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CHAPTER 1

INTRODUCTION

1.1 Progress in research on superplasticity

Superplasticity is the ability of a polycrystalline material to exhibit, in a
generally isotropic manner, very high tensile elongations prior to failure.
Elongations of ~ 500% are common in superplastic metals. In an aluminum-
bronze alloy, an extremely large elongation of more than 8000 % is
recorded (Fig. 1.1 [1]). The detailed study on superplasticity was originally
conducted in the Pb-Sn and Bi-Sn eutectic alloys by Pearson in 1934 [2]. He
showed a tensile elongation of 1950 % without failure. To data, research on
superplasticity has advanced, and superplasticity has been utilized in industrial
applications because complex shaped components can be produced readily by
superplastic forming.

Recently, it has been demonstrated that superplasticity is attained for
materials exhibiting poor workability such as ceramics [3], intermetallics [4]
and metal matrix composites with discontinuous reinforcements [5]. In
addition, it has been demonstrated that very fine-grained materials exhibit
superplastic behavior at extremely high strain rates (> 1 s-1) for metals [6-8].
Overview of superplastic behavior as a function of strain rate for aluminum
based materials is shown in Fig. 1.2 [9]. Superplastic behavior is attained at
strain rates of ~ 10-3 s-1 for a superplastic 7475 Al alloy, which is a typical
superplastic aluminum alloy. On the other hand, IN 9021 & 90211 Al alloys

show superplasticity at extremely high strain rates > 1 s-1. High strain rate
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Fig. 1.2 Overview of superplastic behavior as a function of strain rate for
aluminum based materials [9].



superplasticity is very attractive for commercial applications because one of
the current drawbacks in superplastic forming technology is a slow forming
rate, which is typically ~ 10-3 s-1. However, the origin of high strain rate
superplasticity is the subject in some debate. It is important to investigate
microstructural control for high strain rate superplasticity and understand the
deformation characteristics and mechanisms not only for scientific aspects, but

also for industrial applications.

1.2 Review of superplasticity
1.2.1 Types of superplasticity

There are two types of superplasticity: internal stress superplasticity and
structural (fine-grain) superplasticity. Internal stress superplasticity is attained
when a low stress is externally applied in some materials in which internal
stress can be developed, for example, during thermal cycling [10-12]. A high
strain rate sensitivity = 1 is obtained and the dominant deformation process is
a slip deformation mechanism for internal stress superplasticity.

Structural superplasticity is attained when the requirements of the testing
conditions (for example, T 20.5 T,,) and the microstructures of a materal
(for example, d < /0 pum for metals) are satisfied [13], where T is a testing
temperature, Ty, is the melting point and d is the grain size. A high strain rate
sensitivity > 0.3 is obtained and the dominant deformation process is grain
boundary sliding for structural superplasticity. The materials used in the

present investigation belong to structural superplasticity.

1.2.2 Grain refinement
It is recognized that a small and stable grain size is microstructural
requirement for structural superplasticity. In general, a small grain size, (but

not necessarily) less than 10 um is required to attain superplasticity for
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metallic materials. Therefore grain refinement is important for the
development of superplastic materials. Several methods are available for
grain refinement: phase transformation, phase separation in duplex alloys and
mechanical working/thermo-mechanical treatment with recrystallization in
duplex alloys and pseudo single phase aHoys [14,15]. The mechanical
working/thermo-mechanical treatment is an important grain refinement
method for materials showing no phase transformation and no phase
separation. Schematic illustration of grain refinement due to mechanical
working with recrystallization is shown in Fig. 1.3 for duplex alloys [14] and
in Fig. 1.4 for pseudo single phase alloys [14]. For duplex alloys, working
would fragment the harder phase and the softer phase would infiltrate and
separate the harder phase, and then fine equiaxed grain structure can be
developed by recrystallization.

For pseudo single phase alloys, particles play a vital role in grain
refinement. Namely, large particles (> about 1 um) cause high dislocation
density by mechanical working, resulting in acceleration of nucleation for
recrystallization, and fine particles (< approximately 0.1 pm) restrict grain
growth during recrystallization. Finally, large particles are required to
dissolve because large particles hamper grain boundary sliding which is the
dominant deformation process of superplasticity. Many superplastic materials
have been developed by the mechanical working/thermo-mechanical treatment
for pseudo single phase alloys [16-23]. For example, Wert et al. [16]
developed a grain refinement method for a commercial Al-Zn-Mg-Cu (7075)
alloy, which is a pseudo single phase alloy, by thermo-mechanical treatment
including solution treatment, over age, hot rolling and static recrystallization
treatment. A small grain size of about 10 Um was attained by the thermo-
mechanical treatment and the fine-grained aluminum alloy showed superplastic

behavior at ~ 10-4 s-1. Thus, grain size control for materials exhibiting
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Fig. 1.3 Schematic illustration of grain refinement due to mechanical
working for duplex alloys [14].



fine (submicron} particles

large (micron) particles

elongated grains

large particles cause
high dislocation density

recrystallization

SOOI

YRR,

{i"‘.‘j‘.& small particles inhibit
LYK grain growth
S

large particles dissolve
by rapid heating

Fig. 1.4 Schematic iilustration of grain refinement due to mechanical
working for pseudo single phase alloys [14].



superplasticity at ~ 10-4 s-1 has been advanced. However, microstructural
control for high strain rate superplastic materials is not sufficiently

understood.

1.2.3 Deformation characteristics of superplastic materials

The relationship between the flow stress ¢ and the strain rate £ at elevated

temperatures in crystalline materials can be given by
o =Ke™ (1.1

where K is a constant incorporating structure and temperature dependencies
and m is the strain rate sensitivity of flow stress. It is recognized that for
superplastic metals, there is a sigmoidal relationship between the logarithmic
flow stress and the logarithmic strain rate, dividing the behavior into three
regions. Schematic illustration of the strain rate dependence of flow stress in a
superplastic material is shown in Fig. 1.5, where the strain rate sensitivity m
is a slope of the curve. The high strain rate sensitivity of m = 0.5 is found in
an intermediate strain rate range (Region II), which is the superplastic region.
In this region, the elongations to failure are large. Both the high (Region III)
and low (Regton I) strain rate ranges exhibit values of m < 0.3 and there are
decreases in the elongation to failure in these regions. The high strain rate
sensitivity is an important characteristic for superplastic deformation [24].
Since the high strain rate sensitivity gives rise to a large change in the flow
stress with a slight change in the strain rate, the strain rate hardening is
enhanced and the development of necking is limited [25]. Therefore, a
superplastic material with the high strain rate sensitivity exhibits a uniform

elongation with little necking, resulting in a large elongation.
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Fig. 1.5 Schematic illustration of the strain rate dependence of flow
stress in a superplastic material.
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The dominant deformation process at high strain rates, Region 11, is
power law creep, that is, diffusion-controlled dislocation creep, and a value of
m is predicted to be 0.2 for pure metals and Class 11 alloys and 0.33 for Class
I alloys. The dominant deformation process at an intermediate strain rate
range, Regilon II, is believed to be grain boundary sliding [26-29].
Contribution of grain boundary sliding to the total axial -strain is listed in
Table 1.1 [27]. It is found that contribution of grain boundary sliding to the
total axial strain is 50 ~ 80 %. The high strain rate sensitivity is associated
with the deformation mechanisms based on grain boundary sliding. The
dominant deformation process at a low strain rate range, Region I, is not
clear. The strain rate sensitivity is low (< 0.3) in this region. This is

probably because of the presence of threshold stress [30,31].

