared with that of plane strain problem and

the difference was elaborated. After that, the maximum and minimum values of

EMJERT and oy /o0, are shown in tables and charts in the space of Dundurs’

parameters.

The achievements of this chapter have been conclude as follows:

1. The axi-symmetric problems are different from plane strain/stress problems.
The singular stress field near the end of interface of two dimensional problems as shown
in Figs. 3.1(a) is governed by Dundurs’ parameters (o, ) uniquely regardless of the

plane stress condition or the plane strain condition. However, the singular stress field
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of bonded cylinder in Fig. 3.1(b) is not governed by (a, ). Therefore the maximum and

minimum value of g /g7 should be considered.

2. For bonded cylinder, the maximum value of FS*/FEFT tends to go infinite
when it closes to the equal pair: =2, and for equal pair and good pair, there is no
singularity, therefore, there is no meaning for F5'“/FEFT under good and equal pair.
For the prediction of debonding strength of the bonded structure in good pair and close

o is more suitable since it

to equal pair, the direct ratio of stress o 0, FEM

Ly
contains the influence of the non-singular stress. Thus for different region we use
different value to evaluate the debonding strength.

3. For most material combinations which are distributed in 0<4<0.3 under the (o,

CYL PLT H H
B) space, the value of (aZO, rem! Tyo FEM)max is approximately located as the

following range

O_CYL
0, FEM
08 < <15
g
y0, FEM
H - CYL PLT
4. Since the differences  between (Gzo, FEM/O-yO, FEM)max and
(O‘CYL oPLT ) is less than about 10%, the effect of the material combination
z0, FEM y0, FEM min y

can be put in order by Dundurs’ parameters (o, f).
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Chapter 4 Analysis on Intensity of Singular Stress for Bonded

Pipe in Comparison with Bonded Plate

4.1 Introduction

z Ay
1 i1
Ep v, i Ei[vi Hel
/( r / X
(0] R‘ 1 R‘
S Hel Ez, v H=1
w=1 W=1
oy 2K

(a) Bonded pipe (b) Bonded plate

Fig. 4.1 Bonded plate and bonded pipe

The adhesive pipe joints have been widely used in offshore, steel process
equipment recent years, for example the application in thermal spray coating roll used
in contentious annealing furnace and bonded joint of riser pipe in offshore oil
equipment, since it has number of advantages over the traditional pipe joint, such as no
welding residual stress, lightweight, lower costs, easy to process and corrosion-resistant.
With the rapid growth in the use of adhesive joint, many research works have been done
to establish the evaluation criteria of this kind of adhesive joint. Arenas and Afendi et
al. have researched the effect of adhesive thickness on the adhesive joint [1,2,5].
Sandwich adhesive specimen and its bending tests have also been studied [4]. A.A.
Neves et al. studied the effect of adhesive thickness and material properties on a bonded
cylinder specimen [6]. However, there are few studies on adhesive pipe. Especially

there is no study focuses on the intensity of singular stress at the end of inter face for
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the bonded pipe.

The intensity of singular stress near the end of interface for a bonded cylinder has
been analyzed in last chapter based on the known reference bonded plate under arbitrary
material combinations. And thus in this chapter, another bonded axi-symmetrical
problem, bonded pipe, will be analyzed. There are many kinds of bonded pipe, while
in this research the basic model of bonded pipe(Fig. 4.1(a)) will be considered. In which,
Ri is the inner radius of the pipe and W is the thickness of the pipe corresponding the
width of the bonded plate. Same as the previous analysis, the bonded plate is chosen as

the reference problem in Fig. 4.1(b))
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4.2 Effect of inner radius R; on stress distribution of bonded pipe

Since the inner radius R; is different for different kind of pipe, or in other words,
the ratio of R; /W is an important parameter for different pipe. Small R; /W means pipe
with thick wall (Fig. 4.2(a)) and large R; /W represents pipe with thin wall (Fig. 4.2(b)).

To find the effect of R; on stress distribution of bonded pipe, the width or the
thickness of the pipe will be fixed as W=1, and the inner radius will be changed from
0—o0, which means R; /W changes from 0—o0. The stress at the end of interface will

be investigated.

\% W

(a) Pipe with thick wall (a) Pipe with thin wall

Fig. 4.2 Pipe with different thickness of wall

Inner point

Fig. 4.3 Inner point and outer point at the end of interface for a bonded pipe
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Table. 4.1 Stress components at the end of interface for a bonded pipe with different

inner radius

Inner point Outer point

o PIPE PIPE PIPE PIPE PIPE PIPE PIPE PIPE

R W Ororem | OzoFem | Ovorem | Trofem | Ororem | Ozorem | Osorem | Trzo,FEM
0.0012° | -0.0840 1.7897 0.0853 -0.1187 | -0.1525 3.2310 0.4123 0.2149
0.001>2* | -0.0921 1.9518 0.1121 -0.1300 | -0.1528 3.2381 0.4133 0.2154
0.001% | -0.0999 2.1136 0.1349 -0.1410 | -0.1534 3.2507 0.4147 0.2162
0.001° | -0.1072 2.2647 0.1498 -0.1511 | -0.1544 3.2708 0.4156 0.2175
0.001>¢* | -0.1136 2.3988 0.1541 -0.1601 | -0.1555 3.2949 0.4123 0.2191
0.001° | -0.1196 2.5255 0.1529 -0.1686 | -0.1560 3.3038 0.3959 0.2198
0.001° | -0.1261 2.6637 0.1619 -0.1778 | -0.1543 3.2675 0.3602 0.2175
00017 | -0.1324 2.7974 0.1848 -0.1866 | -0.1509 31021 03175 0.2126
0.001° | -0.1370 2.8940 0.2085 -0.1930 | -0.1475 3.1195 0.2849 0.2078
0.001%° | -0.1396 2.9507 0.2248 -0.1967 | -0.1452 3.0705 0.2655 0.2046
0.001>21 | -0.1410 2.9809 0.2343 -0.1987 | -0.1439 3.0425 0.2552 0.2028
000121 | -0.1418 2.9964 0.2393 -0.1997 | -0.1432 3.0276 0.2500 0.2018
000122 | -0.1421 3.0042 0.2420 -0.2003 | -0.1428 3.0199 0.2473 0.2013
0.0012% | -0.1423 3.0081 0.2433 -0.2005 | -0.1427 3.0160 0.2460 0.2010
0.0012% | -0.1424 3.0101 0.2439 -0.2007 | -0.1426 3.0140 0.2453 0.2009
0.001>25 | -0.1424 3.0111 0.2443 -0.2007 | -0.1425 3.0130 0.2449 0.2008
0.0012 | -0.1425 3.0116 0.2444 -0.2007 | -0.1425 3.0126 0.2448 0.2008
0.00127 | -0.1425 3.0118 0.2445 -0.2008 | -0.1425 3.0123 0.2447 0.2008
0.00128 | -0.1425 3.0119 0.2446 -0.2008 | -0.1425 3.0122 0.2447 0.2008
000121 | -0.1425 3.0120 0.2446 -0.2008 | -0.1425 3.0121 0.2446 0.2008
0.001% | -0.1425 3.0120 0.2446 -0.2008 | -0.1425 3.0121 0.2446 0.2008
0.001% | -0.1425 3.0120 0.2446 -0.2008 | -0.1425 3.0121 0.2446 0.2008
00012 | -0.1425 3.0120 0.2445 -0.2008 | -0.1425 3.0121 0.2445 0.2008

The inner radius Ri cannot be 0 or o in FEM, thus in this research the Ri /W will
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be changed as 0.001 x 2°~0.001 x 222 . Table 4.1 shows the result of stress
components with different R; /W. All results are plotted in semi-log figure as shown in
Figs. 4.4-4.7. As is shown in the figures, the stress components converged when
R;/W > 0.001 x 216(65.536), and also same stress component at inner point and
outer point coincide each other when R;/W = 0.001 x 216(65.536), which means the

change of inner radius or Ri /W has no effect on the stress components if it is large

enough.
-0.08 TR T N —————-—
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/ —e—o, Inner diameter
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1.8 &
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Fig. 4.5 o, at end of interface
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Fig. 4.7 11z at end of interface

Usually we think the bonded pipe with a thin wall has some relationship with the
plane strain problem. However, if we check the value of plane strain problem, it can be
found that the boned pipe with a large enough Ri /W doesn’t coincide with plane strain
problem although the two problems have same dimension. Thus the difference between

these two kinds of problems will be discussed in this chapter.
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4.3 Analysis method for bonded pipe

The analysis method for typical bonded axi-symmetric problem, bonded cylinder
has been described in chapter 2. However, it has not been verified in the application of
bonded pipe. Therefore this chapter will investigate the intensity of singular stress for
a bonded pipe with the analysis method used in bonded cylinder.

As mentioned in chapter 2, the non-singular terms in the stress components for an
axi-symmetric problem are expresses as

~ AL L mr \M2 L el
(Gz\) ) - Gz() _610

4.1
_ (v,—v,)EE, u (v,—v,)EE, v “.1)
(1+v WV E, —(1+v,)v,E r (14v)VE, —(1+v,)V,E, (W/2)
(@?ﬂym: (14+v,)(VE, =V, ) E, ut™ 42)
(1+v)VE, —(1+v,)v,E, (W/2)
(&AXIAL )"““2 _ (1+V1)(V1E2 _VzEl)Ez ul (43)
o0 (+v))VE, —(1+v,)v,E (W/2)
(&;t)gAL )matl :(&:tﬂﬂ‘ )mat2 Z(Z:';iXIAL )matl :(f’:“ml‘)ma[z _ O (44)

Since the boundary condition at the edge surface and interface are same for both
bonded pipe and bonded cylinder, Egs. (4.1)-(4.4) can be satisfied in bonded pipe with
different u: left. An example is needed to verify the validation of derivation for non-
singular terms in bonded pipe. Before that, the FEM mesh is shown in Fig. 4.8.

Same mesh pattern as used in chapter 2 is applied in the bonded pipe. Here the
model with R/W=105 is used to verify the method since the stress components
converge when Ri/W is large enough. Similarly, both models with the minimum element
sizes 2% and 2! are used.

When emin=2"", the displacement of the first node locating at the end of interface

(outer surface) is 4, =-73.7971190230

And outer radius Ro=Ri+W=10000+1=100001, thus
u, =73.7971190230

r

=-7.3797x10™

oy 100001

Substitute €, into Egs. (4.1)-(4.4), we have obtained the results of stress ratio of
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different components as shown in Table 4.2.

c .
min

Fig. 4.8 FEM mesh for bonded pipe

It can be found that, as shown in Table 4.2, the stress ratios &I [l for the

singular stresses (non-singular stress eliminated) are same for each stress components
(4 significant digits), which verified the derivation of the non-singular terms for bonded
pipe. Similar results has been obtained for the bonded cylinder in chapter 2.

