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Chapter 1: Introduction

1.1 Superplasticity Behaviors
1.1.1 Definition of Superplasticity and Superplastic Materials

Superplasticity, the ability of certain materials to undergo very large tensile strains, was
first described by Bengough in 1912 [1]. It became a popular research topic in the early
1960s following a review article by Underwood [2] and development of the potential
commercial application of superplasticity.

However, there has been no generally accepted definition of all time for superplasticity.
The following version was proposed and accepted after deliberation at the 1991
International Conference on Superplasticity in Advanced Materials (ICSAM-91) held
in Osaka, Japan [3,4]:

“Superplasticity is the ability of polycrystalline material to exhibit, in a generally
isotropic manner, very high tensile elongations prior to failure.”

In general, it can be called superplasticity when the tensile elongation ¢ is over 100
percent. For some superplastic materials, the tensile elongation can actually reach to
several hundred percent. An elongation to failure of 8000% in commercial bronze was
reported in 1992 by K. Higashi [5].

With a further research on superplasticity behavior, materials shown to exhibit
superplasticity are extended to ceramics and intermetallic since 1985 and 1987
respectively [6]. These superplastic materials can just show superplasticity behaviors

under appropriate conditions, especially the deformation conditions.
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1.1.2 Evaluation Indexes

Phenomenologically, the tensile deformation characteristic prior to fracture of certain
alloys in the state of superplasticity can be described by large deformation, low flow
stress, and neck-free [4, 7]. Furthermore, superplastic materials generally exhibit high
value of the strain rate sensitivity exponent m during superplastic deformation, which

is characterized by the constitutive equation proposed by Backofen [8]:

g = kém (1-1)

where o is the flow stress, k is a constant, and £ is the strain rate. Newtonian
viscous behavior occurs in materials, such as molasses and glass, when m = 1. In general,
most metals and alloys normally have values of m < 0.2 whereas superplastic materials
can typically exhibit m > 0.3. In other hand, superplasticity behavior is found when m >
0.3, and the higher value of m, the lower rate of reducing of cross-section, the more
stable uniform tensile deformation, the larger elongation. The major evaluation indexes
on superplasticity behavior are elongation 4, strain rate sensitivity exponent m, and also
the deformation activation energy Q [4, 9-10].

The equation for superplastic deformation under constant stress proposed by Mukherjee

[11] is expressed by

e =[5 (@) () Tew (-3) @2

and the diffusion coefficient D is expressed by



D = Dyexp (— RQ—T), (1-3)

where A is a constant; G is the shear modulus; b is Burgers vector; k is Boltzmann’s
constant; d is the average grain size; p is the index of grain size; n is the stress exponent;
D, is the frequency factor, the value of D when T = oo; R is the gas constant; and T is
the thermodynamic temperature. When the value in the square brackets is supposed as

a constant, the value of Q can be obtained by

dlné
Q=-R [6(1/T) '

(1-4)

Because the superplastic flow is essentially a grain boundary phenomenon, the Q value
for superplastic deformation should be close to that of interfacial (or grain boundary)

self-diffusion, Qy, as described in the following chapter [4, 12-15].

1.1.3 Fine-structure Superplasticity

There are two well-established types of superplasticity behavior in polycrystalline
solids: fine-structure superplasticity (FSS) and internal-stress superplasticity (ISS) [4].
The first type of superplasticity, also known as isothermal superplasticity, is the best
known and the most studied. The second type of superplasticity behavior is known as
ISS or phase-transformation superplasticity. In this case, polymorphic materials should

present the phase change through thermal cycling or pressure cycling, and the fine



structure is not a necessary condition [16-20]. However, the application of ISS is greatly
limited due to the complicated prerequisite of temperature and pressure.

The present research focuses exclusively on the first type of superplasticity, which is
FSS. Some necessary prerequisites are given for FSS materials. Firstly, the grain size
should be small for a grain boundary sliding mechanism to dominate superplastic
deformation. Typically, the grain size for metal-based materials should be less than
10um. A finer grain size increases the strain rate for superplasticity flow in general [9].
Secondly, the shape of grains should be equiaxed to enable the occurrence of grain
boundary sliding which provide by a shear stress along grain boundaries. Furthermore,
the presence of a second phase is also required to restrict grain growth at superplastic
temperatures at which grain-boundary sliding occurs [4, 21-22]. Superplasticity is
usually improved if the grain size is steady due to the fine second phase and its uniform
distribution. Therefore, as an evaluation indexes, the activation energy of FFS
controlled by grain-boundary sliding must be equal to Qy or less than Qy [9, 12-15, 23].
In conclusion, materials with a fine, equiaxed, two-phase structure can show

superplasticity (FSS) under appropriate deformation conditions.

1.2 Solid State Bonding

Welding processes can be classified into two main categories: liquid phase welding and
solid state welding [24]. In the former case, bonds are established by the formation and
solidification of a liquid phase at the interface while, in the latter case, the coalescence

is produced at temperatures essentially below the melting point of the base materials
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being joined and the applied pressure has a key role in bringing together the surfaces to

be joined within interatomic distance [25].

1.2.1 Solid State Diffusion Bonding

Solid state bonding is often used as a synonym for solid state diffusion bonding [26].
Indeed, it is merely a type of solid-state welding, along with forge welding, friction
welding, and explosive welding. A modified definition of solid state diffusion bonding,
proposed by Kazakov [24], is described as following: solid state diffusion bonding of
materials is a process for making a monolithic joint through the formation of bonds at
atomic level, as a result of closure of the mating surfaces due to the local plastic
deformation at elevated temperature which aids inter-diffusion (an accompanying
phenomena during bonding, but not necessary for the bonding process [25]) at the
surface layers of the materials being joined. In the present study, the expression of solid
state bonding is adopted.

Solid state bonding process, as an important mean of achieving high quality and
precision joining of dissimilar materials, needs at least two main stages: interfacial
contact (or void shrinkage at the bond interface) and chemical binding at the contact
area [24, 25, 27]. Thermally activated mechanisms such as dislocation creep
deformation and vacancy diffusion (an atom flux along the bonding interface and void
surface) lead to interfacial contact process and this controls the bonding process as a

determining step [25, 28-30].



1.2.2 Modeling of Solid State Bonding

Table 1.1 Models of solid state bonding.

Timeline Models Ref. Characteristics
1966 Cline [32] A two-stage model assuming localized plastic deformation followed by
the diffusion-controlled process, using the recrystallization model of
Parks (1953) [33].
1967 King and [34] A three-stage model similar to Cline’s model, the migration of interface
Owezarski away from the voids was assumed to occur during the second stage and
the remaining isolated voids are removed by volume diffusion in the third
stage.
1975 Garmong et  [35] Similar to the Hamilton’s model but including diffusion mechanisms.
al. Removal of the voids was modelled by using the sintering equations
derived by Coble (1970).
1982 Derby and [36] Based on an intensive use of the sintering equations assuming six different
Wallach diffusion mechanisms.
1984 Derby and [37] Madification of the previous model (1982) in order to reduce the existing
Wallach discontinuity in bonding rate between the second and final stage.
1984 Pilling et [38] A diffusion creep cavitation model adopted for fine grain superplastic
al. alloys based on creep model of Chen and Argon (1981) [39].
1984 Nishigushi [40] Atwo dimensional model for solid state bonding process and the bonding
and process is assumed to be achieved by four distinguishable mechanisms.
Takahashi
1987 Guo and [41] Using the same mechanisms as the Derby and Wallach model but
Ridley assuming two mechanisms act in parallel.
1989 Hill and [42] Assuming elliptic voids with successive incremental changes in shape to
Wallach circular and two concomitant modes.
1992 Takahashi [43] An overview of the void shrinkage models including the model proposed
and Inoue by Takahashi (1988&1991) based on diffusion flow of atoms and
successive mechanisms for Ds >> D,
1995 Takahashi [44] Finite elements analysis of interfacial contact process due to power law
and creep and no diffusion mechanisms are taken into account.
Tanimoto




In physical terms, the bonding process can be best portrayed as the sintering of a planar
array of voids at high temperature. Derby and Wallach [31] predicted that the principal
mechanism by which the voids close is that of power law creep, i.e. plastic flow rather
than diffusion. That is also why the bonding process is more accurately described as
solid state bonding rather than diffusion bonding [38]. To optimize the process variables
such as surface asperity, bonding temperature, pressure, and time, modeling solid state
bonding is attempted, and thus to obtain a reasonable and profound understanding of
the bonding mechanisms and their relative contribution not only for different bonding
conditions but also for different materials being joined. A chronological summary of
the proposed models is shown in Table 1.1. Derby and Wallach were the first to combine
multiple mechanisms during the bonding process. Since then, all existing models of
solid state bonding, for a metal-metal bond in general, take into account both creep
mechanism and diffusional mechanism [36, 43]. In the present study, the solid state

bonding of superplastic materials is further investigated based on the existing models.

1.2.3 Solid State Bonding of Superplastic Materials

Superplastic materials often show extremely large deformability and strong diffusion
when deformed in superplastic mode. Therefore, the intimate contact can be achieved
more efficiently than conventional creep deformation. In other words, fine grained
materials can be readily bonded in the solid state due to the enhancement on interfacial
contact process by superplastic flow [4, 13-15, 45].

This type of bonding, which is based on the superplasticity of bonding materials, has



attracted increasing concern. For instance, concurrent superplastic forming and
diffusion bonding (SPF/DB) developed by Rockwell since 1970s has been recognized
as a viable manufacturing technology that can result in both cost and weight savings
compared with conventional bonding methods [4, 46-49]. Up to the present, SPF/DB
of superplastic titanium alloy is successfully applied in the fabrication of aerospace
structures and it is of great value in technical and economic benefits. In addition,
superplastic materials such as aluminum alloys (Suprall00 and Supral220) and
ultrahigh carbon (UHC) steel can be used to produce laminated composites by solid
state bonding [50, 51]. This type of laminated composites with sharp interfaces between
layers have been shown to exhibit unusual impact, toughness, and combination
properties. Furthermore, the friction stir welding (FSW) of superplastic aluminum
alloys such as AA2095 has also be researched by H.G. Salem [52]. It can be confirmed
that joint after bonding can still maintain high strength and superplastic characteristics.
FSW based on superplastic flow is also expected to be applied to the poor weldability

materials such as steel and iron materials.