1.2.4 Deformation mechanisms of superplasticity

It is accepted that the dominant deformation process of superplastic flow
is grain boundary sliding. Schematic illustration of grain boundary sliding is
shown in Fig. 1.6. In this figure, the accommodation of grain boundary
sliding is not taken into consideration. The grain boundary sliding mechanism
can explain the phenomenological fact that the grains are not elongated in spite
of large elongation of a specimen. However, if grain boundary sliding occurs
in a complete rigid system, as shown in Fig. 1.6, cavitation will be excessively
caused. In such a case, a large elongation is not attained. Therefore the
accommodation process is required to attain superplasticity. When the rate of
the accommodation process is slower than the rate of grain boundary sliding,
the rate-controlling process for superplastic flow is not grain boundary
sliding, but the accommodation process.  Therefore, many models on

superplastic flow [32-39] have been proposed from the viewpoint of the
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accommodation processes. The models may be divided into two categories:
the diffusion model [32] and the dislocation model [33-39]. When grain
boundary sliding is accommodated by diffusion, a value of the strain rate
sensitivity is predicted to be unity. On the other hand, when grain boundary
sliding is accommodated by dislocation movement, a value of the strain rate
sensitivity is predicted to be 0.5.

Schematic illustration of the accommodation mechanisms by dislocation
movement for superplastic flow is shown in Fig. 1.7 [14]. Dislocations are
piled-up at the triple points and ledges of grain boundaries during grain
boundary sliding. The piled-up dislocations are removed by climb along grain
boundaries or by glide along the most favorable slip planes. The dislocations
moving along the most favorable slip planes pile up at the opposite grain
boundaries. Climb of the leading dislocation from the pile-up into grain
boundary would allow another dislocation to be emitted and enable a small
increment of grain boundary sliding to be accumulated. The activation energy
for superplastic flow is equal to the one for grain boundary diffusion or lattice
diffusion [9]. It depends on the dominant diffusion process in the

accommodation processes.

1.2.5 Superplastic metal matrix composites

Ceramic whisker- or particulate- reinforced metal matrix composites
exhibit a unique combination of high specific room temperature strength and
elastic modulus, and therefore the composites show considerable promise as
structural materjals. However the composites have low tensile ductility and
poor workability, compared to the matrix materials, which gives rise to high
costs in the final forming of the composites. It is therefore desirable to

improve poor workability of the composites for many structural applications.
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The original work by Nieh ef al. [5] revealed that the SiCy,/Al-Cu-Mg
(2124) composite (the subscript w represents whiskers) behaved in a
superplastic-like manner at a high strain rate of 3.3 x 10-1s-1. Also, Mahoney
and Ghosh [40] showed superplastic behavior of the SiCp/Al-Zn-Mg-Cu
(PM64) composite (the subscript p represents particulates). After these
demonstrations, some superplastic aluminum matrix composites have been
studied [41-45]. Recently, a few of superplastic magnesium matrix composites
were reported [46,47]. It is noted that some composites exhibited

superplasticity at high strain rates of more than 10-2 s-1,

1.2.6 Cavitation in superplasticity

When a superplastic material fails during tensile deformation, the fracture
is attributed to unstable plastic flow, that is, the development of necking, or
the growth and interlinkage of internally nucleated cavities. It is recognized
that cavitation occurs during superplastic flow, despite large elongations, in
many materials [14]. Excessive cavity formation causes poor properties of the
deformed products. Therefore it is important to investigate cavitation
characteristics and to control cavitation.

When grain boundary sliding is not sufficiently accommodated, cavities
are formed. Schematic illustration of cavity nucleation is shown in Fig. 1.8.
In general, cavities are nucleated at the triple points and ledges of
grain boundaries and at the particles on a sliding grain boundary, as shown in
Fig. 1.8, because stress concentrations are caused at these sites during the

sliding process.

1.3 Aim of the present study
The present study describes microstructural control for high strain rate

superplasticity and deformation characteristics of high strain rate
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Fig. 1.8 Schematic illustration of cavity formation, (a) at the triple

point of grain boundaries and (b) at a particle on a sliding grain
boundary.
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superplasticity. In the previous studies [6-8], high stain rate superplasticity has
been demonstrated for metals. However, the microstructural control for high
strain rate superplastic materials is less advanced, compared to for
conventional superplastic materials [16-23], and deformation characteristics of
high strain rate superplasticity are still unclear. In the present study,
aluminum matrix composites and magnesium matrix -composites with
discontinuous reinforcements have been investigated for the microstructural
control for high strain rate superplasticity and the deformation characteristics.
High stain rate superplasticity for materials containing a second hard phase
such as metal matrix composites is very attractive not only for scientific
aspects but also for industrial applications because the materials containing a
second hard phase generally show poor workability.

Chapter 2 describes materials preparation, tensile testing methods and
cavitation study methods. In the present investigation, constant strain rate
tensile tests are carried out to investigate the deformation characteristics and
constant stress tensile tests are conducted for the cavitation study.

Chapter 3 describes processing of aluminum matrix composites and
magnesium matrix composites exhibiting high strain rate superplasticity. In
addition, the mechanisms of grain refinement by hot extrusion are investigated
for aluminum matrix composites.

In Chapter 4, the deformation characteristics of high strain rate
superplasticity for aluminum matrix composites are investigated by constant
strain rate tensile tests. The experimental data are analyzed through the
threshold stress concept, and the activation energy for superplastic flow and a
rate-controlling process are investigated.

Chapter 5 investigates the deformation characteristics of high strain rate

superplasticity for magnesium matrix composites. Similarly, the threshold

17



stress concepl is applied to estimate the activation energy for superplastic flow

and a constitutive equation.

Chapter 6 deals with partial melting at matrix/reinforcement interfaces
and grain boundaries at elevated temperatures by in situ TEM observation and
DSC measurements.