The results for emin=2""" also shows the same consistency and the same values of
the ratio as shown in Table 4.3. It is therefore confirmed that the ratios are independent

of element size; the accuracy is up to 4 decimal places.
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Table 4.2 FEM results for bonded pipe with emin=2"

B oot P ol or T o or oI T or E

rin =2 Mat. 1 Mat.2 | Mat. 1 | Mat.2 Mat. 1 Mat. 2 Mat. 1 | Mat. 2
5 -0.7412 0.4562 3.0313 0.6598 0.6600 0.2008
5 0.0000 0.0000 -0.0193 -0.7428 -0.0880 0.0000
TTE =6+ 5T | 20,7412 0.4562 3.0120 -0.0830 0.5720 0.2008
o’ -0.72612 | 0.44693 2.9699 0.64653 0.64654 0.1967
&) Jo T 1.0207 1.0207 1.0207 1.0206 1.0207 1.0207
&I o fT 0.0000 0.0000 -0.0065 -1.1489 -0.1360 0.0000
o [t 1.0207+ | 1.0207+ 1.0207+ 1.0206+ 1.0207+ 1.0207+
! ! (0.0000) | (0.0000) (-0.0065) (-1.1489) (-0.1360) (0.0000)

Table 4.3 FEM results for bonded pipe with emin=2""
o o gfLT or O-’{’”’E 0"{’” or o—f’PE O-ZPLT or ;’”’E TXI;LT or T:;’PE

" Mat. 1 Mat.2 | Mat. 1 | Mat.2 Mat. 1 Mat. 2 Mat. 1 | Mat. 2
o -1.0756 0.6622 43999 0.9578 0.9579 0.2913
5T 0.0000 0.0000 -0.0193 -0.7427 -0.0879 0.0000
o =6 +6F | -1.0756 0.6622 4.3806 0.2151 0.8700 0.2913
otr -1.0542 | 0.64898 43120 0.93869 0.93876 0.2855
;" o 1.0204 1.0204 1.0204 1.0203 1.0204 1.0204
& fo T 0.0000 0.0000 -0.0044 -3.4535 -0.1011 0.0000
s | P 1.0204+ | 1.0204+ 1.0204+ 1.0203+ 1.0204+ 1.0204+
! ! (0.0000) | (0.0000) (-0.0044) (-3.4535) (-0.1011) (0.0000)

Since the results verified that the proportional method (crack tip stress method) is

available for the problem in this research. Then the intensity of singular stress in bonded

pipe Ef'PEcan be expressed as

PIPE
FPIPE Oj.rem — O,
c - PLT

Oy rem

As expressed in Eq. 4.4, the stress components

~ PIPE
§,FEM 1~PLT
FO'

PIPE

(4.5)

of and t£/P2 do not contain

non-singular terms, it will be easier to evaluated the ISSFs by using the ratio of these

two stress components. Table 4.4 shows the results of stress ratio for bonded plate and

bonded pipe with different inner radius. And all data were plotted in Fig. 4.9. From
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Table 4.4 and Fig. 4.9 it can be found that the stress ratio converges when R;/W >

0.001 x 216,
1 S —
—e— "'"PE/GPLT at inner point
1.3 e
—8— ! '""F/oT T at outer point
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-
-
ﬂ.bx
W 1
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[a Ny
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14 S T Tt e
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Fig. 4.9 Stress ratio for bonded pipe with different inner radius and bonded plate
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Table 4.4 Stress ratio for bonded plate and bonded pipe with different inner radius

Items Inner point Outer point

Ri/W O'x0,FEM Tyxy0,FEM O'xo0,FEM Tyxy0,FEM
0.02 -0.0840 0.6015 -0.1187 0.6032 -0.1525 1.0925 0.2149 1.0924
0.04 -0.0921 0.6596 -0.1300 0.6608 -0.1528 1.0949 0.2154 1.0948
0.08 -0.0999 0.7159 -0.1410 0.7167 -0.1534 1.0991 0.2162 1.0990
0.16 -0.1072 0.7678 -0.1511 0.7682 -0.1544 1.1059 0.2175 1.1058
0.32 -0.1136 0.8136 -0.1601 0.8138 -0.1555 1.1142 0.2191 1.1141
0.64 -0.1196 0.8568 -0.1686 0.8569 -0.1560 1.1175 0.2198 1.1174
1.28 -0.1261 0.9036 -0.1778 0.9037 -0.1543 1.1057 0.2175 1.1056
2.56 -0.1324 0.9487 -0.1866 0.9487 -0.1509 1.0807 0.2126 1.0807
5.12 -0.1370 0.9812 -0.1930 0.9812 -0.1475 1.0566 0.2078 1.0565
10.24 -0.1396 1.0002 -0.1967 1.0002 -0.1452 1.0402 0.2046 1.0402
20.48 -0.1410 1.0103 -0.1987 1.0103 -0.1439 1.0309 0.2028 1.0309
40.96 -0.1418 1.0155 -0.1997 1.0155 -0.1432 1.0259 0.2018 1.0259
81.92 -0.1421 1.0181 -0.2003 1.0181 -0.1428 1.0233 0.2013 1.0233
163.84 -0.1423 1.0194 -0.2005 1.0194 -0.1427 1.0220 0.2010 1.0220
327.68 -0.1424 1.0200 -0.2007 1.0200 -0.1426 1.0214 0.2009 1.0214
655.36 -0.1424 1.0204 -0.2007 1.0204 -0.1425 1.0210 0.2008 1.0210
1310.72 -0.1425 1.0205 -0.2007 1.0205 -0.1425 1.0209 0.2008 1.0209
2621.44 -0.1425 1.0206 -0.2008 1.0206 -0.1425 1.0208 0.2008 1.0208
5242.88 -0.1425 1.0207 -0.2008 1.0207 -0.1425 1.0207 0.2008 1.0207
10485.76 -0.1425 1.0207 -0.2008 1.0207 -0.1425 1.0207 0.2008 1.0207
20971.52 -0.1425 1.0207 -0.2008 1.0207 -0.1425 1.0207 0.2008 1.0207
41943.04 -0.1425 1.0207 -0.2008 1.0207 -0.1425 1.0207 0.2008 1.0207
83886.08 -0.1425 1.0207 -0.2008 1.0207 -0.1425 1.0207 0.2008 1.0207

PLT PLT PLT PLT
Plate Oyo Fen =-0.13959 Ty0.FEM =-0.19671 O yo Fen =-0.13959 Ty0.FEM =0.19671

Therefore this research will mainly focus on the situation with large R; /W, which
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means the bonded pipe with very thin wall. And R;/W is assumed as 10° in this
research, so that we can compare the result with the plane strain problem, and also make

a general contribution for the understanding of bonded pipe.
4.4 Difference of singularity between bonded plate and bonded pipe

It has been discussed that the singular stress field near the end of interface of a
bonded cylinder can not be governed by Dundurs’ parameters (a, ) uniquely, while the
bonded plate under the plane stress condition or the plane strain condition can be
controlled by these parameters. Thus in this chapter, whether the singular stress field of

the bonded pipe shown in Fig. 4.1(a) is governed by (a, ) or not will be investigated.

0.40 LJL S SR S L SN UL SR T L SN UL S SN TN S T SN S S SN L S

0.30

2
!llllllllllll

0.40

E,JE,

0.35

Vi

Fig. 4.10 v2 and E2/E1 VS. v1 under (a, )=(0.5,0.2)

Fig. 4.10 show the material combinations under the Dundurs’ parameters (a,
B)=(0.5,0.2). The properties of two materials are all expressed as the functions of vi,
which is the Poisson’s ratio of material 1. Fig. 4.10 shows that v, varies from 0.1177 to
0.3182 while v1 varies from 0 to 0.5, and E2/E; varies from 0.3284 to 0.3994 while v1

varies from 0 to 0.5.
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Fig. 4.11 is the stress ratio for bonded pipe with R;/W — oo and bonded plate.

The ratio for both direct stress and stress intensity factor varies with v;. Very close to

the results of bonded cylinder, the value of o7, [0/, varies from 0.9848 to 1.1107

with the variation range of 12.8%, and the value of F™[F™" varies from 0.9527 to

1.3841with the variation range of 45.0%. This means the Dundurs’ parameters (o, )
can not totally control the intensity of singular stress field close to the end of interface

for a bonded pipe.

Therefore the maximum and minimum values of F™/F™ should be considered

as is discussed in chapter 3.

4.5 Discussion of suitable prediction for debonding strength

Fig. 4.12 shows the value of ~ EF/PE /FELT when B=0.2 is fixed. Both maximum

and minimum values are plotted in the figure. As is shown in the figure, the maximum
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value of Ff/PE/FJIT tends to go infinite when it closes to the equal pair: a=2.

Let us check Egs. (4.1)-(4.4), since the four equations are same as Egs. (2.22)-

(2.24), it can be found that when vi = 0.5, which corresponds to the maximum value of
FAPE JFEFT | the denominators of these equations become 0 and therefore the non-

singular terms diverge to oo under the condition of a = 2/,

18 |5 L |5 |5 |5
A
1.7 B=0. 2 -
Equal pair

1.6 ! p\A \ |
~ 1 5 - |
ae
i PIPE
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o

PIPE PLT
£ F"F,

Fig. 4.12 Infinite value o at equal pair

As discussed in chapter 3, for equal pair and good pair, there is no singularity,
therefore, there is no meaning for F//PE/FflT under good and equal pair. For the

prediction of debonding strength of the bonded structure in good pair and close to equal

- - : PIPE PLT - - -
pair, the direct ratio of stress 40, rem! Oyo, pgm 1S TOTE suitable. Thus for different

region we use different value to evaluate the debonding strength of bonded pipe.
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umr/ WOFEM and F;‘”JI:/F:H when B:O?’

The stress singularity occurs at the corner edge point for bad pair; in this case,
FPIPE [FE LTls useful for the prediction of the debonding strength. But for equal pair
and good pair, there is no singularity, Therefore, the direct ratio of stress

PIPE PLT

950, rem! Oy, FEM which contains the influence of the non-singular stress is more useful

than the Ff/PE /FS Tunder equal and good pair. Fig. 4.13 shows the maximum value

PIPE [ PLT PIPE PLT . P )
of F;, /F(,y and 40, rem! Oyo, ppm 10 O SPace when =0.2 is fixed. In bad pair
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region, the Ff/PE /FELT represents the solid line which means the suitable prediction

. e . . _PIPE PLT
of debonding strength, while in good pair and close to equal pair, %0, rem! Oyo, FEM

should be used. Fig. 4.14 shows the same situation for the results when f=0.2.