Table 1.2 Chemical components of superplastic steels.

Chemical components

Steel
C Cr Mn Si \% Ni
40Cr 0.37~0.45 0.8~1.1 0.5~0.8 0.17~0.37 - -
T10 0.95~1.04 - <0.40 <0.35 - -
Crl2MoV 1.45~1.70 11.0~125 <0.40 <040 0.15~0.30 <0.25
SUS329J1 <0.15 17.0~19.0 <2.00 <1.00 - 8.0~10.0
UHC steel 1.60 1.54 0.44 0.49 - -

Notes: All the superplastic steels shown in this table are in Chinese standard. 40Cr is the carbon steel

(SCr40 in JIS). T10 is the tool steel (Sk105 in JIS). SUS329J1 is the ferritic stainless steel.
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Solid state bonding of superplastic materials has been experimentally demonstrated to

be more efficient than conventional DB without superplasticity, especially for the

structural steels and ferrous alloys [4, 45]. A summary of the previous study on solid

state bonding of fine grain superplastic steels (shown in Table 1.2) is given in Table 1.3.

Table 1.3 Solid state bonding of superplastic steels.

Bonding parameters

: . Joint
. Bonding Initial
Material Pre-stress Bonding trenath Ref.
atmosphere temperature  strain rate streng
MPa time t/s
T/IC &1 x10%s
same with
40Cr - 35 730~780 1.7~4.2 180~300 [53]
parent metal
same with
T10 - 40 750~780 1.7-25 180~300 [53]
parent metal
same with
40Cr/T10 - 40~90 760~780 1.7-25 180~300 [53-56]
40Cr
40Cr / close to
- 50~100 750~800 25 180~480 [57]
Crl2MoV 40Cr
close to
QCr0.5/40Cr - 40~70 750~800 2.5~75 120~180 [58]
QCr0.5
SUS329J1 same with
vacuum 9.5 900~1100 120 [59]
stainless steel parent metal
UHC steel /
- 50 750~820 1.5~3 300~600 540 MPa [60-61]
40Cr




Bonding parameters, particularly temperatures and pressures, adopted during bonding,
are within the range for superplasticity in materials. Zhang and coworkers [53-58, 60-
61] reported significant results on DB using the superplasticity of high carbon steels at
temperatures around the Az point (eutectoid temperature) and high quality bonding was
performed in several minutes without protective atmosphere or vacuum. Heng [62-64]
found that the weldability of superplastic UHC steel can be improved further by
improving the microstructure via an appropriate interlayer.

Although typical and uniform superplastic flow has been observed in parent metal, the
plastic flow contributed to the interfacial contact has not been distinguished clearly yet.
The solid state bonding of superplastic materials is not conceptually be the same as
superplastic bonding. In other words, superplastic bonding can be established only
when the superplastic flow mainly leads to the interfacial contact. There is no doubt
that superplastic flow can facilitate the interfacial contact at the beginning of bonding
process [4, 13-15, 45]. In addition, the grain size of superplastic material being bonded
is substantially less than the void size/surface roughness and hence more grain
boundaries would be involved in mass transfer to close the void [4]. The void shrinkage
rate can be correspondingly increased even in the late stage of bonding. However, the
predominant bonding mechanisms, including the effect of superplastic flow, are not
fully understood yet. Further investigation of interfacial contact is needed to
demonstrate the facilitation of superplastic flow and quantify its effect on the bonding

process.
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1.3 Objective and Flow of the Present Study

Up to the present, many studies have been devoted to the mechanistic description of
solid state bonding, especially to the kinetics of void shrinkage at the bonding interface.
It is generally known that various high-temperature deformation, such as power law
creep, and diffusional creep, predominantly contribute to the interfacial contact process
during different bonding stages under the influence of bonding parameters and surface
conditions, especially surface roughness. Furthermore, the identification model
established by Takahashi [25, 30] can well distinguish the predominant bonding
mechanisms at different bonding stage, thus optimizing the bonding process.

For superplastic materials, it is expected that superplastic flow can play a major role
during the bonding process. Because of superplastic flow, the requirements of surface
finish and atmosphere decrease and more efficient bonding can be obtained under
relatively low stress in a short time. Current researches [50-64] on solid state bonding
with superplasticity primarily focus on the attempt to optimize the bonding parameters
and then the proper bonding conditions can be determined. However, the basic
understanding of superplastic effect on the bonding process and predominant bonding
mechanisms are still limited. A more complete description of solid state bonding should
be established on the base of kinetics of interfacial contact process and superplasticity
behavior.

In the present study, the solid state bonding of fine grained high carbon steel SK105
with different surface roughness is investigated using the existing identification model
proposed by Takahashi [30]. There are three main research objectives as following: (1)

to enrich the description of existing model of solid state bonding, (2) to qualitatively
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evaluate the effect of superplastic deformation on the bonding process, and (3) to
develop a novel efficient solid state bonding technique based on the maximum use of
superplasticity behavior.

More specifically, it is rarely reported that superplastic flow can be predominant at a
certain stage, so the first purpose is to get a better understanding of solid state bonding
of superplastic materials by identifying the predominant bonding mechanisms during
different bonding stage. Secondly, superplastic solid state bonding can be confirmed by
the interfacial deformation behavior and the microstructure characteristics. The effect
of superplasticity can also be qualitatively described. Based on the understanding above,
the prerequisite bonding conditions, which is essential for superplastic solid state
bonding can be identified. Further, to realize the application, the bonding process in
which superplastic flow is predominant can be extended by optimizing the bonding
parameters and hence more efficient solid state bonding with superplasticity can be
developed.

This thesis consists of six chapters. Fig. 1.1 shows the flow of the present study. In
Chapter 1, a brief introduction to the superplasticity, solid state bonding of superplastic
materials, and the purpose of the present study is given. In Chapter 2, the theories of
creep deformation and identification of predominant bonding mechanisms are
described to provide a theoretical model. In Chapter 3, the preparation of superplastic
steel and the experimental conditions are described. In Chapter 4, and 5, the bonding
process controlled by creep deformation, including power law creep, superplastic flow,
and diffusional creep, are described in detail. The value of stress exponent n and
activation energy Q are adopted to identify the predominant bonding mechanisms

respectively. The influence of surface roughness is also discussed. In Chapter 6, the
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conclusion of the present study and the further research plans are described in detail.
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Chapter 2: Theories

For solid state bonding, the bonding process can be considered as a plastic deformation
that occurs at high temperatures for interfacial contact and voids closure. Various kinds
of deformation that occur at bonding interface also have an influence on the bonding
mechanism. Therefore, to investigate the bonding process, the high temperature
deformation and the predominant bonding mechanism should be clarify primarily. Base
on the understanding above, the identification method is used to describe bonding
process of superplastic materials. In this chapter, the theories of creep deformation,

bonding mechanisms, and the identification model will be explained in detail.

2.1 Mechanisms of High Temperature Deformation

Creep is the continuing plastic deformation process that occurs in solids at high
temperatures (above approximately 0.5Trm, Tm is the absolute melting point of the solid)
[1], the plastic flow is controlled by three independent mechanisms that can occur at
the atomic level. These fundamental mechanisms are migration of dislocation, sliding
along grain boundaries, and diffusion of vacancies [1, 2]. They are all thermally
activated and are controlled by diffusion of atoms. Therefore, they are temperature- and

time-dependent.
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Some constitutive equations were developed to elucidate each of above mechanisms.
As mentioned in Chapter 1, considering the grain size dependence, the flow stress, o,
can be described as a function of strain rate € and temperature T, in the following

expression:
=20 ()

where n is the stress exponent (and is equal to 1/m, where m is the strain rate sensitivity
exponent), and p and A are constants. Each steady state creep deformation can be
described by equation (2-1) and has specific values of n, and Q by which the mechanism

is identify uniquely.

2.1.1 Diffusional Creep (n=1)

If the high temperature deformation is a result of the matter transport by diffusion, rather
than dislocation movement, the diffusional creep is created. The diffusional creep
(Newtonian viscous creep deformation), which exhibits n = 1 at a very high temperature
where atom diffusion is rapid. It can be divided into Nabarro-Herring creep (diffusion
through the grain lattice) and Coble creep (diffusion through the grain boundary) [3, 4].
Also, the activation energy Q for grain-boundary diffusion is smaller than that for lattice

diffusion [2].

2.1.2 Superplastic Creep (n = 2)
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Superplastic creep in FSS materials is a plastic deformation controlled by grain
boundary sliding. It is characterized by n = 2 (m = 0.5) and an activation energy which
is either equal to the activation energy for grain boundary diffusion Qp [2, 5-6]. The
most commonly considered mechanisms for superplastic deformation involve grain
boundary sliding (GBS), and it is necessary for an accommodation process to
accompany GBS. The accommodation process might be grain boundary migration,
recrystallization, diffusion flow, and some dislocation slip process [2]. Referring to
Gifkin’s core and mantle model (Fig. 2.1) [7], plastic flow can be considered as arising
from two independent processes. In one process, GBS accommodated by slip occurs in
the mantle region, and in the other, slip occurs within the core of each grain. When GBS
process dominates deformation, superplastic creep can occur, and when the latter
process is dominant, the normal creep, which will be explained subsequently, is

expected [1, 2, 7].