Chapter 7 describes the origins of high strain rate superplasticity from
the viewpoint of the grain size dependence and the accommodation
mechanisms. A new concept of the accommodation mechanism by a liquid
phase for superplastic flow is proposed.

In Chapter 8, cavitation characteristics in a state including a liquid phase
are investigated, in addition, recovery of cavity damages by static annealing
after superplastic deformation is examined.

Chapter 9 summarizes the studies conducted here and describes an overall

achievement of the present thesis.
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2. CHAPTER

EXPERIMENTAL PROCEDURE

2.1 Materials

Experiments were conducted on ten kinds of aluminum matrix composites
reinforced either with Si3Ng4 particulates or Si3N4 whiskers and two kinds of
magnesium matrix composites reinforced with Mg3Si particulates.

Scheme of processing of SizN4/Al alloy composites is shown in Fig. 2.1,
Air atomized powders of four kinds of aluminum alloys (Al-Cu-Mg (2124),
Al-Mg (5052), Al-Mg-Si (6061) and Al-Zn-Mg (7064)) were prepared. The
chemical compositions of the aluminum alloys are shown in Table 2.1. The

air atomized Al-Mg-Si (6061) alloy powder is shown in Fig. 2.2. A kind of
Si3N4 whisker and three kinds of SizNg4 particulates were prepared as

reinforcements. The characteristics of the Si3N4 reinforcements are listed in
Table 2.2.  The SizN4 whiskers and the SizN4 particulates (~1 um in
diameter) are shown in Fig. 2.3 and in Fig. 2.4, respectively. The aluminum
alloy powder and the reinforcement powder of either SizN4 whiskers or SigNg
particulates were ultrasonically mixed for more than 3.6 x 103 s in an
alcoholic solvent prior to drying. The volume fraction of the reinforcements
was 20 vol.%. The mixed powders were sintered at 873 K with a pressure of
390 MPa for 1.2 x 103 s by a hot press machine and the billets of 40 mm in
diameter were processed. The sintering was performed in vacuum because a
degassing treatment is necessary in order to suppress harmful effects of

hydrogen [1,2]. The sintered billet was then extruded (100 to one reduction)
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Aluminum alloy powder SiaN4 particulates or whiskers

\ / (20 vol.%)

Mixing
Sintering (at 873 K with 390 MPa)

Hot Extrusion
(at 733 ~793K with a reduction

ratio of 100 : 1)
SisN4/Al alloy composites

Fig. 2.1 Scheme of processing of Si 3N4/Al alloy composites.
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Fig. 2.2 Air atomized Al-Mg-Si (6061) alloy powder.
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Table 2.2 Characteristics of the Si3N4 reinforcements used in
the present investigation.

Crystal phase Diameter(um)
SiaN4 particulate o-phase ~0.2
o-phase ~0.5
o-phase ~1.0
Si3N4 whisker B-phase 0.1~15
(10 ~30)@

_—_— e
a) length (um)

26



Fig. 2.3 Si 3N4 whiskers used in the present investigation.

Fig. 2.4 Si 3N4 particulates (~ 1 um in diameter) used in the
present investigation.
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at 733 ~ 793 K in air and the extruded bars of 4 mm in diameter were

obtained. The reinforcements and extrusion conditions for the aluminum alloy

matrix composites are listed in Table 2.3.

Scheme of processing of MgaSip/Mg alloy composites is shown in
Fig. 2.5. The Mg2Sip/Mg alloy composites were produced as in-situ
composites from magnesium-silicon alloy ribbons [3-5], since a maximum
solid solubility of Si' into Mg is only 0.003 at.% and Si atoms react with Mg
atoms and are precipitated as an intermetallic compound of Mg2Si. The
Mg2Sip/Mg composites, produced from rapidly solidified ribbons, showed
very small grain sizes [5]. The Mg3Sip/Mg composites have high potential as
structural materials because an intermetallic compound of Mg2Si exhibits a
high melting temperature, low density, high hardness and a low thermal
expansion coefficient [6]. Recently, it was reported [3-5] that the Mg2Si,/Mg
composites exhibited higher specific strength than AZ91(T4), 7075A1(T6) and
Ti-6Al-4V(T6) alloys. In the present investigation, two kinds of rapidly
solidified magnesium-silicon alloy ribbons (the chemical compositions: Mg-
10.6wt.%Si-4.0wt. %Al and Mg-11.0wt.%Si-4.0wt.%Zn) with less than 0.1
mm in thickness were prepared. The rapidly solidified magnesium-silicon
ribbons were extruded at a reduction ratio of 100 : 1 in air and the extruded
bars of 4 mm in diameter were obtained. The reinforcements and extrusion

conditions for the magnesium alloy matrix composites are listed in Table 2.3.

2.2 Tensile testing
Tensile specimens were machined from the extruded bars without any
additional thermo-mechanical treatment for refinement of grain size.
Geometry and dimension of a tensile test specimen are shown in Fig. 2.6.
Constant true strain rate tensile tests were carried out to investigate the

deformation characteristics. Two kinds of testing machines were used to
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Rapidly solidified magnesium-silicon ribbons

Hot Extrusion

(at 573 ~ 623 K with a reduction
ratio of 100 : 1)

Mg2Si/Mg alloy composites

Fig. 2.5 Scheme of processing of Mg2Si/Mg alloy composites.
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conduct tensile tests in a wide strain rate range. An Instron type of testing
machine driven mechanically was used for tests at strain rates < 1 s-1, and an
Instron type of testing machine driven hydraulically was used for tests at strain
rates > 1 s-1. These two testing machines are shown schematically in Fig. 2.7
and Fig. 2.8, respectively.

The cavitation characteristics strongly depend on the stress for the high
strain rate superplastic composite [7]. In the present investigations, constant
true stress tensile tests were conducted for cavitation studies. The tensile
testing machine is shown schematically in Fig. 2.9. Testing temperatures
were attained using a three-zone furnace for all the tensile tests. In each zone,
the temperature was controlled separately so that the required temperature was
maintained constant for long periods in the range of £ 1 K. Specimens were

deformed after holding 1.8 x 103 s in the furnace at the testing temperature.