4.6 Analysis results for bonded pipe under arbitrary material combinations

As is discussed in the previous sector, different regions will use different value to

evaluate the debonding strength. In this research, both Ff/PE/FFT  and

PIPE PLT

40, rem/ Oyo, FEM will be considered, both in maximum and minimum values. Fig. 4.15

and Fig. 4.16 show the maximum and minimum values of Ff/PE/FET and

PIPE PLT

40, rem/ Oyo, FEM by changing the material combinations systematically in (o, f) space.
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Fig. 4.15 Maximum value of %% /o™i ~—and F/F™" in(a, ) map

20,FEM 0,FEM
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The results for maximum and minimum value of g /p» and Gf(ﬁM / O'iﬁEM
are also shown in Table 4.5-Tabal 4.8.
Table 4.5 Maximum value of g /pr
p
-0.2 -0.1 0 0.1 0.2 0.3 0.4 0.45
o
0.1 0.808 0.923 0.999
0.2 0.794 0.879 0.999
0.3 0.882 1.000 1.249
0.4 0.879 1.000 1.114
0.5 0.870 0.999 1.069 1.382
0.6 0.842 1.002 1.047 1.172
0.7 1.000 1.034 1.101 1.383
0.8 0.998 1.023 1.064 1.160
0.9 0.998 1.014 1.035 1.075 1.210
1 1.000 1.000 1.000 1.000 1.000 1.000
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Table 4.6 Minimum value of gee/grr

N -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.45
0.1 0.807 0.845 0.896

0.2 0.794 0.840 0.888

0.3 0.832 0.874 | 0.939

0.4 0.829 0.862 0.911

0.5 0.830 0.856 0.893 0.953

0.6 0.842 0.859 0.884 0.927

0.7 0.865 0.885 0.915 0.963

0.8 0.885 0.897 0.916 0.947

0.9 0.920 0.927 0.937 0.953 0.980

1 1.000 1.000 1.000 1.000 1.000 1.000

Table 4.7 Maximum value of %= /v

20,FEM yO,FEM

-0.2 -0.1 0 0.1 0.2 0.3 0.4 0.45

0 0.986 0.998 1.000 0.998 0.986

0.1 0.947 0.981 1.000 1.020 1.036

0.2 0.904 0.953 1.000 1.036 1.082 1.098

0.3 0.932 1.000 1.044 1.111 1.191

0.4 0.921 1.000 1.045 1.119 1.252

0.5 0.898 1.000 1.041 1.111 1.259

0.6 0.862 1.001 1.035 1.093 1.234 1.405

0.7 1.000 1.028 1.073 1.158 1.377

0.8 1.000 1.021 1.054 1.109 1.228

0.9 1.000 1.013 1.032 1.063 1.116 1.162
1 1.000 1.000 1.000 1.000 1.000 1.000
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Table 4.8 Minimum value of ,## JoT

20,FEM yO0,FEM

-0.2 -0.1 0 0.1 0.2 0.3 0.4 0.45

0 0.975 0.990 1.000 0.990 0.975

0.1 0.931 0.963 0.992 1.002 1.013

0.2 0.904 0.929 0.971 1.000 1.030 1.098

0.3 0.898 0.941 0.988 1.019 1.152

0.4 0.875 0.913 0.961 1.000 1.132

0.5 0.861 0.892 0.933 0.985 1.059

0.6 0.862 0.880 0.912 0.958 1.000 1.405

0.7 0.878 0.902 0.937 0.976 1.186

0.8 0.891 0.906 0.929 0.963 1.000

0.9 0.924 0.931 0.942 0.960 0.989 1.000
1 1.000 1.000 1.000 1.000 1.000 1.000

For most of the material combinations distributed in 0<f<0.3[7], the value of

PIPE PLT : : :
(aZO, rem! Tyo FEM)max is approximately located as the following range

O_PIPE

1.0 < H= <13 (4.5)
y0, FEM

Comparing the data in Table 4.15 with Table 4.16, it is found that the range of

PIPE PLT H H H H H
40, rem/ Oyo pey 1S AUITE different for different (e, f). The differences between

PIPE PLT PIPE PLT H H H
(O‘ZQ’FEM O-yO’FEM)max and (O'ZQ’FEM UyO,FEM)min is approximately obtained as

follows.

PIPE PLT

PIPE PLT
(azo, FEM/ %y0, FEM

)00 rmm! Oy vem)
max \ 20, FEM/“yo, FEM

min
( PIPE /O_PLT ) +(JPIPE /JPLT ) =< 0.105 (4-6)
20, FEM' "y0,FEM/ ,, . 20, FEM/ "y0, FEM/ i
H H PIPE PLT
Since the differences between ("zo, rem! Oyo, FEM)max and
PIPE PLT 0 . -
(JZO,FEM ayO'FEM)minare less than about 10.5% as shown in Eq. (4.6), it can be

verified that the effect of the material combination can be put in order by Dundurs’
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parameters (a, 5).
4.7 Conclusion and discussion

In this chapter, the bonded pipe with different R;/W were investigated and the
effect of R;/W on singular stress field has also been studied. After the verification of
analysis method in bonded pipe, the intensities of the singular stress field for the bonded
pipe was analyzed by applying the proportional method proposed in chapter 2. The
results were calculated by changing the material combination systematically under («,
/) space. The results of bonded pipe has been compared with that of plane strain
problem and the difference was elaborated. The difference between bonded pipe and

bonded cylinder were also discussed. After that, the maximum and minimum values of

PIPE PLT PIPE PLT . . .
Ej; /Fay and 9,40, rEm/ Oyo, pEm A€ shown in tables and figures in the space of

Dundurs’ parameters.

The achievements of this chapter have been conclude as follows:

1. The stress components for bonded pipe converged when R;/W = 0.001 X
216(65.536), and also same stress component at inner point and outer point coincide
each other when R;/W > 0.001 x 216(65.536), which means the change of inner
radius or Ri /W has no effect on the stress components if it’s large enough. Therefore in
this research, it is assumed that R;/W > 10°.

2. Although the change of inner radius or Ri /W has no effect on the stress
components when it’s large enough, there are still differences between the bonded pipe
and bonded plane strain problem since the existence of non-singular circumference
strain &g in bonded axi-symmetric problems.

3. The analysis method used in bonded cylinder is suitable for bonded pipe if
accurate radial displacement at the end of interface can be obtained.

4. The bonded pipe is different from plane strain problems. The singular stress
field near the end of interface of two dimensional problems as shown in Figs. 4.1(b) is
governed by Dundurs’ parameters (o, ) uniquely regardless of the plane stress

condition or the plane strain condition. However, the singular stress field of bonded
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pipe in Fig. 4.1(a) is not governed by (a, ), as same as the situation in bonded cylinder.

Therefore the maximum and minimum value of FL/PE /EFLT should be considered.

5. Similar as bonded cylinder, it’s suitable to use Ff/PE/FFLT for the prediction

of debonding strength of the bonded pipe in bad pair, as for good pair and close to equal

- - - PIPE PLT - - - - -
pair, the direct ratio of stress 40, rm/! Oyo pem 1S MOTE suitable since it contains the

influence of the non-singular stress. Thus for different region we use different value to

evaluate the debonding strength.

6. For most material combinations which are distributed in 0<4<0.3 under the (o,

PIPE PLT H H
B) space, the value of (aZO, rem! Tyo FEM)max is approximately located as the

following range

PIPE
1.0§MS 1.3
O_PLT
y0, FEM
) . PIPE PLT
And since the differences between (Uzo,FEM/ UyO.FEM)max and

PIPE PLT

(O'Zo, FEM/GyO, FEM)min is less than about 10.5%, the effect of the material combination

can be put in order by Dundurs’ parameters (o, f).
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Chapter 5 Analysis on singular stress intensity of ceramic spray

coating on hearth roll

5.1 Introduction

(a) Hearth roll used in CAL

N Ceramie coat

7 Bondicoat

(b) Structure of hearth roll with spray coating

Fig. 5.1 Hearth roll used in CAL

The properties of ceramic and metal have mutual compensation relationship. Their

application can be more extensive by bonding them together. Therefore, Ceramic to
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metal bondingis seeing increased application for use in sensors, electronic
packaging and in steel industry. Hearth rolls (Fig. 5.1) are the most important part in
continuous annealing line which is used to produce thin steel sheet. Usually the roll
surface is coated by ceramic spray coating.

There are various methods for the bonding of metal and ceramics, such as brazing,
solid phase diffusion bonding, partial transient liquid phase bonding and self-
propagating high-temperature synthesis, which are described as follows:

1. Adhesive joints: ceramic and metal are bonded by adhesion. This kind of joints
are usually used in the manufacturing and maintenance of aero-engine. The adhesive
joints can be only use as the disposable parts which can only sustain static load,
although it has many advantages such as low costs and easy to process.

2. Fusion welding: Including electron beam machining (EBM) and laser beam
welding(LBW). As laser and electron beam can create high temperature to melt the
metal and ceramic, the two materials can be bonded very well and can resist high
temperature[1,2]. However this kind joints need complex process such as preheat and
slow cooling and hence is expensive.

3. Brazing: Brazing offers high joint strength (close or equal to that of the ceramic),
high in service temperature (about 0.6 the absolute melting temperature of the braze),
excellent thermal and electrical conductivity, excellent tightness and moderate
costs[3,4].

4. Solid phase diffusion bonding: the jointing is achieved by tight contact of metal
and ceramics under certain pressure and temperature (with contacting distance of 10
m). By recrystallization and the change of grain boundary, new metal bond or
chemical bond were formed at the interface, thereby forming a solid combination of
joint[5]. However this method usually needs an intermediate layer which can reduce
the residual stress caused by the mismatch properties of metal and ceramic.

5. Self-propagating high-temperature synthesis(SHS): This method uses the
reaction that generates high temperatures between metal and ceramic which can melts

the two materials at the interface and finally bonded them together. Since there is
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mismatch of metal and ceramic, functionally gradient solders are usually use to reduce
the residual stress[6,7]. And notably, the reaction is too quick and is very hard to control,
quality control is poor.

Among these methods, the reactive brazing and solid phase diffusion bonding
method are more mature, with high strength and good repetition joint, and widely used
to bond ceramic/metal compound structure for middle and low temperature application.

The partial transient liquid phase bonding is the most promising method.

Table 5.1 Material properties of several typical metals and ceramics

Material E (GPa) v Remark
Al 70 0.34
Cu 108 0.32
Metal
TC4” 110 0.34 Cr5or BT6
SUS 195 0.27 SUS304
Zr0; 210 0.25
SisNg 310 0.25
Ceramic
Al>O3 360 0.22
SiC 475 0.142

Common ceramic to metal joints are Al.O3 to metal, ZrO> to metal, SiC to metal,
Si3N4 to metal, the metal includes but is not limited to the following: SUS, Ti, Cu, Ni,
Al. Table. 5.1 shows the properties of several typical metals and ceramics.

Usually the strength of the bonding is evaluated by the intensity of singular stress
at the end of interface. Therefore the Dundurs’ parameters a, 3 and singular index A is
important in the prediction of debonding strength[8-11]. Table 5.2 and 5.3 show the
Dundurs’ parameters o,  and singular index A for each combinations between several

typical metals and ceramics.
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Table 5.2 Dundurs’ parameters (o, B) for different combinations of metals and ceramics

Ceramics
ZI‘Oz Si3N4 A1203 SiC
Metal
Al (0.4778,0.0921) | (0.6137,0.1312) | (0.6540, 0.1384) | (0.7193, 0.1498)
Cu (0.3011, 0.0557) | (0.4664, 0.1052) | (0.5174,0.1142) | (0.6023,0.1291)
TC4 (0.2860, 0.0369) | (0.4533,0.0851) | (0.5051, 0.0936) | (0.5916, 0.1077)
SUS (0.0315, 0.0011) | (0.2224, 0.0630) | (0.2854, 0.0742) | (0.3948, 0.0935)

Table 5.3 Singular index A for different combinations between metals and ceramics

eramics
ZI‘Oz Si3N4 A1203 SiC
Metals
Cu 0.9146 0.8958 0.8618
TC4 0.9103
SUS

0.5 T T T T T T T T T
041 Equal pair i
0.3+ ¢ Zro, (|
o SiN
02f A
Good pair a4d * <] A1203
+ dbd F * sic |

01

Fig. 5.2 Material combinations of metal and ceramics in (a, ) space

As shown in Table 5.3, the combinations contains ZrO; or SUS are better than that
with SiC and Al. All combinations are plotted in Fig. 5.2, in which the points close to

equal pair are better than the points away from the equal pair. It can explain why most
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ceramics spray coating, hearth rolls for example, are used between ZrO; and steel. And
this chapter will mainly focus on the strength evaluation of ceramic spray coating on

the surface of hearth rolls.