2.1.3 Dislocation Creep (n = 3-10)

At high stresses (relative to the shear modulus), creep is controlled by the movement of
dislocation. It has a strong dependence on the applied stress and no grain size

dependence. This dependence is expressed by an equation of the form

. (2)", (2-2)

in this high temperature regime, n has a value between 3 and 10, then (because of this)
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the regime is called dislocation creep. In certain alloys, creep is controlled by the glide
alone because solute atoms impede dislocation motion. This leads to a behavior which
resembles power law creep with n = 3. This group of materials, in which deformation
is controlled by glide of dislocation can also have relatively large elongation [2, 8-9].
Dislocation can acquire a new degree of freedom at high temperature. When the
deformation is controlled by the climb of dislocation, the power law creep is established
with n=4-6. The limb is generally lattice- diffusion controlled, and hence the activation
energy is close to that of volume self-diffusion, Qv. the rate of power law creep are
particularly noted to be independent of grain size [2, 10].

A summary of these various creep mechanisms and their characteristic value are listed

in Table 2.1.

Table 2.1 High temperature deformation mechanisms.

Creep mode Mechanism n Q

Vacancy Diffusion Through the
Nabarro-Herring creep 1 Qu
Grain Lattice

Vacancy Diffusion Along the Grain
Coble creep 1 Qb
Boundary

Superplastic Flow Grain Boundary Sliding 2 Qb

Controlled by Glide step in
Glide-controlled creep 3 Qu
Glide/Climb Mechanism

Controlled by Climb of Dislocation
Power law creep 4-6 Qv
in Glide/Climb Mechanism
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\____/ region

Fig. 2.1 Mantle-like region in superplastic materials.
2.2 Bonding Mechanisms

The processes of solid state bonding can be classified into three stages. During the first
stage, the asperities on both bonding surfaces deform plastically as the bonding pressure
is applied initially. As the instantaneous plastic deformation proceeds, more metal-to-
metal contact is established because of local disruption of the relatively brittle oxide
films. The instantaneous plastic deformation proceeds until the localized effective stress
at the contact area becomes less than the yield strength of materials at the bonding
temperature. The bonded area by instantaneous plastic deformation is less than 10%-
20% and a large volume of voids still remain between localized bonded regions at the
end of the first stage (the initial stage of solid state bonding) [11, 12].

Subsequently, thermally active mechanisms further lead to void shrinkage and it is
assumed that these mechanisms occur independently [13]. The closure of the interfacial
voids can occur by three distinct process: (a) interfacial contact by time-dependent

plastic deformation (power law creep/or superplastic flow); (b) diffusion of atoms from
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volume diffusion

plastic flow — = volume diffusion

interface diffusion

(@) (b) (c)

Fig. 2.2 Schematic illustration of mass transfer for void shrinkage. (a) Interfacial
contact by time-dependent plastic deformation, (b) Mass transfer from the bonding
interface to the void surface, and (c) Surface diffusion from one region of the void

surface to another.

the bonding interface to the void surface via both volume and interfacial path; (c)
surface diffusion from one region of the void surface to another. These process are
illustrated in Fig. 2.2 [14].

The interfacial contact results from the lateral expansion of the supporting material into
the void due to the bonding stress (Fig. 2.2 (a)). The plastic deformation contributes to
the interfacial contact might be power law creep or superplastic flow (just in FFS
materials). The bonding process by plastic flow is restricted as the bonding ratio
increases to about 70% and the second (middle) stage of solid state bonding is
completed. The diffusional mechanism arise as a consequence of the chemical potential
gradient between the stress interface and the surface (stress-free) of the void.
Diffusional creep leads to the void shrinkage further until a sound bond is achieved at
the third (final) stage of bonding.

It's important to note, however, that only the process (a) and (b) shown in Fig. 2.2
actually reduce the volume of the voids. For diffusional mechanisms, the diffusion flow

around the surface of the void (surface diffusion) does not in itself give rise to any

24



reduction in void volume, otherwise it just changes the void shape [14].

It is also pointed out by Takahashi that interface (grain boundary) diffusion and surface
diffusion occur in series, and the surface diffusion step can be ignored because the
coefficient of surface self-diffusion Ds is much greater than that of boundary self-
diffusion Dy [13].

The summary of bonding mechanisms of solid state bonding during different stages is
shown in Fig. 2.3. For FFS materials, after the initial contact by instantaneous plastic
deformation is established, the contact process is controlled by high temperature
deformation. The plastic flow might be power law creep and also superplastic flow just
in case the prerequisite conditions of stress, strain rate, and temperature are obtained.
In the final stage, the diffusional mechanisms such as interface self-diffusion and
volume self-diffusion dominate the bonding process. In the present study, the
predominant bonding mechanisms of solid state bonding of FFS materials will be

investigated by the identification model introduced in next section.

Interface self-diffusion Final stage

& Volume self-diffusion
Sl R S
-
E
0 Power law creep Middle stage
s
2D Superplastic flow (FFS materials)
&
m _______________________________________

instantaneous plastic deformation Initial stage

0

Bonding time (s)

Fig. 2.3 Bonding mechanisms of solid state bonding.
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2.3 ldentification of Predominant Bonding Mechanisms

Based on the existing models of diffusion bonding [12, 13], the void shrinkage
mechanisms can be comprehended under any particular conditions. The models can
also be verified well by the calculation results and the experimental results. Referring
to the identification model proposed by Takahashi [12], the fundamental void shrinkage
mechanisms can be distinguished from experimental date with respect to percentage
bonded area (bonding ratio). In the present study, a modified model with triangular
interfacial voids is proposed to identify the predominant bonding mechanisms including

superplastic deformation for the particular FFS materials [15-17].

Void top ;

Bonded
interface

At =t After t.
(b)

Fig. 2.4 Schematic illustrations for voids on the bonding interface. (a) Cross section
of the voids arranged in regular intervals before bonding. (b) Representation of void

shrinkage from V1 to V2 in the period of ts.
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To simplify the calculation, the cross section of the voids is assumed to be triangular.
In other words, the bonding surface of superplastic material with high deformability is
machined to regular ridges (parallel or circular) and that of non-superplastic hard
material is assumed to be perfectly flat and changeless.

Fig. 2.4 schematically illustrates the cross section of bonding interface during bonding.
Fig. 2.4 (a) shows the initial contact before the instantaneous plastic deformation. The
triangular void (interval of 2Lqo) is used to analyze the void shrinkage during the
bonding. If bonding process occurs in the conditions of high temperature and high
vacuum between similar materials, the influences of inter-diffusion and oxide film can
be ignored [11].

The voids shrinkage 4V (= V2-V1) in the period of ts (= t2-t1) is shown in Fig. 2.4 (b).
The geometrical parameters X, w, and h in Fig. 2.4 are, respectively, half of the bonded
length of a unit, half the void width, and the void height. The dihedral angle of initial
void shape before bonding is aoo and that of void shape during bonding at t = t1 is ao.
The angle ao is different from aoo because the instantaneous plastic deformation is
produced. The angle of void shape can also change during bonding by the plastic flow.
If the volume of 4V is small enough, the dihedral angle can be assumed constant.
Here, it is noted that the flat bonding surface of non-superplastic material can also
deform more or less under the bonding stress and high temperature. But interfacial
deformation mainly occurs on the side of the superplastic metal under identical bonding
conditions, that is, the plastic deformation of the non-superplastic metal need not be
considered.

In general, the instantaneous plastic deformation operates in the bonding ratio less than

20% during the initial bonding stage. In the present study, the set value X; is greater
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than the critical value Xc given by the instantaneous plastic flow, thus, the contribution
of instantaneous plastic deformation to the interfacial contact can be ruled out [15-17].
Referring to the identification model proposed by Takahashi [12], the relation between
bonded area growth 4X and time ts is expressed by

AX =i-(3)n exp(—%j- M{F(L, X, n)l-t, (2-3)

where n is the stress exponent, Ac is a constant, P is the bonding pressure, G is the shear
modulus, F (L, X, n) is a geometrical function of L, X, and n, Q is the activation energy
for creep deformation. ts is the time required to obtain a certain void shrinkage AV
(bonding ratio increment 4S'), AV is roughly proportional to the bonded area increment
AX. If AX is kept constant, M {F (L, X, n)} also becomes constant, ts can be estimated

by 4X whichever mechanism is predominant. The following relations are expressed as

t, o () (2-4)

and if G is assumed to be constant against temperature change,

T _Q 2-5

T exp( RT) (2-5)
is established. T should be designated properly and kept constant and P should be kept
constant during the bonding process. So, the predominant mechanism during solid state
bonding can be identified by the gradients of log ts vs log P and log (T/ts) vs (1/T) plots,
that is, the gradients are the stress exponent, n, and the activation energy, Q, respectively.

According to the characteristic values of high temperature deformation mechanisms,
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the predominant bonding mechanisms can be distinguished from each other.

For instance, the n value is about 4~6 when power law creep is predominant, whereas
the n value is about 2~3 and the Q value is close to the interface self-diffusion activation
energy Qb, in the case of that the superplastic flow is predominant during solid state
bonding. The prediction of predominant bonding mechanism identified by the modified

model is shown in Table 2.2.

Table 2.2 A summary of predominant bonding mechanisms

Stress exponent  Activation energy
Bonding mechanism

n Q
Instantaneous plastic deformation - -
Interface self-diffusion ~1 Qb
\Volume self-diffusion ~1 Qu
Superplastic Flow 2~3 Qb
Power law creep 4-6 Qu
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Chapter 3: Experimental Procedure

To investigate the solid state bonding of superplastic materials in the present study, the
preparation of superplasticity is indispensable. Superplasticity depends on two
prerequisites. The first is the material conditions such as chemical components, and
microstructure (grain size, grain shape, and distribution). Secondly, the conditions of
superplastic deformation including deformation temperature, and strain rate should also
be appropriate [1-4]. Base on the heat treatment for superplasticity, mechanical
characteristics of superplastic steel being bonded are verified by the compression test
to determine the bonding conditions. The superplastic steels with different surface
asperities are prepared and then for the solid-state bonding in the superplastic range of
temperatures and stresses. The analysis of bonding process and microstructure after

bonding are also introduced in this chapter.