2.3 Microstructural observation

Conventional metallographic techniques, scanning electron microscopy
(SEM), and transmission electron microscopy (TEM) were used to investigate
the microstructures. Samples for microscopic observation were cut such that
the sample surface was parallel to the extrusion direction, as shown in
Fig. 2.10. Disc specimens for TEM observation were cut from the samples
annealed at a given testing temperature. They were mechanically ground to ~
20 um in thickness, and ion-milled to perforation with 3 keV argon ions. The
grain sizes were determined on the basis of TEM observation. An apparent
mean grain size was measured from a measurement of more than 100 grains,
and the mean grain size was given by multiplication of the apparent mean

grain size by a constant (=1.74).
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Fig. 2.6 Geometry and dimension of a tensile test specimen.
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Extruded bar

Plane observed by SEM and TEM

Fig. 2.10 Schematic illustration of a plane observed by SEM
and TEM.
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2.4 Cavitation studies

After specimens were deformed to a given strain, the specimens were
removed from the furnace as soon as possible and were water-quenched.
From these specimens, the cavity volumes were investigated by the density

measurement method. The cavity volume is given by

MA](MA() - MLO)
C.(%) = ll— x 100 2.
V(O) M40(M4]~M[1) ( 1)

where C, is the cavity volume (%), Mg and M are respectively the weight
of the sample in air and in water prior to deformation, M4/ and M ] are
respectively the weight of the sample in air and in water after deformation.

In addition, the deformed specimens were polished on 240, 600 and 1000
mesh sand papers, and finally were polished with 1.0 and 0.05 pm Al20O3
powders, and microstructural observation was carried out. The cavitation was

quantitatively analyzed on the basis of the microstructural observation.
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CHAPTER 3

MICROSTRUCTURAL CONTROL AND
MECHANISM OF GRAIN REFINEMENT

3.1 Introduction

Recently, high strain rate superplastic metals have been developed from
special methods or special materials such as mechanical alloying (MA) [1-4],
physical vapor deposition {4] and amorphous powders [4]. However, it is of
interest to note that high strain rate superplastic aluminum alloy matrix
composites were processed by thermo-mechanical treatment [5] or hot
extrusion [6-13] without special methods such as MA. For metallic materials
containing a second hard phase such as metal matrix composites with high
volumes of ceramic reinforcements, recrystallization is expected to be more
accelerated by hot working, compared to metallic materials containing no
second phase, because a second hard phase causes high dislocation density.

A very small grain size (less than 3 ~ 5 um) is required to attain high
strain rate superplasticity, as will be shown in Chapter 7. However, the
processing conditions and the mechanisms of grain refinement for attaining
such a very small grain size are not clear. In this chapter, at first, typical
microstructures are shown for aluminum matrix composites and magnesium
matrix composites exhibiting high strain rate superplasticity. In addition,
factors influencing grain refinement such as extrusion reduction are
investigated by tensile tests and microstructural investigation in a SisNaw/Al-
Mg-Si (6061) composite, and the mechanisms of grain refinement are

discussed on the basis of these results. The results in the present chapter can
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give important information to the processing of high strain rate superplastic

materials.

3.2 Experimental procedure
Al-Mg-Si (6061) alloy as a matrix and Si3N4 whisker as a reinforcement

were used. The aluminum alloy powder and SizN4 whisker (20 vol.%) were
mixed in an alcohol-based solvent under ultrasonic waves prior to drying.
The mixed powders were sintered at 873 K for 1.2 x 103 s with a pressure of
390 MPa in a hot press. A part of the sintered billets was preheated at 773 K
for 3.6 x 104 s prior to hot extrusion. The sintered billets were then
extruded at 773 K with reduction ratios of 4:1, 44:1 and 100:1. In
addition, a whisker free Al-Mg-Si (6061) matrix alloy was processed at the
same sintering and extrusion conditions.

Tensile tests were carried out in air mainly from 10-4 to 40 s-1 and at 818
K. The testing temperature of 818 K is an optimum temperature where a
large elongation (600 %) was attained [8]. The samples required about
1.8 x 103 s to equilibrate at the test temperature prior to initiation of
straining. The flow stress at each strain rate was determined at a fixed small
strain of 0.1I. Scanning electron microscopy (SEM) and transmission electron

microscopy (TEM) were used to investigate the microstructures.

3.3 Results and discussion

3.3.1 Microstructures of high strain rate superplastic materials
High strain rate superplastic aluminum matrix composites and magnesium

matrix composites have been processed by hot extrusion with a high reduction

ratio of 100: 1 [6-14). Typical microstructures of the high strain rate

superplastic composites are shown in Figs 3.1 ~ 3.4, where Fig. 3.1 and

Fig. 3.2 are for the SisN4p(1pm)/Al-Mg-Si composite, and Fig. 3.3 and
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Fig. 3.1 Microstructure (scanning electron micrograph) of a
high strain rate superplastic Si3N4p(1um)/Al-Mg-Si (6061)
composite.
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Fig. 3.2 Microstructure (transmission electron micrograph) of a
high strain rate superplastic Si3N4p(1um)/Al-Mg-Si (6061)
composite.
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Fig. 3.3 Microstructure (scanning electron micrograph) of a high
strain rate superplastic Mg2Sip/Mg-Al composite.
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Fig. 3.4 Microstructure (transmission electron micrograph) of a
high strain rate superplastic Mg2Sip/Mg-Al composite.
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Fig. 3.4 are for the Mg)Si,/Mg-Al composite, respectively. It is found that
the reinforcements were dispersed reasonably homogeneously.
Dutta et al. [15] showed that the dispersion of particulates became more
homogeneous by hot working for a SiCp/Al-Mg (5083) composite. Hot
extrusion at a high reduction ratio of 100 : 1 is likely to have a significant
effect on the homogeneous dispersion of the fine reinforcements. This effect
will be investigated later.

In general, breaking the oxide coating of the metallic powders is
necessary 1n order to achieve good consolidation of aluminum
powders [16,17]. Hot extrusion is one of the effective processes for
compacting aluminum powders because a high shear stress, which is caused
during extrusion with a high reduction ratio, makes clean surfaces in matrix
powders and then can allow them to contact each other. In addition, there
were few pores and cracks at interfaces between the reinforcement and the
matrix. Hot extrusion at a high reduction ratio is supposedly effective for the
consolidation of metallic powder and ceramic reinforcement as well as the
consolidation of metallic powder and metallic powder.

It is found from Fig. 3.2 and Fig. 3.4 that the grains were almost
equiaxed and were very small (less than 3 pm in grain size) for the
composites. Hot extrusion is effective for grain refinement as well as for good
consolidation of both powders and reinforcements. All high strain rate
superplastic materials show very small grain sizes, as shown in Chapter 7.
Therefore it is concluded that microstructural requirements for high strain
rate superplasticity in materials containing reinforcements are (i) uniform

distribution of reinforcements and (ii) a very small grain size.