‘ ‘ Unit: mm
w=10

(a) JIS 8304 specimen for thermal shock test

D

(b) Cylindrical structure of hearth roll

Fig. 5.3 Specimen for thermal shock test and the test conditions

Hearth rolls (Fig. 5.2) are the most important part in continuous annealing line
which is used to produce thin steel sheet. Usually the roll surface is coated by ceramics

using thermal spraying. However, mismatch of materials and temperature change may
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cause thermal stress which will lead to the failure of the coating, although it has high
adhesive strength and wears resistance. Therefore, to optimize the design of spray
coating and improve the debonding strength of it is very important. The traditional
method of evaluating the debonding strength of spray coating is to carry out the thermal
test specified by JIS H8304[12]. While this research will focus on the intensity of
singular stress at the end of interface, as few research is available in terms of singular
stress. Previous researches are based on the JIS specimen which is a plane strain
problem, however the hearth roll, which should be an axi-symmetric problem in
practical engineering, is cylindrical. As discussed in chapter 4, the difference between
these two models can’t be ignored, thus in this chapter the 2-D axi-symmetric model
will be considered and the optimum design will be discussed by varying the coating
material and the coating thickness. Also the new results will be compared with the
previous research based on the JIS specimen so that the difference between actual
model and JIS specimen can be obtained, which may make a contribution to the design
and evaluation of the rolls, and also make the achievement of chapter 4 useful in the
application of engineering.

Continuous annealing furnace is the common production line for producing steel
sheet used in automobile industry. As is known to all, the rolls work in a harsh
environment since the temperature is usually between 700°C and 800°C and some
specialist grades require treatment at temperatures up t01200 ‘C [13]. Therefore,
excellent performance of material and structure of rollers is demanded. First, the surface
of the roller should be able to do against corrosion and oxidation at high temperatures.
Secondly, it must be wear-resistant and has a longer service life[14]. For this demand,
the ceramic spaying coating rollers came into being(Fig. 1(a)), and has been widely
used in recent decades[15,16]. However, failure of the ceramic coating layer due to
mismatch of materials and cyclic thermal shock in the furnace should be considered.
Thus, the ceramic coating is not usually sprayed alone, while multi-layer coating with
adhesive layer is usually employed(Fig. 5.2(b)).

In order to improve the coating strength and service life, many different processes
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and materials have been proposed. Meanwhile, the evaluation of debonding strength
has been studied by many researcher. In Japan, the thermal shock resistance of the
spaying coating structure is accessed by experiments specified by JIS8304(2007)Fig.
5.3(a)[12]. Mutoh et al have reported the thermal shock damage characteristics based
on experimental results and finite element analysis [17]. However in order to more
accurately assess the interfacial strength of dissimilar materials adhesive structures, it
IS necessary to consider the singularity of thermal stress near the corner of the interface.
So far, few studies have been conducted to the research of intensity of singular stress
on this multi-layer structure under thermal shock. Noda et al proposed a convenience
evaluation method for spray coating based on intensity of singular stress near the end
of interface[18]. However the previous research is based on the JIS specimen which is
a plane strain problem, while the hearth roll is cylindrical which should be an axi-
symmetric problem in practical engineering(Fig. 5.3(b)). The difference between these
two models can not be ignored especially for the roller with a small diameter, thus in
this paper the 2-D axi-symmetric model will be considered and the optimum design will
be discussed by varying the coating material and the coating thickness. Also the new
results will be compared with the previous research based on the JIS specimen so that

the difference between actual model and JIS specimen can be obtained.

5.2 Key parameters for analysis

The process of thermal shock test specified by JIS8304(2007) is shown by Fig. 5.4
(@). First the specimen is heat up to 1000°C and keep the temperature for a 1800s to
ensures an even heat of the specimen, then the specimen is merged into water of 20°C
to simulate the rapidly cooling. This cycle repeats again and again until the failure of

coating occurs.

Mechanical Engineering Dept. 78 Kyushu Institute of Technology



Chapter 5

Water cooling
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(b) Results of thermal shock test

Fig. 5.4 Thermal shock test specified by JIS§304(2007)

The JIS specimen is a cubic SUS304 steel coated with yttrium (Y203) stabilized
zirconia (ZrO.). The top coating ZrO, with 8wt% ~ 20wt% of Y203 (The following %
will be omitted) and the substrate are bonded with CoNiCrAlY. The material properties
are shown in Table 1. Figure 4 shows the material properties of three layers: coefficient

of expansion a., specific heat C, young’s modulus E and thermal conductivity K.
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Table 5.4. Material Properties depending on temperature

Young’s modulus | Poisson’s ratio Thermal expansion
Material
E [GPa] v a.[10°%/K]
20YZ (ZrO1-20wt%Y203) 7.5-9.7
Top Coating | 12YZ (ZrO»-12wt%Y,03) 20 0.25 8.3-9.93
8YZ (ZrO2-8wt%Y203) 8.7-10.05
Bonded Coating(CoNiCrAlY) 103-180 0.33 2.8-16.8
Substrate(SUS304) 85-200 0.3 16.8-19.2
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Fig. 5.5 Relationship between material properties and temperature
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5.3 Analysis method for the singularity of thermal stress

In this study, we mainly focus on the intensity of singular stress near the end of
interface between coating layer during the thermal shock test. The optimization will be
based on the analysis of intensity of singular stress, in which the effect of the coating
thickness will be investigated. In previous study, a convenient method for the solution
of ISSF in an adhesive bonding plate under bending and tension has been proposed [19,
20]. Thus in this paper, this method is applied to analysis the coating problem under
thermal shock.

In this method, FEM is use to get the value of stress at the end of interface when
simulating the thermal shock. The JIS specimen is a plane strain problem, while in this
paper, the 2-D axi-symmetric model shown in Figure 5.6 is use as the analysis model
so that the results of actual structure and experimental specimen can be compared. Here
the subscript 1, 2 and 3 represent the top coating, bond coating and substrate
respectively, with the corresponding material properties shown in Table 5.4. The
ANSYS 16.2 is used in this research and the 4 nodes quad element was employed. The

analysis type is thermal-structural, and all materials are considered as elastic.

G2, Bz, v2, a2

T+AT

Y

A

RizD/ 2

7

Gs, B3, v3, 03

Q
AN

Edge

(a) Overview (b) Analysis model (c) FEM mesh

Fig. 5.6 Analytical model and FEM mesh
For bonded structure shown in Fig. 5.6, it is known that the stress at the end of
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interface goes infinity with its singularity of o;; < 1/ R%, in which R is the distance

from the end of interface in a dissimilar materials bonded structure. Here A is singular
index, which is the root of Eq. (5.1). As for a and B in Eq. (5.1) are known as Dundurs’

parameters which are expressed by the following Eq. (5.2)[10,11], here v is Possion’s

ratioand G = E/2(1+v) is shear modulus.

{smz (%zj—;ﬁ}ﬂz +24° {sinz (%Zj—lz}aﬂ+lz(lz ~1)a’ +M:O (5.1)

1)
) (5.2)

G
—V.
L ( plane stress
K/|1+VJ( ) (/=12)

3-4v, (plane strain)

1.05

ey

0.95 >>>>>>> A2: Bond & Substrate

A1z Top & Bond
0.9 . :

______________________

i | |
i | | |
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Temperature/ C

Fig. 5.7 Relationship between temperature and singular index A

Since all properties of the three materials vary with temperature, the singular stress
field is therefore changed by the variety of material properties. The relationship of

singular index A and temperature is plotted in Fig. 5.7. Singular index A> of the interface
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between the bond coating and substrate is close to 1, which means less singularity.
Therefore, this study will mainly focus on the singularity between top coating and bond
coating as shown in Fig.5.6. During the thermal shock test process as shown in Fig.
5.4(b), water-cooled condition is simulated by given temperature 20 C to the entire
surface of specimen at t = 4800s, then the temperature distribution and thermal stress
was determined by thermal and elastic analysis.

Thermal stress o is caused by entire body temperature difference T + AT in the
bonded structure shown in Fig. 5.8(a). In our previous research[21], it is found that
there is non-singular terms &;- in the stress component as shown in Eq. (5.3), thus it is
necessary to eliminate the non-singular term. There is also another non-singular term
oo caused by thermal stress [22]. By eliminating the non-singular terms co, and &, the
remaining singular term (g, — 0y — &) has a singularity of r'™* expressed as Eq. (5.4).

Axial Axial _ AXIAL
K™ v —tim e W) BE, try (5.3)
=0 p =0 g (1+V1)V1E2—(1+V2)V2E1 (W+Rinf)

oM — o, =lim ——

r

Axial

o, -6, =lim=2 (5.4)

T k50 R4

Axial
oM -

This intensity of singular stress field caused by thermal stress is equivalent to the

one that subjected to the tension of 6o determined by Eq. (5.5)[19].

0o = —AGAEAT, (5.5)
where,
a,—a, (plane stress) .
Aa = AR
(1+V1)0!1 —(1+v2)0!2 (plane stram) (x, _3) (x,-3)
G, G,
. (plane stress -

K, =4 1+v, (v )’ G = E; J 1.T.0pc0at,

: A ’ 2(1+vj) j =2:Middle coat

3—4v, (plane strain )

The problem of finite bonded plate subjected to tension shown in Fig. 5.8(b) has
been accurately calculated by using body force method [23, 24]. Since the singular
stress fields are similar if the material angles of two bonded structures are same, then

the stress intensity of unknown problem shown in Fig. 5.8(a) can be determined by
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apply this known solution (Fig.5.8(b)) to Eq. (5.6)[19,20, 25].