3.1 Preparation of Specimens

Fine-structure superplasticity (FSS) requires a stable microstructure with fine, and
equiaxed grain. Dual phase steel can show superplasticity after the heat treatment for
refining microstructure [2, 5].

As shown in the shadow areas of Fig. 3.1, hypoeutectoid steels with the structure of
ferrite and austenite (the ratios are similar) can exhibit superplasticity well.

Superplasticity can also be readily achieved in eutectoid and hypereutectoid steels due
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to the evenly distributed carbides. The superplasticity increases with the rising of
carbon content. The superplastic range of temperatures for carbon steels is close to the
A1 temperature (Lower critical temperature) and the strain rate is usually in the range
of 102s to 10°s? [2, 5-7]. In the present study, high carbon steel SK105 was adopted

to produce superplastic steel.

3.1.1 Heat Treatment

The chemical components of SK105 are similar with that of tool steel TL0A as show in
Table 3.1 [8, 9]. Superplasticity in this kind of high carbon steel can be produced. The
original steel with its coarse pearlite structure (grain size > 10um) shown in Fig. 3.2
cannot exhibit superplasticity behavior. The heat treatment of cyclic phase
transformation was used to refine microstructure. The process which refers to the
treatment of T10A [5, 8-9] is shown in Fig. 3.3. After circular quenching from 1053K
three times, followed by tempering at 473K, fine tempered martensite (grain size:
5~8um) shown in Fig. 3.4 was obtained. The superplastic steel SK105 for solid state

bonding in the present study is produced [10, 11].
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Table 3.1 Chemical components of SK105 and T10A.

Chemical components

Steel
C Cr Mn Si Ni
SK105 0.92 0.18 0.64 0.28 0.09
T10A 0.95~1.04 <0.25 <0.40 <0.35 <0.12
a: Ferrite
v: Austenite
L: Liquid

1673

1473

Temperature (K)
o

-

oty
1073 \Q}\ $T 777777 T+F63C
/ ! I H‘.:: D‘.+F'C3C
873 . uu
! Superplasticity behavior area
Fe 1 2 3 4 5 6

SKA1 (:}5 Carbon content (mass%)

Fig. 3.1 Superplastic region of dual phase steel in Fe-C phase diagram.
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(b) Grain size of original steel

Fig. 3.2 Microstructure of original steel SK105.
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Fig. 3.3 Heat treatment process of superplastic SK105.
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Fig. 3.4 Microstructure of superplastic steel SK105. (a) Tempered martensite

in superplastic steel, and (b) Grain size of superplastic steel.
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Fig. 3.5 Compression test of superplastic steel T10A.
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Table 3.2 Mechanical characteristics of superplastic steel T10A.

Mechanical Characteristics of superplastic steel TL0A

Test Superplastic Strain rate
o/MPa m Q/kJ mol?t
temperatures T/ K £x10%s
Tension 923,1023-1043 1.7-2.0 - 0.35 -
Compression 1003-1043 2.5-5.0 35-45 0.32-0.48  183-194

3.1.2 Mechanical Characteristic

The mechanical characteristics of superplastic steel SK105 including the flow stress o,
m, and Q, should be investigated to set the bonding parameters before the solid state
bonding. So far the superplastic parameters of materials are usually obtained by the
tensile test. However, solid state bonding is essentially based on the interfacial
compression deformation. Therefore, it is necessary to estimate the mechanical
characteristics of SK105 during the superplastic deformation.

Due to the conformity of chemical components and microstructure, the superplastic
behaviors of SK105 can be comprehended by the compression test of T10A [8, 9] as
shown in Fig. 3.5 and Table 3.2.

Likewise, it can be inferred that the fine grained high carbon steel SK104 can show
superplasticity under conditions of superplasticity-causing temperatures (T =
1003~1043K) and flow stresses (o = 35~45MPa). The value of m is larger than 0.3 and
the activation energy, Q, is about 194 kJ mol* which is close to the activation energy

of y-Fe interface (grain boundary) self-diffusion, Q.
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3.1.3 Bonding Surfaces

Bonding specimens SK104 used in the present study are cylindrical and the size is
O 10mmx12mm.

Generally, the actual bonding process controlled by visco-plastic deformation
mechanisms can be influenced by the geometrical factor: initial void shape with the

surface asperity angle aoo, which is defined as

Ogo = tan'l(hoo/Loo), (3-1)

where hoo is the surface asperity height and Loo is half the surface asperity length as
shown in Fig. 2.4(a) before bonding. The initial void shape is changed by the angle aoo.
The interfacial contacting mode which controls the rate of void shrinkage can be
changed by the angle aoo and initial void shape [12-14].

In the present study, superplastic steels with three types of bonding surfaces (as shown
in Table 3.3 and Fig. 3.6) were prepared for the bonding tests.

Specimen 1 and Specimen 2 with relatively coarse and regular bonding surfaces were
adopted to investigate the bonding process controlled by dislocation creep deformation.
Moreover, Specimen 3 with fine bonding surface was for investigating the bonding
process controlled by diffusional mechanisms. The bonding surface of specimen 3 is
not uniform due to the abrasive paper-making. The estimated values of Loo and hoo are
therefore adopted.

It is difficult to make the voids more sharp (00 > 50 deg) or to make the ridges more
fine due to the hardness of high carbon steel. These three types of bonding surfaces of

superplastic SK104 were adopted to identify the predominant bonding mechanisms,
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thus analyzing the influence of surface roughness on the interfacial contacting process.
As mentioned in Section 2.3, the bonding surface of original steel without

superplasticity was machined to be perfectly flat.

Table 3.3 Bonding specimens of superplastic steel.

Specimen  Loo/um  hgo/um  ago/deg Surface description Machining method
1 80 30 20 Concentric circular ridges Lath-machined
2 500 500 45 Parallel line ridges Wire cutting
3 8-15 1.5-4 - One direction ridges Abrasive paper

40


javascript:void(0);

(b)

Fig. 3.6 Appearances of bonding surfaces of superplastic SK104. (a) Specimen 1 with
slightly coarse surface and its cross sectional view, (b) Specimen 2 with coarse

surface, (c) Specimen 3 with fine surface and its surface profile curve.
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3.2 Bonding Apparatus and Bonding Conditions

water-cooled ,/""’

vacuum chamber "

malybdenum heater———

\

specimen — |

thermocouple ———
heater contral unit .
“vacuum
pump system

oadcsll—___ |
air-driven jack | - I

Fig. 3.7 Schematic illustration of bonding apparatus.

Table 3.4 Couple of bonding specimens.

Specimen Steel Bonding surfaces

Specimen 1 slightly coarse
Superplastic
A Specimen 2 coarse
(shown in Fig. 3.6)
Specimen 3 fine

B Original (without FSS) Mirror surfaces
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In order to rule out the influence of high-temperature oxidation, the bonding tests were
carried out in vacuum (atmospheric pressure is 10 Pa). The pressure was applied in
the form of a uniaxial compressive stress. The bonding apparatus is shown in Fig. 3.7.
The couple of bonding specimens as shown in Table 3.4 were heated using a
molybdenum heater and cooled after the bonding pressure was removed. There is no
constraint stress applied to the specimens during heating process due to the balance
control of lower pressing head. Therefore, the bonding time is the period when the
bonding pressure is applied [10-12].

Referring to the mechanical characteristics of SK105 during superplastic compression,
the bonding tests between superplastic steel and original steel were carried out under
several conditions for estimating the time ts required to attain a certain bonding ratio
increment 4S. The bonding temperature was in the range of SK105 superplastic

temperatures (1003~1053K). The range of bonding pressure was 15~60MPa.

3.3 Analysis of Bonding Process
3.3.1 Bonding Surfaces

The bonding ratio S and the void shrinkage AV can be measured by the scanning
electron microscope (SEM) observation of the fracture surfaces and cross section views
(Specimen A in Fig. 3.8) after bonding. As shown, the bonding joints were pretreated
in liquid nitrogen for several minutes to avoid the interfacial plastic deformation during
breaking, thus making the results more accurate.

Choosing an appropriate A4S is necessary for identifying the predominant mechanisms
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in the middle stage of solid state bonding as mentioned in Section 2.3. It takes a long
time to obtain a large value, 4S, when the diffusional mechanisms is predominant under
the conditions of low bonding pressure. Conversely, the estimation of bonded area will
be inaccurate if the set value of A4S is relatively small, compared with the voids size. In
consideration of the feasibility of bonding test and the reliability of results, the set value
of S1, Sz, and 4 are shown in Table 3.5.

Three repetitions of bonding tests under each condition were carried out and the mean
values were used to ensure the accuracy of A4S estimation. It is difficult to detect the
bonded area or to get the time ts directly during the bonding. It is assumed that the
bonding ratio S is linearly dependent on the time t in a relatively narrow range of bonded
area increment. Therefore, ts can be estimated by interpolating the data of several
bonding tests as shown in Fig 3.8, and then the value of n and Q during the bonding

process can be figured out by the identification model.

Fracture

measurement
A

I
1
]
1

Liquid nitrogen ﬁ

Fig. 3.8 Schematic illustration of fracture observation.
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Table 3.5 Pre-setting of bonding process.

Specimen S1 S2 A8 Identification
1 30% 50% 20% Creep flow
2 30% 40% 10% Creep flow
3 65% 2% 7% Diffusional
A

e actual data

e estimated data

>

Fig 3.9 Interpolation method for estimating the time ts.