3.3.2 Mechanism of grain refinement

3.3.2.1 Factors influencing grain refinement
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A. Effects of reduction
Tensile properties were examined at 818 K for the as-sintered Si3zNg4,,/Al-

Mg-Si composite and the as-extruded Si3zN4w/Al-Mg-Si composites, where hot
extrusion was conducted at 773 K with different reduction ratios of 4 : 1,
44 :1 and 100: 1 to investigate effects of reduction on grain refinement.
The variation in flow stress (top figure) and elongation to failure (bottom
figurc) as a function of strain rate at 818 K is shown in Fig. 3.5. It is
accepted that one of the mechanical characteristics for superplastic flow is a
high m value, where m is the strain rate sensitivity, and a value of m should be
0.5 or at least greater than 0.3 for superplastic flow. Another important
characteristic of superplastic flow is grain size dependence of the mechanical
properties [18-22]. The flow stress decreases and a superplastic region shifts
to a higher strain rate range with decreasing grain size for superplastic flow.
It is found from Fig. 3.5 that the extruded composites exhibited high m
(> 0.3) and large elongations. However, the sintered composite showed a low
m value of 0.24 and relatively low elongations (< 75 %). It appears that the
superplastic region is displaced to a higher strain rate range with increasing
reduction ratio in the range investigated. It is noted that a large elongation of
about 600 % was attained at a high strain rate of 2 x 10-1 s-1 for the composite
extruded at a high reduction ratio of 100 : I.

Microstructures of the as-sintered composite and the as-extruded
composite with a reduction ratio of 100 : 1 are shown Fig. 3.6. The
composite extruded at a high reduction ratio of 100 : 1 showed a very small
grain size of about 3 um. On other hand, the sintered composite had coarser
grains (about 20 pm). The grain size of the sintered composite is roughly the
same as the powder diameter. The variation in the grain size as a function of a
reduction ratio is shown in Fig. 3.7. It is found that the grain size decreased

with increasing reduction. Pinned dislocations, dislocation networks and
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Fig. 3.5 The variation in flow stress (top figure) and elongation to
failure (bottom figure) as a function of strain rate at 818 K for the
sintered SisN4w/Al-Mg-Si composite and the extruded
SiaN4w/Al-Mg-Si composites with reduction ratios of 4 : 1, 44 : 1
and 100 : 1.
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10 um

Fig. 3.6 Microstructures of (a) the SiaN4w/Al-Mg-Si composite
sintered at 873 K, (b) the SiaN4w/Al-Mg-Si composite extruded at
773 K with a reduction ratio of 100 : 1, and (c) the Al-Mg-Si matrix
alloy extruded at 773 K with a reduction ratio of 100 : 1.
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precipitates of 0.1 ~ 1 pm in diameter were observed for the extruded
composites. On the other hand, there were fewer dislocations and fewer
precipitates of about 0.1 ~ 1 pm for the as-sintered composite.

Scanning electron micrographs of the sintered composite and the extruded
composite are shown in Fig. 3.8. It was found that the whiskers were
fractured, resulting in a reduction in the aspect ratio and that they were
aligned in the extrusion direction. The average length and diameter of the
whiskers were respectively 8 and 0.5 um for the composite extruded at a
reduction ratio of 100 : 1. It appears that there were fewer voids and cracks
at the matrix/reinforcement interface for the extruded composite than for the
sintered composite. It has been reported that hot working gives rise to
fracture of reinforcements and uniform distribution of reinforcements, on the
other hand, a degradation of the interface is caused [23]. In the present
investigation, however, the whiskers were dispersed reasonably uniformly

without degradation of the interfaces by hot extrusion.

B. Effects of reinforcements

The variation in flow stress (top figure) and elongation to failure (bottom
figure) as a function of strain rate at 818 K is shown in Fig. 3.9 for the
extruded Si3N4,/Al-Mg-Si composite and the extruded Al-Mg-Si matrix alloy.
The composite and the matrix alloy were extruded at the same temperature of
773 K and at the same reduction ratio of 100 : 1. The extruded composite
exhibited a high m value (> 0.3) at 4 x 10-2 ~ 10 s-! and a maximum
elongation of about 600 % at 2 x 10-1 s-1. However, the extruded matrix alloy
showed a high m value at lower strain rates of 5 x 104 ~2 x 102 s-1 and a
maximum elongation of about 200 % at a lower strain rate of 102 s-1, It
follows that the extruded composite had higher superplastic potential than the

extruded matrix alloy.
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extrusion direction

ﬁ

Fig. 3.8 Scanning electron micrographs of (a) the SiaN4w/Al-Mg-Si
composite sintered at 873 K, (b) the SiaN4w/Al-Mg-Si composite
extruded at 773 K with a reduction ratio of 100 : 1.
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Fig. 3.9 The variation in flow stress (top figure) and elongation to
failure (bottom figure) as a function of strain rate at 818 K for the
extruded SiaN4w/Al-Mg-Si composite and the extruded Al-Mg-Si
matrix alloy, where hot extrusion is carried out at 773 K with a
reduction ratio of 100 : 1.
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For the extruded matrix alloy, grains were elongated to the extrusion
direction and were coarser than those of the extruded composites (Fig. 3.6).
Also, many low angle grain boundaries were observed for the extruded matrix
alloy. These results indicate that reinforcements played an important role in

grain refinement.

C. Effects of dynamic precipitation

It is suggested in the previous works [10,11] that fine particles were
precipitated dynamically during hot extrusion and limited grain growth during
hot extrusion. It is worthwhile investigating a non-dynamically precipitated
composite in order to demonstrate the effect of dynamic precipitation. A part
of the sintered billet was preheated at 773 K for 3.6 x 10%s to cause
precipitation prior to the hot extrusion. A TEM micrograph of the preheated
composite prior to hot extrusion is shown in Fig. 3.10. It is found that a large
number of coarse particles of about 1 pm in diameter were precipitated during
the preheat. The preheated composite was extruded at 773 K with a reduction
ratio of 100 : 1. The variation in flow stress (top figure) and elongation to
failure (bottom figure) as a function of strain rate at 818 K is shown in
Fig. 3.11 for the extruded composite and the preheated and extruded
composite. The extruded composite showed a high m value (>0.3)at4x 10-2
~ 10 s-! and a maximum elongation of about 600 % at 2 x 10-! s-1. However,
the preheated and extruded composite showed a high m value at lower strain
rates of 2 x 10-2 ~ 2 x 10-1 s-1 and a maximum elongation of about 265 % at a
lower strain rate of 2 x 10-2 -1,