K, _ Fow'™ _Crrm —00— 6, (5.6)
K. Fow™ wa

Here the superscript * means known reference problem

G,E,v,a
G, E,v,a U L

T+AT

Y

R=D/2

Axial
Axial ~
— O,

o
R0 R4

G,,E,, v, 04

r

(a) Thermal singular stress field for ceramic coating as unknown problem

0' —hm —
R*)OR_

(a) The bonded strip model as the known reference problem

Fig. 5.8 Comparing known problem and unknown problem
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(a) Basic axi-symmetric model (b) Bonded plate

Fig. 5.9 Basic axi-symmetric problem and bonded plate

Abasic bonded axi-symmetric problem under thermal load is investigated to verify
application of proportional method expressed as Eq. (5.5). Considering the thickness of
coating is usually small enough compared to the inner radius of the roll, the inner radius
of the basic model is assumed as infinite (Fig. 5.9(a)). Here we use W/Rin=107. Table
5.5 shows the FEM results of stress for these two problems with using different
minimum element size of 2.25x107mm and 2.25x10® mm respectively. The
thermoelastic constant term o, and the non-singular term &, are also listed in the

table. The value aﬁ,’f}%ﬁ\,, and 0y pgy in Table 5.5 are FEM solutions which are

usually mesh dependence. However, the stress ratio (0/6%%w — 00 — 6;)/0y0rem 18

independent of mesh size when same material property and FE mesh pattern are applied
to the two problems. This means the irremovable FEM error can be eliminated by
applying the same mesh pattern and same minimum element size to the unknown
problem and reference problem. This also reveals that the elimination of the non-
singular terms in the stress of axi-symmetric problems under thermal load is correct. In
view of the fact that the exact solution of the reference problem shown in Fig. 5.9(b)
has already been obtained [23, 25], the ISSFs for the unknown axi-symmetric problem

can be solved by applying Eq. (5.6).
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Table 5.5 Stress ratio of bonded axi-symmetric problem and reference problem

Emin/ W=2.25%1077 Emin/ W=2.25%10"
Items Stress components
Mat. 1 Mat. 2 Mat. 1 Mat. 2
Axial 5 5 5 5
GrO FEM 1.2689%10 1.6841x10 1.8654%10 2.4035%10
z
AT ~ Axial
OFEM 9.8708x10’ 9.8708x107 9.8708x10’ 9.8708x107
r
O'O -8.4354x10% -8.4354x108 -8.4354x10% -8.4354x10%
o,
*
GyO FEM 2.2750x10° 2.7441x10° 2.9489x10° 3.5568x10°
© 0
. Axial Plate
. O-rO,FEM v0,FEM 0.55776 0.61372 0.63257 0.67575
z AT 0
inf ad GAxial -0 — &Axml
OFEM O CrOREM 0.885158 0.885148 0.885155 0.885159
s, O, rEm

5.4 Results and Discussion for the Intensity of Singular Stress Field

The model used in analysis is shown in Fig. 5.10(a) with the local FEM mesh near

the end of interface between top coating and bond coating shown Fig. 10(b). The

minimum element size near the end of interface is emin=2.3438%10mm.
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(a) Dimension of Analysis model
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(b) Local FEM mesh

Fig. 5.10 Analysis model and local FEM mesh

Fig. 5.11 shows the stress history at the end of interface around the water cooling.
The occurrence time of the largest singular stress is after the water cooling point,
however K, takes a maximum value at the steady state (constant temperature of 1000°C)

and decreases immediately after the start of cooling which has already been confirmed
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in our previous study[18]. Therefore in this research we mainly pay attention to
temperature 1000 C. It’s also found that the top material 8YZ, which means the
content of Y20z is 8%, has the best thermal shock resistance among the three materials.
This result coincides with the experimental result shown in Fig. 5.4(b). Therefore the

following research will mainly focus on the structure with top coating of 8YZ.

1100¢
1050
- 1000
o
° 950
o, of 8YZ
900 o, of 12YZ
o, of 20YZ
850°¢ : - r :
4799.9 4800 4800.1 4800.2 4800.3
Time/s

Fig. 5.11 Stress history at the end of interface around the water cooling

To investigate the effect of top coating and bond coating thickness on the stress
intensity factor, the top coating thickness H and the bond coating thickness h of the
FEM model were changed systematically. As shown in Fig. 5.10(a), the thickness of
top coating was changed from 0.05mm to 0.30mm while the thickness of bond coating
was changed from 0.025mm to 0.15mm. And the results of K, are listed in Table 5.6.

From Table 5.6 it can be found that the model with thinner top coating thickness
always has smaller K,, or in other words, the thinner top coating has better thermal
shock resistance. The results for each H constant in Table 5.6 were plotted in Fig. 5.12,

and it can be found that the singular stress intensity reaches its minimum value when
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the coating thickness ratio of top coating and the bond coating H/h=2, which is in accord

with the results for plane strain state model shown in Table 5.7[18]. This also coincides

with the experimental results in engineering.

Table 5.6 K, for 8YZ at 1000 C (axi-symmetric model)

Bond coating | H=0.05m | H=0.12m | H=0.15m | H=0.20m | H=0.30m
thickhess m m m m m
h=0.025mm 308.44 33245 342.51 355.46 375.17
h=0.060mm 310.27 328.85 336.48 347.37 364.67
h=0.075mm 311.64 328.97 336.09 346.31 362.74
h=0.100mm 314.67 329.92 336.21 345.67 360.33
h=0.150mm 319.05 332.65 339.26 347.78 359.98
*(Red figure shows minimum value when H=const.) [MPa-m®!!%7]
380 L L L L L L
370 |- N . H=0.3m i
H=0.2m T o /
360 N\ < . " |
S 3501 H-0.15m .
: N
2 340 i
£ A
0
A 330 G\A_%,Je// -
H=0.12m
320 - / |
3101 H=0.05mm |
300 r r r r r r
0 0.025 0.05 0.075 0.1 0.125 0.15 0.175
Thickness of bond coating 2 [mm]

Fig. 5.12 K, for each constant thickness H of top coating
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Table 5.7 K, for 8YZ at 1000°C (plane strain model)[18]

Bond coating | H=0.05m | H=0.12m | H=0.15m | H=0.20m | H=0.30m

thickhess m m m m m
h=0.025mm 366.27 407.27 419.34 435.87 460.77
h=0.060mm 370.48 403.72 413.93 428.68 451.35
h=0.075mm 371.24 404.05 413.88 427.83 449.68
h=0.100mm 373.59 405.05 41431 427.40 448.05
h=0.150mm 376.81 407.73 416.30 428.27 447.17

*(Red figure shows minimum value when H=const.) [MPa-m°7]

Table 5.8 KP™* /K@ of 8YZ at 1000°C

Bond coating | H=0.05m | H=0.12m | H=0.15m | H=0.20m | H=0.30m

thickhess m m m m m
h=0.025mm 1.1875 1.2251 1.2243 1.2262 1.2282
h=0.060mm 1.1941 1.2277 1.2302 1.2341 1.2377
h=0.075mm 1.1912 1.2282 1.2315 1.2354 1.2397
h=0.100mm 1.1872 1.2277 1.2323 1.2364 1.2435
h=0.150mm 1.1810 1.2257 1.2271 1.2316 1.2422

It’s important to understand the difference between the model specified by JIS§304
and actual axi-symmetric model, so that the error in evaluating the debonding strength

of the ceramic spraying for a hearth roll can be eliminated. Therefore the ratio

KPiane [ axial=symetric for these problems are shown in Table 5.8. All results are

larger than 1 which means the stress intensity factor of plane strain problem is larger
than that of axi-symmetric problem. Or in other words, the JIS specimen is more
dangerous than the actual shaped model under 1000°C. For different coating thickness,
the difference of SIFs for these two problems varies from 18.10% to 24.35%. The
result in Table 5.8 indicate that the error in evaluating the debonding strength of an

actual shaped hearth roll using the JIS specimen is around 20%. However, the JIS
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standard is relatively safe since the SIFs of JIS specimen are always larger than the

axi-symmetric model.

5.5 Conclusion

This chapter focuses on the optimum design of ceramic spray coating by
considering the intensity of singular stress at the end of interface. Previous researches
are based on the JIS specimen under plane state, while this research focuses on the real
shape of hearth roll which should be an axi-symmetric problem in practical engineering.
The stress intensity factor for different coating thickness and different materials of top
coating were analyzed. Furthermore, the new results were compared with the previous
research based on the JIS specimen and the difference between actual model and JIS
specimen was obtained. The achievements of this chapter have been conclude as
follows:

(1) By eliminating the non-singular term &, and thermal constant g, from the
total stress of axi-symmetric problem, the proportional method was verified to be
available in the solution of axi-symmetric problem under thermal load.

(2) Both experimental results and analysis results showed that the dangerous point
is between the top coating and bond coating, and for the material of top coating, 8YZ
with the minimum content of Y.03 shows the best performance of thermal shock
resistance. Therefore the analysis mainly focused on the intensity of singular stress field
near the end of interface between top coating of 8Y and bond coating.

(3) It’s found that thinner top coating always has better thermal shock resistance.
And for each constant top coating thickness, the singular stress intensity reaches its
minimum value when the coating thickness ratio of top coating and the bond coating
H/h=2, which is in accord with previous research for plane strain state and experimental
results in engineering.

(4) The difference between actual shaped cylindrical model and JIS model under
plane strain state was obtained by comparing the stress intensity factor of these two

problems. It’s found that JIS specimen is dangerous than the real shaped model. The
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stress intensity factor of plane strain model is approximately 20% larger than that of

cylindrical model.

5.6 Reference of Chapter 5

[1] IsekilT , KamedalT ,Marayamal T. Interfacial Reaction Between SiC and
Aluminum During Joining [J] . Journal of Science. 1984 , 19 :I, pp.692~1 - 698

[2] Turman , Bobby N, Glass , S. J ,Halblerb , J. A., Helmich , D. R. High-energy
electron beam for ceramic joining [J] . Proceedings of SPIE: The International Society
for Optical Engineering, 1995, 23 (74) :10~18

[3] Samandi M, Gudze M, Evans P. Application of lon Implantation to Ceramic/metal
Joining [J]. Nuclear Instruments and Methods in Phycics Research B, 1997, (127/128):
699

[4] Piekoszewski J, Krajewski A, Prokert F, et al. Brazing of Alumina Ceramics
Modified by Pulsed Plasma Beams Combined with Arc PVD Treatment [J]. Vacuum,
2003, (70): 307

[5] D. Treheux et al. Metal-Ceramic Solid state Bonding: Mechanisms and Mechanics
[J] . Scripta Metallurgical et Materialia, 1994,31(8): 1055-1060

[6] Li. S.J, Duan. H. P., Reaction Characteristics of the Filers for SHS Welding of SiC
Ceramic to Ni based Supper-alloy[J]. International Symposium on SHS. Moscow,
August 16-19 ,1999

[7] Munir. Z.A, Mccoy. B.J, Risbud S.H. Formation of Functionally Grade Materials
through Centrifugal-assisted Combustion Synthesis. Proceeding of 4th international
Symposium on Functionally Grade Materials [J] . Tsukba, Japan. October 21-24,
1996, Elsevier. 1997: 587-589

[8] Dundurs, J., Discussion of edge bonded dissimilar orthogonal elastic wedges under
normal and shear loading, Journal of Applied Mechanics, 36 (1969) 650-652.

[9] Dundurs, J., Effect of Elastic Constants on Stress in a Composite under Plane
Deformations, Journal of Composite Materials, 1(1967), 310.

[10] D.B.Bogy: Trans. of the ASME Jour. of Applied Mech., 38(1971), 377.