(tsis the time required to attain a certain bonding ratio increment 45S)
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3.3.2 Microstructure Observation

The predominant bonding mechanisms can be identified by the characteristic value, n
and Q. In addition, the interfacial deformation controlled by fundamental mechanisms
can also be reflected by the interfacial microstructure after bonding. The interfacial
microstructure after etching by oversaturated picric acid were observed by SEM or
optical microscope. As shown in Fig. 3.10, the shadow area of superplastic steel close
to the bonding interface undergo various deformation during bonding process. The
microstructure characteristics including the grain size, and the grain shape were
observed. If the superplastic flow is dominant, the microstructure with superplastic
characters should be remained. In other worlds, there is no obvious grain growth or
shape change. However, unlike the superplastic flow, the grain growth can occur along
with high temperature deformation when the diffusional mechanism or power law creep
is predominant. The equiaxed grains of superplastic steel can also deform along the

direction of bonding pressure.

Superplastic steel

O AN

Bonded
area

Microstructure characteristic

1. Grain size
2. Grain shape

Fig. 3.10 Observation zone of interfacial microstructure.
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Chapter 4: Bonding Process Controlled by High

Temperature Deformation

As mentioned before, the initial stage of solid state bonding is produced by
instantaneous plastic deformation. Subsequently, various creep deformations lead to the
bonding process in the middle bonding stage [1, 2]. In this chapter, the solid state
bonding of superplastic steel (Specimen 1 and Specimen 2) with coarse bonding
surfaces and original steel is investigated under different bonding conditions. The
bonding process controlled by plastic flow can be identified by the characteristic value
(n and Q) during bonding and the microstructure after bonding without considering
diffusional mechanisms. The effect of bonding surface roughness on interfacial contact
process is also discussed. A good understanding of bonding process due to high

temperature deformation is described in this chapter.

4.1 Bonding Tests

Creep deformation dominates the bonding process under the conditions of relatively
high bonding temperatures and coarse bonding surfaces. Therefore, Specimen 1 and
Specimen 2 were adopted to bond with original steel under different bonding pressures
and bonding temperatures. The time ts required to attain a certain bonding ratio
increment 4S5 was measured, thus figuring out the values of n, and Q. The bonding

results are shown as follows.

49



4.1.1 Bonding Results of Specimen 1

Fig. 4.1 shows the bonding process and surface fractures of Specimen 1 at different
bonding stages. The void shrinkage is relatively uniform. The bonded area can be
defined by the fracture shape. The rugged and bright areas are the bonded zones; the
dark areas are the initial surfaces of voids. When the bonding time t = 0 s, the initial
contact, S, is 0%. S; = 20% is set as the Stage 1, for a bonding time of t:. When the
bonding time t; = t1 + t5, S2 = 50% and the bonding ratio increment A4S is set to 20% at
Stage 2.

Fig. 4.2 shows the bonding ratio under different bonding pressures. From the bonding
results, the time ts significantly decreases as the bonding pressure increases. The
bonding ratio is linearly proportional to the bonding time t just in the narrow range

between two experimental results. The interpolation method can be possible. When the

Initial contact Stage 1 Stage 2
Superplastic
steel
~ T T T~ —
Original
steel

superplastic §
steel side

Fig. 4.1 Fractured surfaces of Specimen 1 at different bonding stages.
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Fig. 4.2 Bonding time dependence of bonding ratio in Specimen 1.

bonding pressure P is 40MPa and the bonding time t: is 850s, the bonding ratio S; =
30% is set as Stage 1. Subsequently, the bonding process is continued under different
bonding pressures. Therefore, assuming there is a linear relation between t and S in a
narrow range of 4S8, the bonding time t2, which is to obtain a certain bonding ratio
increment A4S = 20%, can be calculated by using the interpolation method (shown in
Fig. 3.9). The time ts, which is from Stage 1 to Stage 2, can be figured out. After a series
of bonding time ts are attained, the values of n and Q can be calculated by the

identification method introduced in Section 2.3.

4.1.2 Bonding results of Specimen 2

The fractured surfaces of Specimen 2 are shown in Fig. 4.3. Although the void surface
machined by wire cutting is relatively coarse, the bonded area can be separated from

the void surface clearly. The bonded areas are marked by the blue bars while the void
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surfaces are marked by the gray bars. Fig. 4.4 shows the bonding results of Specimen
2 at T = 1023K. Similarly, when P = 35MPa and t = 20 mins, the bonding ratio S; =

30% is set as Stage 1. A linear relation between t and S can be also obtained in a narrow

Bonded
- a

oid surface

(b)
Fig. 4.3 SEM observations of fractured surfaces of Specimen 2.
(@) S1=30%, (b) S2 =40% (T = 1023K, P = 40MPa).
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Fig. 4.4 Bonding time dependence of bonding ratio in Specimen 2.

range of 4S. For Specimen 2, a relatively small bonding ratio increment was adopted
due to the large dimension of voids. Therefore, the bonding ratio S; = 40% is set as

Stage 2. A series of time, ts, can be estimated under different bonding pressures as well.
4.2 Interfacial Contact Process Controlled by Superplastic Flow

The characteristic value of n and Q during bonding process can be calculated by the
time ts from equations (2-4) and (2-5). The interfacial microstructure after bonding can

also indicate the dominant deformation during the bonding process.
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4.2.1 Stress Exponent, n

Fig 4.5 and Fig 4.6 show the bonding pressure dependence of ts under the conditions of
T =1023K and different bonding pressures in Specimen 1 and Specimen 2 respectively.
For Specimen 1, as shown in Fig 4.5, the value of n is different and it changes with the
bonding pressure, as a result of a change of the predominant bonding mechanism. The
value of n is about 2.3 for the bonding pressure P = 37~43MPa. The strain rate
sensitivity index, m (reciprocal of n), is about 0.43. This suggests that superplastic
deformation predominantly contributes to the interfacial contact process. In other words,
superplastic flow-based deformation occurs at the bonding interface at this stage from
a bonding ratio of 30% to 50%.

When the bonding pressure is beyond the range of 37MPa to 43MPa, n is large than 3.
The superplastic flow can no longer be dominant and the predominant bonding
mechanism changes to power law creep, as explained in next section. If the n value lies
between the specific values associated with these two fundamental mechanisms, a
combined effect of these two mechanisms can be expected to occur.

By extending the characteristic curves of the different mechanisms, the intersection
point is obtained. This point can be considered as a transition point of these two
fundamental mechanisms. Thus, the bonding pressure range can be divided into three
regions, as shown in Fig 4.5. When the bonding pressure is in the middle range, P =
34~44.3MPa, the superplastic flow is predominant [3, 4].

Fig 4.6 shows the n value of Specimen 2. The changes in n value of Specimen 2 are
similar to that of Specimen 1. The n value is about 2.52 for the bonding pressure P =

35~40MPa. The m value is about 0.4. It suggests that the interfacial contact process is
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greatly controlled by superplastic deformation. When P = 40~45MPa, the n value is
equal to 2.37 and the superplastic flow predominantly contributes to the bonding
process. The superplastic range of bonding pressure from 35MPa to 45Mpa, which is
basically the same as that of Specimen 1, is obtained. When the n value is close to or
more than 3, the combined effects of two or more distinguishable mechanisms act on

the interfacial contact process [4, 5].

10000 | \ Specimen 1
[ 9\\@ T =1023K
N\ S1=30 %
n=5.74 % _n=4.52 h <o S, =50 %
> AN AS = 20 %
_ . n=2.25
@ 10001 N =351
= 'n=2.34 %\il ho
: : §\\\9
1 " n=3.80"%\
superplastic:
power law creep | creep ! power law creep
20 30 40 50 60 70 80

Bonding pressure P @Pa)

Fig. 4.5 Bonding pressure dependence of ts (Specimen 1).
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Fig. 4.6 Bonding pressure dependence of ts (Specimen 2).

This result, P = 35~45MPa, also correlates well to the superplastic flow stress range of
SK105 obtained from uniaxial compression tests [6, 7]. It should be noted that the
pressure applied to the bonding interface is larger than that of the base metal. However
the compression deformation at the bonding interface is more complicated and it is
different from uniaxial compression. This agreement of pressure is just for reference.
The stress distribution at the bonding interface is needed to be analyze further [3]. Taken
together, only when the stress at the bonding interface meets the demand of superplastic
flow, the superplastic flow-based deformation occurs at the bonding interface.

Superplastic flow can be predominant.
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4.2.2 Activation Energy, Q

Fig. 4.7 shows the temperature dependence of T/ts in Specimen 1. The Q value,
measured by the plot log (T/ts) vs (1/T), is about 189 kJmol™ at T = 1003~1023K and
199 kJmol™ at T = 1023~1053K. The Q values are similar in the superplastic range of
bonding temperatures (T = 1003~1053K). They are between the activation energy of y-
Fe interfacial self-diffusion (Qp = 159 kJmol™) and activation energy of y-Fe interfacial
volume-diffusion (Q, = 270 kJmol™) [8]. They are much closer to Qy. It suggests that
the superplastic flow predominantly contributes to the bonding process.

For Specimen 2 (shown in Fig. 4.8), the Q value is about 205 kJmol® at T =
1023~1053K and 286 kJmol™ at T = 1053~1083K. The Q value increases significantly
with the increase in T and that is due to the change in superplasticity at different bonding
temperatures. In the case of T = 1023~1053K, which is slightly higher than the critical
temperature, this dual-phase fine grained steel shows superplasticity well. The bonding
process is controlled by superplastic flow in the superplastic range of temperatures and
flow stresses. The Q value during superplastic solid state bonding is much close to Qb.
This is a reliable evidence of the predominance of superplastic deformation, a grain
boundary phenomenon, during the interfacial contact process [4, 5]. The most
commonly considered mechanisms for superplastic flow involve grain boundary sliding
(GBS) and an accommaodation process accompanying GBS [9, 10-11]. This fact is well
represented by the Q value of both Specimen 1 and Specimen 2.