Microstructures during hot extrusion were investigated by TEM. Typical
micrographs are shown in Fig. 3.12. It is found from Fig. 3.12 (a) that a
number of fine particles were precipitated for the extruded composite. The

average size of the precipitates was about 20 nm. The fine precipitates were
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Fig. 3.10 Transmission electron micrograph of the
preheat-treated Si3N4w/Al-Mg-Si composite, where preheat
treatment is performed at 773 K for 3.6 x 104 s.
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Fig. 3.11 The variation in flow stress (top figure) and
elongation to failure (bottom figure) as a function of strain rate
at 818 K for the extruded SisN4w/Al-Mg-Si composite and the
preheat-treated and extruded SisN4w/Al-Mg-Si composite,
where the composites are extruded at 773 K with a reduction
ratio of 100 : 1.
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Fig. 3.12 Microstructures during hot extrusion for the
Si3N4w/Al-Mg-Si composites: (a) the extruded composite and
(b)the preheat-treated and extruded composite.
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not observed prior to hot extrusion. It is suggested that alloying additions
precipitated dynamically during hot extrusion. On the other hand, there were
no fine precipitates of a size less than 0.1 um in the preheated and extruded
composite (Fig. 3.12 (b)), indicating that dynamic precipitation did not occur
during hot extrusion for the preheated and extruded composite. This is
because almost all the alloying additions precipitated out during preheating
prior to hot extrusion. The grain size of the preheated and extruded
composite was about 5 pm, which is larger than that of the extruded
composite. These results clearly point out the importance of dynamic

precipitation in grain refinement.

3.3.2.2 Origin of grain refinement

In general, the presence of a dispersed second phase and a considerable
quantity of dissolved alloying additions are an important modification to the
structure [24,25]. In particular, large (= about 1 pm), non-deformable
particles cause intense strain gradients around the particles [26] and stimulate
recrystallization in the deformed zones adjacent to the particles [26,27]. The
fact that there were more low angle grain boundaries for the extruded matrix
alloy than for the extruded composites indicates that recrystallization was
accelerated by the presence of the reinforcements. It is recognized that when
recrystallization occurs continuously, pinned dislocations and dislocation
networks remain intact. On the other hand, when recrystallization occurs
discontinuously, the sweeping action of high angle boundaries removes pinned
dislocations and dislocation networks. In this investigation, the fact that
pinned dislocations and dislocation networks were observed in the grains of
the extruded composites suggests that the operative mechanism of grain
refinement by hot extrusion is continuous recrystallization during hot

extrusion.
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Christman and Suresh [28] showed that nucleation of precipitates was
enhanced for an aluminum alloy matrix composite, compared with that of the
matrix alloy, because of preferential precipitation of solute atoms at
dislocations generated by the presence of reinforcements. Therefore dynamic
precipitation during hot extrusion is likely attributed to enhancement of
precipitation through the increased dislocation density resulting from the
presence of reinforcements. The limiting grain size to which grains grow, in

the absence of abnormal grain growth, is given by [27]

d= 2dp (3.1)
3V
where d is the limiting grain size, dp is the particle diameter and V¢is the
volume fraction of the particles. The limiting grain size is calculated to be 6.7
wm if the whiskers limit grain growth, where the effective reinforcement size
for whisker is taken as '\/Z;L_a , where Lj is the average length of the whiskers
and L2 is the average diameter of the whiskers. The value of 6.7 um is larger
than the experimentally measured grain size of about 3 pm. When the fine
precipitates limit grain growth, the limiting grain size is calculated to be 2.6
pm, where the particle diameter and the volume fraction of the particles are
taken to be 20 nm and 0.5 %, respectively. The value is in agreement with the
experimentally measured grain size. It is likely that the fine particles,
resulting from dynamic precipitation, play a vital role in limiting grain
growth during hot extrusion. Therefore it is concluded that an interaction of
recrystallization and dynamic precipitation results in very small grain sizes for
the aluminum alloy matrix composites, and the mechanism is enhanced by the

presence of reinforcements.
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3.4 Conclusions

(1) Microstructural requirements for high strain rate superplasticity in
materials containing reinforcements are uniform distribution of
reinforcements and a very small grain size.

(2) The requirements were attained by hot extrusion with a reduction ratio of
100 : 1 for the aluminum alloy matrix composites with Si3Ng
reinforcements.

(3) Recrystallization was accelerated by the presence of reinforcements and
grain growth was limited by fine particles precipitated dynamically during
hot extrusion. An interaction of recrystallization and dynamic
precipitation resulted in grain refinement, which was enhanced by the

presence of reinforcements.
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CHAPTER 4

DEFORMATION CHARACTERISTICS IN HIGH STRAIN RATE
SUPERPLASTIC ALUMINUM MATRIX COMPOSITES

4.1 Introduction

Deformation characteristics of dislocation creep behavior for aluminum
matrix composites reinforced with ceramic whiskers or particulates have been
extensively investigated [1-12]. It was shown that the stress exponent values
for the composites are very high (for example, n > 10, where n is the stress
exponent) and the activation energy values for dislocation creep in the
composites are higher than the one for lattice diffusion. Recently, however,
an analysis through the threshold stress concept revealed that the activation
energy values for dislocation creep in the composites are almost equal to the
one for lattice diffusion [7,9,12]. Thus, understanding of deformation
characteristics of dislocation creep behavior for aluminum matrix composites
‘has advanced.

There are some studies [13-19] on deformation characteristics of
superplasticity for metal matrix composites, however, understanding of
deformation characteristics of superplastic behavior for metal matrix
composites is not sufficient and the deformation mechanisms are the subject in
some debate. Mishra and Mukherjee [17] investigated elevated temperature
mechanical properties of the superplastic aluminum alloy composites
reinforced with discontinuous SiC and they showed that the activation energy
for superplastic flow was 313 kJ/mol, which was near the one for diffusion

creep in SiC. On the other hand, Nieh et al. [18,19] suggested that a liquid
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phase might play an important role in high strain rate superplasticity for the
composites. Recently, Higashi er al. [20,21] investigated effect of temperature
on the mechanical properties of mechanically-alloyed metals exhibiting high
strain rate superplasticity and they revealed that the presence of a liquid phase
strongly affected the mechanical properties. These studies indicate that the
deformation characteristics of high strain rate superplasticity are affected by
the presence of a liquid phase.

This chapter describes the deformation characteristics of a variety of
aluminum matrix composites exhibiting high strain rate superplasticity. As
will be shown in Chapter 6, partial melting occurs at elevated temperature for
the aluminum matrix composites investigated. In the present investigation,
constant strain rate tensile tests were carried out in a wide temperature range
including temperatures above and below the onset temperature for partial
melting of each composite. The activation energy is analyzed through the
threshold stress concept on the basis of the results of the tensile tests. In
addition, a rate-controlling process of superplastic deformation is investigated
in a temperature range below the onset temperature for partial melting from

the viewpoint of effects of reinforcements.