Mechanical Engineering Dept. 92 Kyushu Institute of Technology



Chapter 5

[11] D.B.Bogy: Trans. of the ASME Jour. of Applied Mech., 35(1968), 460 .

[12] JIS H 8304: 2007. Ceramic Thermal Spraying

[13] W. Lankford, N. Samways, R. Craven, and H. McGannon, The Making, Shaping
and Treating of Steel, United States Steel, 1985

[14] R.L. Hao, Thermal Spraying Technology and Its Applications in the Iron & Steel
Industry in China, Thermal Spray 2007: Global Coating Solutions, B.R. Marple, M.M.
Hyland, Y.C. Lau, C.J. Li, R.S. Lima, and G. Montavon, Ed., 14-16 May, 2007 (Beijing,
China), ASM International, Materials Park, OH, 2007, p 291-296

[15] S. Kasai, Y. Sato, A. Yanagisawa, A. Ichihara, and H. Onishi, Development of
Surface treatment Techniques for Process Rolls in Steelworks, Kawasaki Steel
Technical Report No. 17, 1987, p 81-90

[16] M. Sawa and J. Oohori, Application of Thermal Spraying Technology at
Steelworks, Thermal Spraying: Current Status and Future Trends: Proceedings of the
14th International Thermal Spray Conference, A. Ohmori, Ed., 22-26 May, 1995 (Kobe,
Japan), High Temperature Society of Japan, 1995, p 37-42

[17] Y.Mutoh, I.Sakamoto, O.Waranabe and T.Nishimura, Failure Characteristics of
Zirconia-Coated Structural Steel Under Thermal Cycling and Thermal Shock,
Quarterly Journal of the Japan Welding Society, Vol. 7 (1989) No. 2, pp. 208-213.

[18] Nao-Aki Noda, Takumi Uchikoba, Masayasu Ueno, Yoshikazu Sano, Kazuki Ilda,
Zefeng Wang, Guohui Wang, Convenient Debonding Strength Evaluation for Spray
Coating Based on Intensity of Singular Stress, IS1J International, Vol. 55, N0.12(2015),
pp.2624-2630.

[19] Y.Zhang, N.A.Noda, K.Takaishi and X.Lan: Trans. Jpn. Soc. Mech. Eng. A, 77
(2011a) , N0.774, 128.

[20] Y.Zhang, K.Takaishi, N.A.Noda and X.Lan: Trans. Jpn. Soc. Mech. Eng. A, 77
(2011b) , No. 784, 2076

[21] Tatsujiro Miyazaki, Nao-Aki Noda, Zefeng Wang, Yoshikazu Sano. Analysis of
Intensity of Singular Stress Field for Bonded Cylinder in Comparison with Bonded

Plate. Transactions of the JSME, vol.81 (829) (p.1-14), 2015.08

Mechanical Engineering Dept. 93 Kyushu Institute of Technology



Chapter 5

[22] S.loka, S.Kubo, K. Ohji and J.Kishimoto: Trans. Jpn. Soc. Mech. Eng. A, 60
(1994), No.572, 141.

[23] Chen, D.H., and Nisitani, H., Intensity of Singular Stress Field near the Interface
Edge Point of a Bonded Strip, Transactions of the Japan Society of Mechanical
Engineers Series A, Vol. 59 (1993) No. 567 pp. 2682-2686.

[24] Noda, N.A, Shirao, R., Li, J. and Sugimoto, J.S., Intensity of Singular Stress at the
End of a Fiber under Pull-out Force, International Journal of Solids and Structures, Vol.
44, N0.13(2007), pp. 4472-4491.

[25] T.Teranishi and H. Nisitani: Trans. Jpn. Soc. Mech. Eng. A, 65 (1999-10), No.638,
16.

Mechanical Engineering Dept. 94 Kyushu Institute of Technology



Chapter 6

Chapter 6 Conclusion

The bonded axi-symmetric structures have been widely used in the steel and
petroleum industries recent years. However, as is known that there is stress singularity
at the end of interface for different materials, which may result in the failure of the joint.
The intensity of singular stress has already been discussed for bonded plate under
arbitrary material combination, while few studies are available for the intensity of
bonded structures in axi-symmetric problems, and no results with varying material
combination. Thus this research concentrated on the analysis of ISSFs of different axi-
symmetric problems with arbitrary material combinations, which may make a
contribution on a general understanding of the strength for an axi-symmetric problem.
And in addition, this method was applied in the analysis of a practical engineering
problem to verify the significance of this study. This thesis is concluded as follows.

1. The axi-symmetric problems are different from plane strain/stress problems

when directly apply the proportional method. The stress components of ;=  and

z0,FEM

~a - contain non-zero terms without singularity. The non-singular terms are

O go,FEm

originated from the circumferential strain .~ . Since this strain component is

controlled by the radial displacement at the end of interface, which is mesh independent,
the non-singular terms are constant composition of the stress component. To extend the
proportional method to the boded axi-symmetric problems, this terms have to be
eliminated from the stress.

2. Itis found that the ratios of the all stress components without non-singular stress
are same with 4 significant digits, which verified the derivation of the non-singular
terms. It is also found that the ratios are almost independent of element size. This means

proportional method can be used to evaluate the ISSFs of bonded axi-symmetric

problems. Since the stress components o~ and <4 do not contain non-singular

terms, it will be easier to evaluated the ISSFs by using the ratio of these two stress

Mechanical Engineering Dept. 95 Kyushu Institute of Technology



Chapter 6

components.

3. The singular stress field near the end of interface of two dimensional problems
is governed by Dundurs’ parameters (o, ) uniquely regardless of the plane stress
condition or the plane strain condition. However, the singular stress field of bonded

cylinder is not governed by (a, ). Therefore the maximum and minimum value of

Fer /e should be considered. For bonded cylinder, the maximum value of
F&PEJEFET tends to go infinite when it closes to the equal pair: 0=28, and for equal

pair and good pair, there is no singularity, therefore, there is no meaning for F5Y*/FELT

under good and equal pair. For the prediction of debonding strength of the bonded

; ; ; ; : CYL PLT
structure in good pair and close to equal pair, the direct ratio of stress 940, rEmM/! Oy, FEM

IS more suitable since it contains the influence of the non-singular stress.

4. For most material combinations which are distributed in 0<4<0.3 under the (o,

CYL PLT H H H
B) space, the range of (aZO, rem! Tyo FEM)max is approximately obtained as follows
CYL
z0, FEM
0.8 S5 = 1.5
y0, FEM

- - CYL PLT
And since the differences between (aZO,FEM O-yO'FEM)max and

(JZCJLFEM a)féTFEM)min is less than about 10%, the effect of the material combination

can be put in order by Dundurs’ parameters (a, f).

5. The stress components for bonded pipe converged when R;/W > 102, and also
same stress component at inner point and outer point coincide each other when
R;/W = 10?%, which means the change of inner radius or Ri /W has no effect on the
stress components if it’s large enough. Although the change of inner radius or R; /W
has no effect on the stress components when it’s large enough, there are still differences
between the bonded pipe and bonded plane strain problem since the existence of non-
singular circumference strain &g in bonded axi-symmetric problems.

6. The analysis method used in bonded cylinder is suitable for bonded pipe if

accurate radial displacement at the end of interface can be obtained. Similar as bonded
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cylinder, it’s suitable to use Fj,/PZ /FE-T for the prediction of debonding strength of

the bonded pipe in bad pair, as for good pair and close to equal pair, the direct ratio of

PIPE [afET is more suitable since it contains the influence of the non-

stress o 0, FEM

z0, FEM

singular stress. For most material combinations which are distributed in 0<5<0.3 under

PIPE PLT ; ; ;
the (o, B) space, the range of (GZO, rem/ Tyo, FEM)max is approximately obtained as

follows

O_PIPE

z0, FEM
1.0 < I = 1.3
950, FEM

) . PIPE PLT
And since the differences between (Uzo,FEM/ UyO.FEM)max and

(O-ZPOI,PFEL'?M/O-;(T;:EM)min is less than about 10.5%, the effect of the material combination
can be put in order by Dundurs’ parameters (e, f).

7. The last part of this rearch focuses on the optimum design of ceramic spray
coating by considering the intensity of singular stress at the end of interface. Previous
researches are based on the JIS specimen under plane state, while this research focuses
on the real shape of hearth roll which should be an axi-symmetric problem in practical
engineering. By eliminating the non-singular term &, and thermal constant g, from
the total stress of axi-symmetric problem, the proportional method was verified to be
available in the solution of axi-symmetric problem under thermal load.

8. Both experimental results and analysis results showed that thinner top coating
always has better thermal shock resistance. And for each constant top coating thickness,
the singular stress intensity reaches its minimum value when the coating thickness ratio
of top coating and the bond coating H/h=2, which is in accord with previous research
for plane strain state and experimental results in engineering. The difference between
actual shaped cylindrical model and JIS model under plane strain state was obtained by
comparing the stress intensity factor of these two problems. It’s found that JIS specimen

is dangerous than the real shaped model. The stress intensity factor of plane strain

model is approximately 20% larger than that of cylindrical model.
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Appendix A

Convenient Debonding Strength Evaluation for Spray
Coating Based on Intensity of Singular Stress

Abstract: Hearth rolls are used in continuous annealing furnace to produce thin steel
sheet. The roll surface is usually coated by using thermal spraying, which has high
adhesive strength and wears resistance. However, in the ceramics coating, thermal
stress caused during heating and cooling process in the furnace may lead to debonding
due to the low toughness of ceramics. In order to improve the heat resistance of the
thermally sprayed coating, it is essential to evaluate the debonding strength. Generally,
heat resistance of thermal spray coating is evaluated by thermal shock test prescribed
by JIS H8304 although few research is available in terms of singular stress at the end
of the interface for JIS specimen under thermal shock. This research focuses on the
intensity of the singular stress at the end of interface. Then, the most suitable conditions
are discussed with varying the coating material and the coating thickness.

Key words: ceramics, rooling, interface, strength, thermal spraying, thermal shock,

Intensity of Singular Stress

A.1 Introduction

In continuous annealing furnace for producing steel sheet, hearth rolls as shown in
Fig. A.1(a) are used to produce thin sheet. To prevent against steel adhesive and to
improve wear resistance, ceramics spraying coating is usually applied to the roll surface.

Due to its excellent chemical stability and high hardness at high temperatures, the wide
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use of ceramics spraying coating is expected. However, the peeling of the coating layer
should be considered after long-term use, which is mainly caused by heating and
cooling process in the furnace. Therefore, the ceramic coating is not usually used as a

single layer, while multi-layer coating with adhesive layer is usually employed.