The grain growth leads to weaker superplasticity at T = 1053~1083K, which is beyond
the range of superplastic temperatures. The Q value is closer to the activation energy of

v-Fe volume self-diffusion Q.. It suggests that the predominant bonding mechanism
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turns into power law creep, as explained in next section [4, 5].
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Fig. 4.7 Bonding temperature dependence of T/ts in Specimen 1.
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Fig. 4.8 Bonding temperature dependence of T/ts in Specimen 2.
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4.2.3 Microstructure Characteristic

As mentioned in Chapter 1, the microstructure should be steady during the superplastic
creep deformation, that is, there is no obvious grain growth and the grain can keep
equiaxed after deformation [7, 12]. If superplastic flow is predominant, a typical
superplastic microstructure should be maintained. In the present study, after etching by
picric acid solution, the interfacial microstructure of superplastic steel after bonding
was investigated.

It is difficult to observe the microstructure near the void surface of Specimen 1 clearly
due to the small void size and the high carbon content. In the case of Specimen 2, the
interfacial microstructure of area A is shown in Fig. 4.9. The austenite grain size keeps
constant (less than 10um) and the grain shape is still equiaxed. This is a typical

characteristic of superplastic creep. It can be inferred that the interfacial deformation

Fig. 4.9 Microstructure of area A in superplastic steel after bonding.

(T =1023K, P = 40MPa, t = 45min)
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contributed to the bonding process is basically superplastic flow. That is, the interfacial
contact process is controlled by superplastic flow under the bonding condition ns of

superplastic temperatures and pressures.

4.3 Interfacial Contact Process Controlled by Power Law Creep

As described in the previous section, the predominant bonding mechanism can be
different because the interfacial stress is always changing during the bonding process.
If the interfacial stress is in the range of superplastic flow stress, the superplastic creep
can be predominant. Whereas when the interfacial stress is beyond the superplastic flow
stress, the bonding process should be controlled by other creep mechanism, that is,

power law creep.

4.3.1 Stress Exponent, n

As shown in Fig. 4.5, the n value of Specimen 1 is large than 4.5 when P < 37MPa. It
suggests that power law creep is predominant. The n value can reach to 5.74 when P <
30MPa. This result is also consistent with the value of n = 6 provided by Takahashi [2].
The specific value for power law creep is reconfirmed in the present study. The n value
is lower than 3 when P is in the superplastic range of bonding pressure and hence the
bonding process is controlled by superplastic flow. Subsequently, as the bonding
pressure increases, the n value increases further and it is larger than 3.5 when P >

43MPa. The creep mechanism becomes increasingly influential and the effect of
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superplastic flow is weakened significantly. The predominant mechanism thus in effect
comes back to exhibit power law creep [4, 5].

For Specimen 2, as shown in Fig. 4.6, the n value is about 3.31 when P < 37MPa. In
the case of such bonding pressures, the interfacial deformation should be made up of
common creep (power law creep) and superplastic creep. Superplastic flow is not yet
predominant, though it occurs at the bonding interface more or less. The power law
creep-based deformation predominantly contribute to the bonding process. The n value
decreases gradually as the pressure increases, as a result of a change in the predominant
bonding mechanism. The n value is about 2.5 (m = 0.4) for the bonding pressure P =
35~45MPa.

The interfacial contact process is assuredly controlled by superplastic flow. The n value
increases gradually as P increases further and it is close to 3 when P > 45MPa, the effect
of superplastic flow on interfacial contact process decreases and the power law creep

mechanism becomes increasingly influential.

4.3.2 Active Energy, Q

As shown in Fig. 4.8, in the case of Specimen 2, the values of Q are very different at
different ranges of bonding temperature. It is due to the change in predominant bonding
mechanism.

When T = 1023~1053K, which is in the range of superplastic-causing temperatures, the
superplastic flow-based deformation occur under appropriate bonding pressures. The Q
value during superplastic solid state bonding is much close to Qp. as the same as

Specimen 1. With increasing T, more carbides are dissolved, and hence the limiting
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effect of second phases (fine carbide) on grain growth is weakened. The stability of
grain size concomitantly reduces. In the case of T = 1053~1083K, the superplastic steel
cannot show superplastic behavior at such high temperatures. The interfacial
deformation is mainly common creep. The Q value is basically equal to the activation
energy of y-Fe volume self-diffusion, Q. It suggests that the interfacial contact process
is controlled by power law creep [3-5].

It can be also inferred that if T is relatively lower than the superplastic temperature, for
instance, T < 1003K, the superplastic flow should be restrained. The predominant
bonding mechanism must be power law creep under the same condition of bonding

pressure.

4.3.3 Microstructure Characteristic

Chapter 2 presents several mechanisms for high temperature deformation. For the solid
state bonding of high carbon steel, if the interfacial deformation is climb-controlled
creep, the grain can be elongated in the direction of plastic flow and the grain growth
can be also observed [13]. This is a typical microstructure of common creep

deformation.
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Fig. 4.10 Void surface of Specimen 2 after bonding.

(T =1023K, P = 45MPa, t = 50min)

In the same way, the interfacial microstructure (void surface) of Specimen 2 after
bonding is shown in Fig. 4.10. Obviously, the microstructure after bonding changes.
The microstructure characteristics of climb-controlled creep including slight grain
growth, and grain deformation are obtained. It suggests that the bonding process is

controlled by power law creep.

4.4 Effect of Geometrical Factors of Surface Asperity

If the visco-plastic deformation mechanisms, such as power law creep or superplastic
flow, are predominant, the actual bonding process can be affected by the geometrical
factor: initial void shape with the surface asperity angle aoo (as shown in Fig. 2.4 (a)
before bonding).

The initial void shape is changed by the angle aoo and the interfacial contact mode can
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also be changed by the initial void shape. That is, surface folding (mode 1) is dominant
in the region of aoo < 30 deg; interfacial expansion (mode I1) is dominant in the region
of aoo > 45 deg; both of surface folding and interfacial expansion (mode transition I-11)
work, for ago = 30~45 deg [14, 15].

The interfacial contact modes controlled by power law creep have been confirmed
experimentally [15]. However, there has been an unclear point for the solid state
bonding of superplastic materials. It is necessary to confirm the effect of geometrical
factors on the contacting modes due to the superplastic flow. A better understanding of
bonding process can be obtained.

It was difficult to make the void more sharp (aoo > 50 deg) due to the hardness of high
carbon steel SK105. Specimen 1 (aoo = 30 deg) and Specimen 2 (aoo = 45 deg) are
therefore adopted to do a comparison, thus analyzing the influence of initial void shape
on the interfacial contact process during superplastic solid state bonding.

In consideration of the slight inward shrinkage of original steel by instantaneous plastic
deformation, the actual surface asperity angle ao should be slightly less than the angle
aoo Of initial void shape. In such experimental condition, the angle «o is supposed to be
constant in a relatively narrow range of bonding ratio increment. In case of Specimen
2, the void shrinkage AV is exactly measured by the void area, while the bonding ratio
S is measured by the fracture surfaces. The 4V dependence of the bonding ratio S is
shown in Fig. 4.11.

As seen in this figure, the 13.3% initial binding ratio is obtained by instantaneous plastic

deformation at +0s. The void shrinkage 4V increases with the bonding ratio S during
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Fig. 4.11 Void shrinkage dependence of the bonding ratio S

the whole bonding process (S < 50%). The analysis result shows that the growth of AV
is as quadratic function curve (red dotted line). While in a relatively narrow range of
bonded area, S = 32~48% shown in this figure, the linear relationship between S and
AV (blue solid line) is presented. It suggests that the 47 is roughly proportional to
bonding ratio S due to the single predominant bonding mechanism, superplastic flow.
In other word, the angle a0 keeps constant during the bonding process from Stage 1 to
Stage 2. The prerequisite of the identification model shown in Section 2.3 is confirmed
[4].

The contact processes of both Specimen 1 and Specimen 2 are shown in Fig. 4.12 and
Fig. 4.13 respectively. The deformation for void shrinkage mainly occurs on the side of
superplastic steel and the void shape keeps approximately constant during the bonding

processes.
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Fig. 4.12 illustrates the void shrinkage process with small surface asperity angle aoo =
20 deg of Specimen 1. Relatively large instantaneous plastic deformation occurs in the
area of primary contact due to the high pressure. The void tip surface formed by original
steel slightly shrinks inward and hence the actual surface asperity angle ao is slightly
less than the angle aoo of initial void shape. This type of narrow void can be described
as Lens-type (a0 = 10~15 deg). The bonding ratio S; = 30% is obtained when the
bonding time t = 800s and S, = 50% is obtained while t = 1800s. The bonding increases
rapidly as the bonding time increases in Lens-type process. The bonding rate dS/dt of
Specimen 1 can be roughly equal to 2x10*s™ when S = 30~50% [3, 4].

The interfacial contact process of Specimen 2 is shown in Fig. 4.13. The area A near

the void surface of superplastic steel is adopted to investigate the typical microstructure

t=1800's '

Fig. 4.12 Lens-type contact process of Specimen 1 (1023K, 40MPa).
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t=3900s

Fig. 4.13 Massif-type contact process of Specimen 2 (1023K, 40MPa).

characteristic of superplastic behavior (as shown in the inset of Fig. 4.9). For the
convenience of measuring S and AV, the larger Loo and aoo are adopted in Specimen 2.
Like the Lens-type process, the asperity angle of void shape during the bonding process
is slightly less than the in initial value aoo. This type of sharp void can be described as
Massif-type (a0 = 40~45 deg). The void shrinkage is uniform as the bonding time
increases. The bonding ratio S; = 30% is obtained when the bonding time t = 1200s and
approximately 40% bonding ratio is finally obtained while t = 3900s. The average
bonding rate of Specimen 2 is about 3.7x10°s* when S = 30~40% [4, 5].