4.2 Experimental procedure

Ten kinds of aluminum matrix composites listed in Table 2.3 were
prepared, and constant true strain rate tensile tests were carried out. To
investigate the grain size dependence, parts of the as-extruded bar of the
Si3N4w/Al-Mg-Si composite were exposed at a temperature of 318 K for
36 x 103 and 86.4 x 103 s in order to produce samples with different grain
sizes. As a result, the samples with grain sizes of 2.7, 4.0 and 4.7 pm were
obtained, where the grain sizes were examined from the samples annealed at
818 K for 1.8 x 103 s.
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Constant true strain rate tensile tests were carried out in air in a wide
temperature range including the onset temperature for partial melting of each
composite, where the onset temperature for partial melting was determined by
DSC measurements. The partial melting behavior will be investigated in detail
in Chapter 6. The tensile axis was selected to be parallel to the extrusion

direction for all tests. The flow stress for each strain rate was determined at

the fixed small true strain of 0.1.

4.3 Results and discussion
4.3.1 Mechanical properties
4.3.1.1 Strain rate dependence
A. Al-Cu-Mg (2124) alloy matrix composites

Representative plots of true stress vs. true strain are shown in
Figs 4.1 ~ 4.3 for three Al-Cu-Mg (2124) alloy matrix composites tested at
different temperatures and at strain rates of the order of, or close to, 10-1 s-1:
the selected strain rates are within the ranges where each material is
reasonably superplastic. Three conclusions may be drawn from inspection of
these curves. First, each composite exhibits excellent ductility at these high
stain rates. Second, the curve for the SizN4y/Al-Cu-Mg composite shows
strain hardening almost up to the point of failure, whereas the curves for the
Si3aN4p/Al-Cu-Mg composites show both strain hardening and strain softening
or with nearly a steady-state flow at the higher testing temperatures. Third,
the curves tend to have irregular serrations, especially at the lower
temperatures.

By conducting a series of tests over a range of strain rates at different
temperatures, it was possible to plot both the flow stress, defined as the stress
at a small strain of 0.1, and the elongation to failure against the imposed strain

rate. The results are shown in Figs 4.4 ~ 4.6. For each composite, the flow
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Fig. 4.1 True stress vs true strain at a strain rate of 3 x 10-1 s-1 for the
SiagN4p(0.2um)/Al-Cu-Mg (2124) composite.
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Fi_g. 4.2 True stress vs true strain at a strain rate of 10-1 s-1 for the
SiaN4p(1um)/Al-Cu-Mg (2124) composite.
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Fig. 4.3 True stress vs true strain at a strain rate of 10-1 s-1 for the
SizN4w/Al-Cu-Mg (2124) composite.

67



SiaNap(o.2em/Al-Cu-Mg Composite
e=0.1

—
o
W
T

—_

Lan]
[p%]

Ty

Flow Stress, MPa
3,
O LI

—

(o)
<

™y

10‘ S W ETEY S|
100( T

Elongation, %
=
[}
1]

10
- - X - = 0 1
10 10 10 10 10 10 10 10

Strain Rate, s

10

Fig. 4.4 The variation in flow stress (top figure) and elongation to failure
(bottom figure) as a function of strain rate for the SigN4p(0.2um)/Al-Cu-
Mg.
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Fig. 4.5 The variation in flow stress (top figure) and elongation to failure
(bottom figure) as a function of strain rate for the SizN4p(1um)y/Al-Cu-Mg.
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stress increased with the imposed strain rate and there was some evidence,
especially in the Si3N4,/Al-Cu-Mg composites, for a sigmoidal relationship
between stress and strain rate. The data show that the strain rate sensitivity
was relatively high (0.3 ~ 0.5) over strain rate ranges of approximately 10-1 ~
10 s-1 for the SizN4p(0.2:m)/Al-Cu-Mg composite, 4 x 10-2 ~ 1 s-1 for the
Si3N4p(1um)/Al-Cu-Mg composite and 4 x 10-2 ~ 1 s-! for the Si3N4u/Al-Cu-
Mg composite, respectively. It is noted that the strain rate sensitivity values
were very low (0.1 ~ 0.2) in a low strain rate range for the composites.

The plots of elongation to failure vs. strain rate show that these three
composites exhibited very good superplastic properties over a range of strain
rates. It is noted that large elongations were attained in a strain rate range
where the high strain rate sensitivity was found. This trend is the same as
conventional superplastic metals. A maximum elongation was 280 % at
3 x 10-1 s-1 with 773 K for the Si3aN4p(0.2pm)/Al-Cu-Mg composite, 840 % at
4 x 102 s-1 with 788 K for the Si3N4p(1um)/Al-Cu-Mg composite and 280 % at
4 x 10-2 s-1 with 818 K for the Si3N4w/Al-Cu-Mg composite, respectively. It
should be noted that the optimum temperatures where a maximum elongation
was attained for each composite were different from each other, in spite of the

same chemical composition of the matrix.

B. Al-Mg (5052) alloy matrix composite

The variation in flow stress (top figure) and elongation to failure (bottom
figure) at testing temperatures from 773 to 833 K as a function of strain rate is
shown in Fig. 4.7 for the Si3zN4p(0.2um)/Al-Mg composite. The flow stresses
at all temperatures increased with imposed strain rate, and a typical sigmoidal
curve was observed. In a low strain rate range, the strain rate sensitivity was a
very low value, corresponding to low values in elongation. In a high strain

rate range from 1 to 10 s-1, however, a relatively high strain rate sensitivity of
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Fig. 4.7 The variation in flow stress (top figure) and elongation to failure
(bottom figure) as a function of strain rate for the SigN4p(0.2um)/Al-Mg.
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0.3 ~ 0.5 was obtained, corresponding to large clongations. It is noted that a
large elongation of 700 % was attained at an extremely high strain rate of 1 s-1
and at 818 K.

C. Al-Mg-Si (6061) alloy matrix composite

Superplastic behaviors of three Si3zN4p/Al-Mg-Si composites and one
Si3N4w/Al-Mg-Si composite were investigated. The variation in flow stress
(top figure) and elongation (bottom figure) as a function of strain rate is
shown in Figs 4.8 ~4.11 for the Si3N4/Al-Mg-Si composites. There are
some similarities in superplastic behavior in the composites: the flow siress at
all testing temperatures increased with strain rate, and the curves were of
typical sigmoidal shape, as has been observed for conventional superplastic
materials. In a low strain rate range, the strain rate sensitivities were less than
0.1, on the other hand, relatively high strain rate sensitivities of 0.3 ~ 0.5 were
obtained in a high strain rate range, with corresponding relatively large
elongations..