A ) Water cooling
o

\L H 1000

h=0.1
=10

=50 /gso N,
o 3000 4800 5400

Unit : mm Time [s]

Temperature ['C]

(a) Roll used in (b) JIS 8304 specimen for (c) Thermal cycle of thermal
annealing furnace thermal shock test shock testing
50x50x(H+h+I)

Fig. A.1 Specimen for thermal shock test and the test conditions

In order to improve the thermal shock resistance of the ceramic coating, it is
necessary to accurately evaluate the peel strength of the sprayed coating. The thermal
shock resistance of ceramic coating is usually evaluated by the thermal shock test (Fig.
A.1 (b),(c)) specified by JIS8304 (2007) [1]. Mutoh et al have reported the thermal
shock damage characteristics based on experimental results and finite element analysis
[2]. However in order to more accurately assess the interfacial strength of dissimilar
materials adhesive structures, it is necessary to consider the singularity of thermal stress
near the corner of the interface. So far, few studies have been conducted to the research
of intensity of singular stress on this multi-layer structure under thermal shock. In this
study, the yttrium (Y203) stabilized zirconia (ZrO>) sprayed coating shown in Table A.1
is used. We mainly focus on the intensity of singular stress near the edge of coating
layer during the thermal shock test. And the effect of the coating thickness on the
peeling strength (stated as fatigue life in experiment) of the sprayed coating will be
investigated. In our previous study, an analysis method for the intensity of singular
stress in an adhesive bonding plate under bending and tension has been proposed [3,4].

Thus in this paper, this method is applied to analysis the coating problem under thermal
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shock.

A.2 Thermal shock test for evaluating the peeling strength of sprayed coating

JIS 8304 specimen 1is cubic shaped with Ilengthxwidthxthickness:
50mmx50mmx10mm. The substrate SUS304 and the top coating yttrium (Y203) with
8wt% ~ 20wt% of ZrO; (The following % will be omitted) are bonded with
CoNiCrAlY(See Fig. A.1). In the experiments, the thickness of the bond coating is fixed
as 100um, and in order to ensure its adhesion with the top coating, the surface roughness
of bond layer is adjusted to Ra4.5um. After the top coating is sprayed to the bond
coating surface, the coating is polished with thickness of 150 1 m and surface roughness
of Ral.0 u m. Thermal shock test was carried out in an electric heating furnace by
adjusting the ambient temperature. As shown in Fig. A.1(c), (1)the ambient temperature
was first raised from 20 ‘C to 1000 C during the first 3000 seconds, (2)and then
during the following 1800 seconds, the temperature was kept as 1000 C to ensures an
even heat of the specimen; (3)after that, the specimen was taken out from the furnace
and immersed into cold water of 25 °C. Repeat this process and the evaluation of
delamination was performed by visual inspection, the number of cycles will be recorded
until cracks, peeling or blistering of specimen occurs. The thermal shock resistance is

evaluated by the numbers of cycles.

Normarized number of cycle until debonding N./N,
o
=
=
E

Fig. A.2 Results of thermal shock test
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Table A.1 Material Properties depending on temperature

Young's | POISSON’S | Thermal
. ratio . Singular index
Material modulus £ expansion o p 1
[GPa] v a.[10°%/K]
20YZ (ZrO»- T 507
20wt%Y,05) ' ’
To 12YZ (ZrO»- ~
P . (0, 20 025 | 83~9.93 0.8399
Coating | 12wt%Y,03) 0.969 | 0.199 0.8899
8YZ (2O 8.7~10.05 Fig. A.4(c)
8wt%Y203)
Bonded 103~180 033 2.8~16.8
Coating(CoNiCrAlY) | Fig.A.4(a) ) Fig. A.4(b) 0.9987
ubstrate( )| Fig. A4(a) ' Fig. A.4(b) Fig. A.4(c)
) E; Gyvp2p
A Ey Gy, /T +AT yu
0 X, P - g
E3, G3,v3,a3 N - 10fixed) {~| Interface
50 mm I’;b
| Unit : mm
(a) Overview (b) End of interface (c) FEM mesh

Fig. A.3 Analytical model and FEM mesh

A.3 Analysis method for the singularity of thermal stress

In this study, FEM is use to analysis the destruction conditions of the sprayed

coating by focusing on the failure initiated from the end of bonded interface. A two-

dimensional model (plain stress problem) shown in Fig. A.3 is use to simulate the

specimen, the subscripts 1,2 and 3 represent the top coating, bond coating and substrate

respectively, with the corresponding material properties shown in Table 1.

The MARC MENTAT (MSC Software Corporation, 2012) is used in this research

and the 4 nodes quad element was employed. Multi-frontal method is used in the
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solution of simultaneous equations. The analysis type is thermal-structural, and all
materials are considered as elastic.

a and P in Table A.1 are known as Dundurs’ parameters which are expressed by
the following equations[5,6], here v is Possion’s ratio and G = E/2(1+v) is shear

modulus.

(A1)

3- 4v plane?.traln)

Furthermore, the singular index A, appeared as the exponent of r in Fig. A.3(b),
can be obtained by solving the following equation. Here r is the distance from the end

of interface in a dissimilar materials bonded plate.
in2 (i
{sinz(%i)—ﬂz}ﬂz +242 [sin2 [%i)—iz}aﬂ+iz (2% -1)a? +L4(7f) _0(A2)

Fig. A.4 (a) and (b) show the material properties of three layers: young’s modulus
E and coefficient of expansion ae. It’s found that all properties of these three materials
vary with the temperature except the Poisson’s ratio of top coating. Therefore, the
singular stress field is also changed by the variety of material properties.

Fig. A.4 (c) shows the singular index A1 and A for the interfaces of the specimen.
Singular index A, of the interface between the bond coating and substrate is close to 1,
which means less singularity. Therefore, this study will mainly focus on the singularity
between top coating and bond coating as shown in Fig. A.3 (a). During the thermal
cycles as shown in Fig. A.1, water-cooled condition is simulated by given temperature
20 C to the entire surface of specimen at t = 4800s, then the temperature distribution

and thermal stress was determined by thermal and elastic analysis.
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Fig. A.4 Relationship between various material properties and temperature

Mechanical Engineering Dept. 103 Kyushu Institute of Technology



Appendix A

Js" T Ey, Gy, Vo, «
Yo ooy | A B Gy T4 AT gttt
K | o=
— Eywv
—— |
) E3, G3,v3, 03
7-‘//' Ez v,
K, x
— = i g,
oy =0y = lim =% ITTIITT

(b) The bonded strip model as the known

(a) Thermal singular stress field for ceramic . . .
problem whose the intensity of singular stress have

coating as a unknown problem for the analytical
been analyzed

Fig. A.5 Comparing known problem and unknown problem

Thermal stress oy is caused by entire body temperature difference T + AT in the
bonded structure shown in Fig. A.5(a). By eliminating the non-singular term oo, the
remaining singular term (cy-Go) has a singularity of r'”* expressed as Eq. A.3.

. Kg -
oy —0p = lim =%, K, = —o W2 (A.3)

This intensity of singular stress field caused by thermal stress is equivalent to the

one that subjected to the tension of 6o determined by Eq. A.4[8].

0y = —AaAEAT, (A.4)
where,
g a,—a, (planestress) AE - 8
(1+v,)a, —(1+v, ) e, (plane strain ) (x-3) (x,-3)
Gl GZ
3-v

J

1 t
B (plane stress)

3-4v, (plane strain)
G E, ( i=1:Top coat,
" 2(1+v,)\i=2:Middle coat
The problem of finite bonded plate subjected to tension shown in Fig. A.5 has been
accurately calculated by using body force method [1, 2]. Since the singular stress fields
are similar if the material angles of two bonded structures are same, then the stress

intensity of unknown problem shown in Fig. A.5(a) can be determined by apply this
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known solution (Fig. A.5(b)) to Eq. A.5[3-4,9].
K, _FsW"' _s™ -5,

K. FsW:/  srn (A5)

y

*

S

Here the superscript * means known reference problem.
Table A.2 shows the results of stress distribution along the interface for the

problems shown in Fig. A.5(a), (b) at the time t=4800s with using different minimum

element size of 1/3®mm and 1/3'°mm. The value ¢} in Table A.2 are FEM solutions

which are usually mesh dependence. However, the stress ratio (o, — 0y)/0y """ is

independent of mesh size and does not depend on the distance r from the end of interface.
This means the irremovable FEM error can be eliminated by applying the same mesh
pattern and same minimum element size to the unknown problem and reference
problem. Since the reference problem has already been solved in the previous study [3-
4, 9], the intensity of singular stress for problem shown in Fig. A.5(a) can be obtained

by using Eg. A.5.

Table A.2 Stress distribution on the interface and the ratio of the stress

Mesh size=1/38mm Mesh size=1/3mm
r/W GJEM* C)'y —O'O O')'/:EM —O'O r/W O';EM* O'y —O'0 O';:EM —O'O
GFEM* GFEM*
[MPa] [MPa] g [MPa] | [MPq] g

0/6561 | 2300.0 | 1389.8 0.604 | 0/59049 | 2946.4 | 1778.4 0.604
1/6561 | 1741.1 | 1052.3 0.604 | 1/59049 | 2230.4 | 1346.2 0.604
2/6561 | 1639.3 990.9 0.604 | 2/59049 | 2099.9 | 1267.4 0.604
3/6561 | 1576.8 953.2 0.604 | 3/59049 | 2019.8 | 1219.1 0.604
4/6561 | 1535.7 928.2 0.604 | 4/59049 | 1967.1 | 1187.3 0.604
5/6561 | 1503.4 908.6 0.604 | 5/59049 | 1925.8 | 1162.4 0.604

A.4 Results and discussion for the intensity of singular stress field

A.4.1 Occurrence Time of the Largest Singular Stress
In the first place, the thermal load as shown in Fig. A.1(c) is applied to the standard

specimen with coating thicknesses H=0.15 mm and h=0.1 mm (See the model in the
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lower left corner of Fig. A.6(b). Although residual stress may appear in the ceramic
spraying coating, but a number of micro-cracks are observed in the coating studied in
this paper. Therefore, the residual stress is not considered because most of the residual
stress is released after the crack formation. The thermal stress is not very large during
the heating process in the thermal cycling, thus we mainly consider the thermal stress

during the cooling process. Fig. A.6(a) shows the time variation of the interface stress

oy, "M obtained by FEM around the start of cooling t=4800s. As shown in Fig. A.6, the

maximum value of oj* for the top coating occurs immediately after starting of

cooling. The increment due to thermal shock in the percentage of total thermal stress
for each coating material are shown in different colors, and the increment of 8YZ is the
smallest of all. Fig. A.6(b) shows the time variation of the intensity of singular stress

field for 8YZ around the starting of cooling. As shown in the figure, the intensity of
singular stress field is different from the interfacial stress o;%™ since it takes a

maximum value at the steady state (constant temperature of 1000°C) and decreases
immediately after the start of cooling. It should be noted that singular index varies

depending on temperature, but from Fig. A.4(c), singular index is almost constant as
2=0.88 during the first moment of cooling. Therefore, the value of K, = —F,0,W 1%
with A=0.88 can be compared from Fig. A.6(b).