By comparing these two types of interfacial contact processes, there is a significant
difference of bonding rate and it is due to the effect of void shape with the surface
asperity angle ao. The bonding rate of Lens-type is 5 times larger than that of Massif-

type. This is the effect of geometrical factor on the bonding process.
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According to the finite element model proposed by Takahashi [15], there are two modes
of visco-plastic interfacial contact process. One of them is the void surface folding
which becomes dominant for fine surface asperity (oo < 30 deg). The other is the
interfacial expansion of the bond interface which becomes dominant for sharp surface
asperity (ao > 45 deg).

The experimental results show that high bonding rate is achieved in the Lens-type
contact process due to the surface folding (mode 1) for ao = 15~20 deg. In the mode of
surface folding, the faying surface overlaps readily and the bonding ratio increases
rapidly with the bonding time. However, the contacting mode turns into interfacial
expansion (mode I1) with the ao increases. In the mode transition I-11 (a0 = 30~45 deg),
the bonding process is affected by both of surface folding and interfacial expansion
while the bonding rate is inhibited at the middle stage of bonding (S = 35~70%) [4, 15].
For the Massif-type contact process, ao is relatively large. Although the void top folding
occurs, the bonding rate is inhibited due to the low void tip folding (shown in Fig.
2.4()). Therefore, low bonding rate is obtained due to the constraint by mode transition
I-11 for a0 = 40~45 deg. This result agrees well with the numerical simulation [15].
These two contacting modes produce the effect of the initial void shape on the
interfacial contact process and change the bonding rate distinctly. Assuming more sharp
initial void shape with larger surface asperity angle (a0 > 60 deg) is adopted, it can be
inferred that the bonding process is controlled by interfacial expansion completely and
the bonding rate is similar as that of mode I, although contacting modes are different
[14, 15].

It is important to note that, the change in bonding mechanisms keep constant even the

bonding surfaces are different. In other words, the geometrical factor of surface
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roughness (void shape) don’t change the predominant bonding mechanisms and it can

only influence the bonding process.

4.5 Conclusions

The solid state bonding of superplastic steel and original steel with different initial void

shapes was investigated under different bonding conditions. The bonding process was

analyzed by characteristic value of n, and Q. Two predominant bonding mechanisms
for solid state bonding were discussed on the basis of the identification model. The
discussion is summarized as follows.

1) The predominant bonding mechanisms can be identified by measuring the stress
exponent, n value and activation energy, Q value.

2) Superplastic flow played a dominant role during the interfacial contact process from
a bonding ratio of 30% to 50%, under the conditions of bonding temperature T =
1023~1053K and bonding pressure P = 35~45MPa. The superplastic solid state
bonding is just produced in the middle bonding stage under the conditions of T =
1023~1053K and P = 35~45MPa.

3) Superplastic deformation cannot be always predominant even though it occurs
during the solid state bonding of superplastic steel. If the bonding temperatures and
the interfacial flow stresses are out of the appropriate range for superplastic flow.
The bonding process should be controlled by power law creep.

4) The bonding process is similarly affected by the geometrical factor: initial void
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shape with the asperity angle ao. Surface folding is dominant during the Lens-type
contact process of ao = 10~15 deg which shows a high bonding rate. On the other
hand, the Massif -type contact process of oo = 40~45 deg is controlled by both
surface folding and interfacial expansion modes. Meanwhile, a low bonding rate is
achieved due to the constraint of contact process. The different contacting modes
produce the effect of the void shape as a geometrical factor on the interfacial contact
process and change the bonding rate.

5) The geometrical factor of surface roughness (void shape) can just influence the
bonding process and it is independent to the bonding mechanism. In other words,
even if the surface roughness changes, the identification of the predominant

bonding mechanism is established.
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Chapter 5: Bonding Process Controlled by Diffusional

Mechanism

In previous chapter, the interfacial contact process controlled by high temperature
deformation in the middle bonding stage has been discussed. As bonding process
continues, the interfacial stress decreases with the increase in bonding ratio. The
diffusional mechanism such as interface self-diffusion and volume self-diffusion
becomes dominant in the final bonding stage rather than the deformation mechanisms
[1]. In this chapter, the solid state bonding of superplastic steel (Specimen 3) with fine
bonding surfaces and original steel is investigated. The bonding process controlled by
Newtonian deformation due to vacancy diffusion flow can be identified by the

characteristic values of n, and Q.

5.1 Bonding Results

Newtonian deformation dominates the bonding process under the conditions of
relatively low bonding pressures and fine bonding surfaces [1, 2]. Therefore, Specimen
3 is adopted to bond with original steel and the bonding results are shown as follows.
Fig. 5.1 shows the bonding surfaces of superplastic steel at different bonding stages. As
shown in Fig. 5.1(a), the ridges on the bonding surface made by abrasive (emery) paper
are not uniform. The void distance can be estimated by the linear intercept method, that

is, the void points in unit distance (red points shown in this figure) are calculated and
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surface before bonding

(@) Initial

(b) Fractured surface at Stage 1

(c) Fractured surface at Stage 2

Fig. 5.1 SEM observation of bonding surfaces (Specimen 3).
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the average value range (2Loo = 15~30 um) can be obtained. The half void distance L
can also change during the bonding process due to the uniform distribution of ridges.
From the Fig. 5.1(b) and (c), the bonded area can be distinguished by the bright zone
and the void surface is marked by the dark zone. The bonding ratio can be estimated by
the percentage of bright area.

When the bonding pressure is 40MPa and the bonding time t; is 30mins, the bonding
ratio S1 = 65% is obtained by the creep deformation and it is set as Stage 1. The half
void distance is marked as L1. And then, the bonding process continues under relatively
low pressures. The diffusional mechanisms can therefore be predominant. When the

bonding ratio increment 4S5 = 7%, S2 = 72% is set as Stage 2 and the half void distance

superplastic
steel
VOld / ] 3pm
original
steel (a) 3 Opm

L

(b)

4

(c)

Fig.5.2 Schematic illustration of bonding process.

(a) Initial stage, (b) Stage 1, and (c) Stage 2.
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Table 5.1 Bonding surfaces at different bonding stages.

Stage Bonding time Bonding ratio Half void distance Estimated value of L

Initial 0 0 Loo 8~15 um
1 t1 S1=65% L1 10~20um
2 to S2=72% L2 30~60um

increases to L as shown in Fig. 5.1(c). The bonding process is schematically illustrated
in Fig. 5.2 and the geometrical factor of half void distances at different bonding stages

are shown in Table 5.1.
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Fig. 5.3 Bonding time dependence of bonding ratio.
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Fig. 5.3 shows the bonding results at 1023K under different bonding pressures.
Relatively long bonding time t is required to obtain a certain bonding ratio increment
under low pressure. The linear relationship between bonding ratio S and bonding time
t is also obtained. The interpolation method explained in Section 3.3 can be possible.
That is, the dot-dashed line for S = 72% shown in this figure can be inserted to estimate
the bonding time t, for stage 2. The time ts, which is from Stage 1 to Stage 2, can be

calculated for investigating the predominant bonding mechanism.

5.2 Interfacial Contact Process Controlled by Diffusional Mechanism

The characteristic values of n and Q during the bonding process can be calculated by

the time ts as Specimen 1 and Specimen 2.

5.2.1 Stress Exponent, n

Fig. 5.3 shows the bonding pressure dependence of ts under the conditions of T = 1023K
and relatively low bonding pressures. As shown in this figure, the value of n changes
with the bonding pressure. When the bonding pressure P = 10~20MPa, the n value is
about 0.6 and it is less than unity. It suggests that the bonding process is controlled by
diffusional mechanism (Newtonian deformation) and there is no creep deformation for
the interfacial contact process. With the bonding pressure increases, the dislocation
creep deformation becomes more important to the bonding process. The value of n can
research to 1.6 for P = 20~30MPa and it suggests that a combined effect of two or more

fundamental mechanisms act on the void shrinkage process.
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Fig. 5.4 Bonding pressure dependence of ts (Specimen 3).

In the case of P = 10~20MPa, the interfacial stress is low enough for the dislocation
creep to be ignored in the final bonding stage. So that the dislocation creep cannot occur
in the final bonding stage (S > 65%). In other words, the diffusional mechanism can be
predominant. The void shrinkage rate (dV/dt)qir due to the diffusional mechanisms

(interface self-diffusion and volume self-diffusion) is expressed [2, 3] by

(@) = 5w G =5 (862 + 1) (5

where 2 is the atom volume, k is Boltzman’s constant, ¢ is the interfacial stress the
sign of which is minus (P = - o), ys is the surface tension, r is the curvature radius of
void tip as shown in Fig. 5.2, &, is the thickness of interface diffusion layer, Dy is the

interface (grain boundary) self-diffusion coefficient, and Dy is volume self-diffusion
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coefficient. The initial bonding surface of Specimen 3 is so fine that r is large enough.
If the term (ys/r) is much less than (¢/S), the ts is proportional to 1/P and n = 1 can be
obtained. As the bonding process continues, the void shape changes to be compressed
and r decreases. When the term (ys/r) is not negligible, the n value less than unity can
be obtained [2].

In the case of P = 20~30MPa, the value of n is larger than unity. It suggests the
interfacial contact is contributed not only by Newtonian deformation but also by
dislocation creep deformation. That is, power law creep deformation is expected to
occur more or less at the bonding interface. As the bonding pressure increases further,
the effect of dislocation creep deformation can be more important and the predominant

bonding mechanism can change to power law creep.

5.2.2 Activation Energy, Q

The activation energy Q during the bonding process can be calculated by the time ts at
different bonding temperatures from equation (2-5).