To figure out the reason that the maximum value of o%" occurs immediately after

the start of cooling, while K, decreases at the same time monotonically, all variables in
Eg. A.3 are demonstrated in Table A.3 and Fig. A.7, so that a comprehensive
consideration can be taken. The range of time is from the start of cooling t=4800 s to
4800.12 s. From Table A.3 and Fig. A.7, it is found that F, and W'=* are almost

constant within the variation of 1.9% and 5.2% respectively, while -co decreases 18.7%

over time. For this reason, the tensile interfacial stress a}’,”EM increases at the early stage

of cooling while the intensity of singular stress field decreases by 16.5% as is shown in

Fig. A.7. Therefore, in the following analysis of K, we mainly pay attention to the
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results of temperature 1 000°C.
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(a) Stress at the end of interface by FEM
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Fig. A.6 Stress and intensity of the singular stress at the end of interface
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(b) Intensity of the singular stress at the

interface for top coating 8YZ

Table A.3 This table shows that K value of the influence factor changes with time for

top coating 8YZ

T [s] 4800 4800.01 4800.02 4800.03 4800.04 4800.06 4800.08 | 4800.12 | Rate of
T[C] 1000 978.4 966.8 957.1 948.4 933.5 921.1 901.0 change
K [MPa-m®!127] 421.2 397.0 391.3 386.1 381.0 371.4 363.2 351.6 16.5% |
Fs 0.423 0.425 0.427 0.427 0.427 0.425 0.423 0.419 1.9% |
- 0o [MPa] 629.6 592.2 578.8 568.0 558.7 543.2 530.8 511.8 18.7% |
Wit 1.554 1.576 1.584 1.592 1.598 1.608 1.617 1.640 52%1
o, [MPa] 7612 | 791.9 806.7 815.9 821.7 827.2 828.4 8255 | 7.8%1
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Fig. A.7 K, value of the influence factor changes with time

A.4.2 Intensity of singular stress for 2-layer coating

Here, three materials of the top coating with different content of yttrium (20YZ,
12YZ, 8YZ) are analyzed to determine the maximum intensity of singular stress field
under thermal shock test. Fig. A.8 shows the intensities of singular stress for different
materials with varying the top coating thickness H while keeping the bond coating layer
thickness h=0.Imm. From Fig. A.8, it is found that the material 8YZ with the lowest
content of Y203 exhibits the best thermal shock resistance under any thickness, which
means thermal shock resistance has a negative correlation to the amount of added
yttrium. And it can also be found that thinner top coating has higher thermal shock
resistance.

Table A.4 shows the value of K in case of changing top coating thickness H and
the bond coat thickness h respectively. From Table A.4, it can be found that the singular
stress intensity reaches its minimum value when the film thickness ratio of surface layer
and the intermediate layer H/h=2. In engineering application the ratio H/h=2 is mostly
used in the coating thickness design, and therefore the effectiveness of the present study

on intensity of singular stress can be verified.
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Table A.4 K, for 8YZ at 1000°C of two layers model

(Red figure shows minimum value when H=const.) [MPa-m®!1?7]

H(mm) 0.05 0.12 0.15 0.20 0.30
0.025 |366.27 | 407.27 | 419.34 | 435.87 | 460.77 . .
0.06 | 370.48 | 403.72 | 413.93 | 428.68 | 451.35 KGP—S'\‘ X
h(l? 0.075 |371.24 | 404.05 | 413.88 | 427.83 | 449.68 (] oo
m ( mm

0.10 | 373.59 | 405.05 |414.31 | 427.40 | 448.05

0.15 | 376.81 | 407.73 | 416.30 | 428.27 | 447.17

£ 600

E 500 //

s

= 400 F///,x:j—;:t::;_:z

£ 300

é |\ H —e— 8YZ
2200 | Kg h=0.1(fixed) —® 12YZ
o e 20vZ
; 100 [=10(fixed)

z mm

0 005 01 015 02 025 03 035
Top coat thickness H[mm]

Fig. A.8 K,for 20YZ, 12YZ, 8YZ at 1000°C with varying ceramic coat thickness
H when h=0.1mm

A.4.3 Intensity of singular stress for 3-layer coating

The intensity of singular stress Ko in a two-layer coating with one layer of top
coating and one layer of bond coating have been discussed in the previous section. And
it is found that the singular stress of yttrium-rich 20YZ is the largest (thermal shock
resistant is weak). While from another perspective, it’s good to increase the content
yttrium for the improvement of roughening resistance. Therefore a higher thermal
shock resistance top coating with high yttrium content is desired. To accomplish that, a
two layers of top coating (Hi+H>) structure shown in Fig. A.9 is employed. The outer
layer of top coating is 20YZ with high roughening resistance, and the second layer is
8YZ which exhibit a higher peeling resistance with the bond coat.

Table A.5 shows the result of K; when the thickness of the first layer of top coating

Mechanical Engineering Dept. 109 Kyushu Institute of Technology



Appendix A

is fixed as H1=0.075, the second layer of top coating H> varies from 0.015mm to
0.225mm and bond coat /4 varies from 0.005mm to 0.15mm. As same as the two-layer
coating, when the ratio of top coating thickness and the bond coating thickness
(Hi+H2)/h=2, the intensity of singular stress K, reaches minimum value. And K

decreased when (H;+H>) is reduced which means thermal shock resistant increases.

50

Fig. A.9 Three layers ceramic coating model used to analysis

Table A.5 K at 1000°C of three layers model when fixed Hi=0.075mm [MPa-m®!?7]

H>(mm) 0.015 | 0.045 | 0.075 | 0.095 | 0.125 | 0.225

Hi+H>(mm) 0.09 0.12 0.15 0.17 0.20 0.30

0.025 | 408.09 | 419.43 | 430.01 | 436.42 | 445.12 | 468.58
20YZ

"

0.060 | 407.10 | 416.06 | 424.91 | 430.42 | 438.03 | 459.2 Kk,M——°

h(mm) | 0075 | 408.00 | 416.35 | 424.69 | 429.92 | 437.16 | 457.49 /
0.085 | 408.87 | 416.84 | 424.83 | 429.85 | 436.83 | 456.53

0.10 | 409.77 | 417.45|425.11 | 430.01 | 436.75 | 455.88
0.15 | 413.09 | 420.19 | 427.22 | 431.61 | 437.70 | 455.05
Table A.6 shows the result of Ks; when the thickness of the second layer of top

coating is fixed as H>=0.075, and the first layer of top coating H» varies from 0.015mm
to 0.225mm and bond coating / varies from 0.005mm to 0.15mm. As shown in Table
A.6, when the ratio of top coating thickness and the bond coat thickness (Hi+H2)/h=2,
the intensity of singular stress K reaches minimum value which is similar as Table A.4
and A.5. Fig. A.10 shows the distribution of the intensity of singular stress K when the
thickness of the top coating Hi+H> and the thickness of bond coat h are fixed as 0.15mm
and 0.075mm respectively. From Fig. A.10, it can be found that the intensity of singular

stress increases with increasing the top coating thickness Hj.

0.045 | 406.60 | 416.39 | 425.88 | 431.73 | 439.76 | 461.86 axs

Hy=0.075(fixed)
Hy=0,015-0.225

f
T =0.05-0,15

=10

111071
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Next, the strength improvement of the 3-layer coating in contrast with the two
layers coating is considered. The 20YZ with excellent roughening resistance is used as
the first layer film with the bond coat thickness h= 0.075mm. The minimum value of
singular stress field intensity Ko=424 MPa-m®!'?’ is obtained with H;=H»=0.075mm.
Here, Hi=H>=0.075mm is the minimum allowable thickness in thermal spraying

thickness.

Table A.6 K, at 1000°C of three layers model when fixed H>=0.075mm [MPa-m®!!?7]

Hi(mm) 0.015 | 0.045 | 0.075 | 0.095 | 0.125 | 0.225

Hi+H>(mm) 0.09 0.12 0.15 0.17 0.20 0.30

0.025 | 398.38 | 416.05 | 430.01 | 438.07 | 448.79 | 476.32

0.045 | 396.76 | 412.96 | 425.88 | 433.41 | 443.48 | 469.73 vz

0.06 | 397.21 | 412.62 [ 42473 | 432.11 | 44178 | 467.14  JE=E= { ' o siined)
h(mm) | 0.075 | 398.08 | 412.89 | 424.69 | 431.62 | 440.92 | 465.48 ) f_\”z"'“ﬁ”“'”

0.085 | 398.93 | 413.37 | 424.83 | 431.56 | 440.6 | 464.55 k ?HU

0.10 |399.82 |413.97 | 425.11 | 431.72 | 440.53 | 463.93
0.15 | 403.10 | 416.70 | 427.22 | 433.33 | 441.50 | 463.17

le

i = ; Hy + Hz =0.15(fixed)
L ) h Ubb (fixed) .
L . |

425

1 Minimum thickness
| necessary for
1 coating operation

4200 1, LTy sy
0 0.05 0.1 0.15

Intensity of singular stress K,[MPa-m?%1127]

No.1 Top coat thickness H;[mm]

Fig. A.10 K, at 1000°C of three layers model when fixed (H+H> )=0.15mm, #=0.075mm
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20YZ 0.075
} Regarding K, 20YZ | 0.15
8YZ 0.075
Ky Ky
\ 0,075 = M o075
Regarding strength
mm >
mm
Ky = 424[MPa-m°®1127] K, = 461[MPa-m®1127]

Fig. A.11 Comparison of the results for the three-layer and two-layer

wn

3 times
longer

Intensity of singular stress K,[MPa-m?1127]

Normarized number of cycle until debonding N./N,,

Fig. A.12 Relationship between N. and K,

On the other hand, the minimum value of K,=461MPa m°®?’ for a two-layer
coating when H=0.15 mm and h=0.075 mm is about 8% higher than that of a three-
layer coating. As shown in this example, when the top coating thickness H(=H:+H>)
and bond coating thickness h are fixed, it is found that the three-layer coating is better
that two-layer coating in strength because of smaller K,. Fig. A.12 shows the
relationship between K and dimensionless cycle number Ne/No. Here, vertical axis is
dimensionless in the same manner as Fig. A.2. It is seen that the number of cycles until

peeling increases about three times by using three-layer coating.

A.5 Conclusion

This study focuses on the improvement of peeling resistance for the thermal
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sprayed coating roll using in the continuous annealing furnace. Considering the two-
dimensional model based on the thermal shock test specimen, the effect of material
properties and thickness of the sprayed coating on the intensity of singular stress field
are discussed by using FEM analysis. As a result the following conclusions can be
obtained.

(1) In the two-layer coating consisting of top coating and bond coating,
experimental results shows that higher thermal shock peeling resistance can be obtained
by smaller content of Y2Os. This can be explained from the viewpoint of singular stress
intensity Ks near the end of interface for the top coating and bond coating. In other
words, with decreasing Y:0s content, K, decreases and therefore thermal shock
resistance increases.

(2) Compared with the 2-layer structure, the 3-layer structure has higher thermal
shock resistance because the stress intensity factor is 8% less than the 2-layer structure
without losing a good roughening resistance. The first layer 20YZ (higher content of
Y-0:s) has excellent roughening resistance while the second layer 8YZ (lower content
of Y20s) can keep the thermal shock resistance.

(3) The optimal thickness ratio of top coating bond coating H/h is discussed from
the view of intensity of singular stress near the end of interface. The theoretical analysis
and engineering application all indicated that the optimal thickness ratio H/h=2.0 both

in 2-layer structure and 3-layer structure.
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