Fig. 5.5 shows the bonding temperature dependence of T/ts in Specimen 3 under P =
20MPa. The Q value, measured by the plot log (T/ts) vs (1/T), is about 311 kdmol* at T
= 1023~1053K while it is about 263 kJmol™ at T = 1053~1083K. The activation energy
of Q = 288 kJmol? can be obtained in the whole range of bonding temperatures. The
value of Q is close to or larger than Qv during the bonding process [4]. It suggests that
the volume self-diffusion predominantly contributes to the void shrinkage process.

It is well known that the diffusion in superplastic materials with fine grain size is
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interface (grain boundary) self-diffusion based [5, 6]. However, the experimental results
show that the volume self-diffusion dominates the bonding process. It is due to the
change in void distance. As mentioned in previous section, the void distance of 2L
increases obviously because the void ridges at bonding surface are not uniform.

From the equation (5-1), the term (2LDy /x) can increase with the increase in L and the
volume self-diffusion becomes more important. The void shrinkage should hence be
controlled by volume self-diffusion.

Furthermore, the bonding process is also influenced by the bonding materials. In such
bonding condition, the original steel with coarse microstructure is adopted to bond with
the superplastic steel. Fig. 5.6 shows the diffusion occur at the bonding interface

between the superplastic steel and original steel. The bonded area with high vacancy

5 1083K Specimen 3
P =20MPa
|
1053K S =650
® 1025 263 KImol S =72%
S i AS = T%
% ~_/ 311kmor ’
vm 0.1 - /
=
&V:z?o kJ mol™
\Qb:159 kJ mol™
001 ........ | I S T ST T T ' | IR S T T T T | I T R R S T | IR S T R T
8.5 9 9.5 0 105 11

Reciprocal temperature 1/T (x107K)
Fig. 5.5 Bonding temperature dependence of T/ts in Specimen 3.
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density is marked by the red line. The atoms diffuse to the void surface. In the fine
grained superplastic steel, the abundant grain boundaries offer the diffusion path for
void shrinkage. Therefore, the diffusion in superplastic steel is mainly interface self-
diffusion [5, 7]. On the other side, the grain size of original steel is larger than the void
size, the diffusion in original steel should be volume self-diffusion based. Assuming the
effect of diffusion in both sides are equivalent, the volume self-diffusion can be
dominant and the experimental result of Q value, which is close to Qu, is credible.

In the case of solid state bonding between superplastic steel and superplastic steel, the
diffusion process contributed to the void shrinkage should be controlled by the interface
self-diffusion and the activation energy Q during the bonding process is close to Qb can

be predicted.

Interface Grain boundary
self-diffusion self-diffusion
: ' Superplastic

" ".“.‘ steel
"lb@‘e-"“!!" Bonding
' interface
: \ QOriginal
Volume steel
self-diffusion Bonded area void

Fig. 5.6 Schematic illustration of diffusion for void shrinkage.
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5.3 Conclusions

The solid state bonding of superplastic steel and original steed in the finial bonding

stage was investigated. The bonding process controlled by diffusional mechanisms was

identified by the characteristic values of n and Q. Two fundamental diffusional

mechanisms for solid state bonding were also discussed. The summary of discussion is

as follows.

1)

2)

3)

4)

5)

6)

The predominant bonding mechanism can be identified by the characteristic value
of n, and Q during the bonding process.

Diffusional creep predominantly contributes to the interfacial contact process from
a bonding ratio of 65% to 72%, under the conditions of relatively low bonding
pressure P = 10~20 MPa and bonding temperature T = 1023~1083K.

If the diffusional mechanism is predominant, the value of n is equal to unity and it
can be less than unity due to the flattening of void shape.

The diffusion type can be also distinguished by the active energy Q value. In other

words, the value of Q is much close to Qo when the grain boundary self-diffusion
dominates. While the value of Q is much close to Qy in the case of volume self-
diffusion based Newtonian deformation is predominant.
For the solid state bonding between superplastic steel and original high carbon steel,
the bonding mechanism under low bonding pressures can be controlled by
diffusional creep and influenced by grain size of the original steel. The predominant
bonding mechanism depends on the combined effect of both bonding materials.

Even though the bonding materials can show superplasticity behavior and the
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superplastic flow can occur during the bonding process, the diffusional bonding

mechanisms are predominate in the final bonding stage for a sound bond.
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Chapter 6: Conclusions

The present research focused on the superplastic deformation in the solid state bonding
and its effect on the interfacial contact process. The solid state bonding of fine grained
high carbon steel SK105 with different surface roughness was investigated using the
existing identification model. The predominant bonding mechanisms in different
bonding stages were identified by the characteristic values of n and Q. The influence of
geometrical factors of surface asperity and microstructure on the bonding process were
also discussed.

In Chapter 1, the superplasticity behavior of Fine-structure materials and its evaluation
indexes were explained at first to show the advantages of superplastic materials for the
solid state bonding. In the next step, the solid state bonding and its modeling were
overviewed extensively and the current researches on solid state bonding of superplastic
materials were introduced. The identification of predominant bonding mechanism and
the description of the effect of superplastic flow were extracted as the objective. A better
understanding of solid state bonding with superplasticity can be described and the
bonding process can be predict and optimized.

In Chapter 2, the basic theories of high temperature deformation and the bonding
mechanisms were described. The identification model of predominant bonding
mechanism was also explained in detail.

In Chapter 3, the experimental procedure employed in the present study was described.
The selection of high carbon steel and its preparation for superplasticity were exhibited

at first. The requirements for superplastic flow were investigated to determine the
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bonding conditions. The bonding specimens with different bonding surfaces were

prepared for the solid state bonding. The measurement method for the characteristic

value of n, and Q and the characteristic microstructure after bonding were also

described.

In Chapter 4, the solid state bonding of superplastic steel and original steel with

different initial void shapes was investigated under different bonding conditions. The

bonding process was analyzed by characteristic value of n, and Q. Two predominant

bonding mechanisms for solid state bonding in the middle bonding stage were discussed.

The following points were clarified.

1)

2)

3)

The predominant bonding mechanisms can be identified by measuring the stress
exponent, n value and activation energy, Q value. Superplastic flow played a
dominant role during the interfacial contact process from a bonding ratio of 30% to
50%, under the conditions of bonding temperature T = 1023~1053K and bonding
pressure P = 35~45MPa. The superplastic solid state bonding is just produced in the
middle bonding stage under the conditions of T = 1023~1053K and P = 35~45MPa.
Superplastic deformation cannot be always predominant even though it occurs
during the solid state bonding of superplastic steel. If the bonding temperatures and
the interfacial flow stresses are out of the appropriate range for superplastic flow.
The bonding process should be controlled by power law creep.

The bonding process is similarly affected by the geometrical factor: initial void
shape with the asperity angle ao. Surface folding is dominant during the Lens-type
contact process of ap = 10~15 deg which shows a high bonding rate. On the other
hand, the Massif -type contact process of ao = 40~45 deg is controlled by both

surface folding and interfacial expansion modes. Meanwhile, a low bonding rate is
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4)

achieved due to the constraint of contact process. The different contacting modes
produce the effect of the void shape as a geometrical factor on the interfacial contact
process and change the bonding rate.

The geometrical factor of surface roughness (void shape) can just influence the
bonding process and it is independent to the bonding mechanism. In other words,
even if the surface roughness changes, the identification of the predominant

bonding mechanism is established.

In Chapter 5, the solid state bonding of superplastic steel and original steed in the finial

bonding stage was investigated. The bonding process controlled by diffusion

mechanisms was identified and two fundamental diffusional mechanisms were also

discussed. The following points were clarified.

1)

2)

3)

4)

Diffusional creep predominantly contributes to the interfacial contact process from
a bonding ratio of 65% to 72%, under the conditions of relatively low bonding
pressure P = 10~20 MPa and bonding temperature T = 1023~1083K.

If the diffusional mechanism is predominant, the value of n is equal to unity and it
can be less than unity due to the flattening of void shape.

The diffusion type can be also distinguished by the activation energy Q value. In
other words, the value of Q is much close to Qn when the grain boundary self-
diffusion dominates. While the value of Q is much close to Qv in the case of volume
self-diffusion based Newtonian deformation is predominant.

For the solid state bonding between superplastic steel and original high carbon steel,
the bonding mechanism under low bonding pressures can be controlled by
diffusional creep and influenced by grain size of the original steel. The predominant

bonding mechanism depends on the combined effect of both bonding materials.
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5) Even though the bonding materials can show superplasticity behavior and the
superplastic flow can occur during the bonding process, the diffusional bonding

mechanisms are predominate in the final bonding stage for a sound bond.

A further discussion on the solid state bonding of superplastic materials is necessary. In
general, the superplastic solid state bonding was produced under appropriate bonding
conditions and it was confirmed by the characteristic values of n, and Q. The influences
of surface roughness and material microstructure on the bonding process were also
discussed in the present study.

However, superplastic flow cannot always predominantly contribute to the bonding
process. It just acts on the interfacial contact process in the middle bonding stage when
the interfacial stress is appropriate. There are still three unfinished points needed to be
research in the next step.

Firstly, the interfacial stress contributed to the void shrinkage should be analyzed clearly.
The stress distribution at the bonding interface is critical to the superplastic flow during
the bonding process. The maximization of effect of superplastic flow can be achieved
by adjusting the bonding pressures. That is, more efficient solid state bonding controlled
by superplastic deformation can be obtained.

Next, the bonding process, especially bonding rate, is greatly influenced by the contact
modes produced by the geometrical factor of surface roughness. The prediction of
bonding time required to attain a sound bond is possible under different bonding
conditions of surface roughness. The bonding process can be optimized further on the
basis that the predominant bonding mechanism is established.

Finally, the present study is based on the solid state bonding between dissimilar
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materials (superplastic steel and non-superplastic steel). As described in Chapter 5, the
bonding process including the predominant bonding mechanism can be influenced by
the bonding material. Considering the solid state bonding between superplastic

materials, a more comprehensive description of bonding process is needed.
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