Small elongations were obtained at low strain rates, however, the
elongation increased with strain rate and large elongations were attained in a
high strain rate range from 0.1 to 2 s-1. Especially, for the Si3N4p(0.2um)/Al-
Mg-Si composite tested at 833 K, a large elongation of 620 % was obtained at
a very high strain rate of 2 s-1. The Si3sN4p(0.2um)/Al-Mg-Si composite
sample deformed to 620 % is shown in Fig. 4.12. Recently,
Higashi et al. [22,23] showed evidences of superplasticity at very high stain
rates > 1 s-! for aluminum alloys and they named the high strain rate
superplasticity "positive exponent strain rate superplasticity”. Therefore the
sample shown in Fig.4.12 is labeled as positive exponent strain rate

superplasticity.
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Fig. 4.8 The variation in flow stress (top figure) and elongation to failure
(bottom figure) as a function of strain rate for the SigNap(0.2m)/Al-Mg-Si.
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Fig. 4.9 The variation in flow stress (top figure) and elongation to failure
(bottom figure) as a function of strain rate for the SigN4p(0.5um)/Al-Mg-Si.
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Fig. 4.10 The variation in flow stress (top figure) and elongation to failure
(bottom figure) as a function of strain rate for the SizN4p(1um)/Al-Mg-Si.
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Positive Exponent Strain-rate Superplasticity
| in particulate SizN4/6061Aluminum Composites

UNTESTED B s

Fig. 4.12 Example of positive exponent strain rate superplasticity in
Si3N4p(o,2um)/A|-Mg-Si (6061). This composite exhibited a large
elongation of 620 % at a high strain rate of 2 s-1.
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Fig. 4.13 Typical true stress - true strain curves of the SigN4/Al-Mg-Si
composites under optimum superplastic deformation conditions.
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Typical true stress - true strain curves of the SisN4/Al-Mg-Si composites
are shown in Fig. 4.13 under optimum superplastic deformation conditions
for a maximum elongation, which are 833 K and 2 s-!1 for the
Si3N4p(0.2pm)/Al-Mg-Si composite, 833 K and | s-! for the Si3N4p(0.51m)/Al-
Mg-Si composite, 818 K and 10-! s-1 for the Si3N4p,(1um)/Al-Mg-Si composite,
and 833 K and 10-1 5! for the Si3Na./Al-Mg-Si composite, respectively. The
curves, corresponding to the optimum superplastic conditions, exhibited stain
hardening and strain softening during superplastic flow for the Si3N4p/Al-Mg-
Si composites. The stain hardening behavior is probably related to grain
growth during superplastic deformation, which has been found in superplastic
alloys [24-27]. The apparent strain softening may be attributed to

development of necking. It is interesting to note that the optimum superplastic

flow stress of the Si3N4,/Al-Mg-Si composite is higher than those of the other
Si3N4p/Al-Mg-Si composites, on the other hand, the stress level in three

Si3Nap/Al-Mg-Si composites is almost identical until the initial deformation

stage of £ < 0.8, where £ is the true strain.

D. Al-Zn-Mg (7064) alloy matrix composite

The variation in flow stress (top figure) and elongation to failure (bottom
figure) as a function of strain rate is shown in Fig. 4.14 for the
Si3N4p(1um)/Al-Zn-Mg composite and in Fig. 4.15 for the Si3Ngw/Al-Zn-Mg
composite, respectively. The flow stresses increased with strain rate, and the
relationship between the logarithmic flow stress and the logarithmic strain rate
showed sigmoidal shape as has been often observed for many superplastic
metallic alloys. Low strain rate sensitivity values of less than about 0.1 were
obtained in a low strain rate range, but relatively high strain rate sensitivity

values of 0.3 ~ 0.5 were attained at high strain rates above 10-! s-! for the
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Si3N4p(1pm)/Al-Zn-Mg composite and at high strain rates above 10-2 s-1 for
the Si3zNaw/Al-Zn-Mg composite.

Elongations to failure were small values of less than about 100 % at low
strain rates below 10-3 s-1 for both the composites, corresponding to the low

strain rate sensitivity values. The elongations to failure increased with an

increase in strain rate, and the Si3N4p(1um)/Al-Zn-Mg composite showed a
maximum elongation of 330 % at a high strain rate of 1 s-! and at 818 K, and
the Si3N4u/Al-Zn-Mg composite showed a maximum elongation of 380 % at a
high strain rate of 10-! s-1 and at 833 K. The elongations to failure at all
temperatures decreased rapidly to values < about 30 ~ 50 % beyond the strain

rate where the maximum elongation was attained.

E. Summary of experimental results

Summary of superplastic properties for aluminum matrix composites is
shown in Table 4.1, where the data of other superplastic aluminum matrix
composites in the previous papers [13-16,28-36] are added. The
phenomenological deformation characteristics of the superplastic aluminum
matrix composites are concluded as follows:
(1) All the aluminum matrix composites in the present investigation exhibited
superplastic behavior at high strain rates (> 10-2 s-1).
(2) There was a sigmoidal relationship between the logarithmic flow stress and
the logarithmic strain rate and the high strain rate sensitivity (0.3 ~ 0.5) was
attained in an intermediate strain rate range, where large elongations were
attained. This phenomenon is the same as that for conventional superplastic
metals.
(3) The strain rate sensitivity was very low (for example, less than 0.1) in a

low stain rate range.
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(4) The optimum temperatures where a maximum clongation was attained for
each composite were different from one another, in spite of the same chemical

composition of a matrix material.

4.3.1.2 Threshold stress

The strain rate sensitivity values were very low in a low strain rate range
for all the superplastic composites. This is attributed either to the presence of
a threshold stress or to deformation mechanism changes. It is reported that a
change in the strain rate sensitivity results from a threshold stress, not the
deformation mechanism changes [37,38]. The threshold stress can be given by
extrapolation to zero strain rate of a straight line which the data give as gln
against ¢ on a double-linear scale [37], where o is the flow stress, £ is the
strain rate and n is the stress exponent. Many theories on superplasticity
postulate the stress exponent of 2 [39-43]. Hence it is reasonable in the
present investigation that the threshold stress is calculated from the data
plotted as o against £1/2 on a double-linear scale [37]. The procedure for
calculating the threshold stress at 798, 808, 818 and 833 K for the SizNaw/Al-
Zn-Mg composite is shown in Fig. 4.16. The linearity of the data in this plot
indicates that the presence of a threshold stress is responsible for the change in
the strain rate sensitivity and that the value of n =2 is correct for the stress
exponent for superplastic deformation. The same trend was found for all the
composites in the present investigation. Therefore all values of threshold
stresses were given by extrapolation to zero strain rate of a line which the data
gave as o against £1/2 on a double-liner scale.

The variation in threshold stress for the Si3N4w/Al-Zn-Mg composite as a
function of temperature is plotted in Fig. 4.17. It should be noted that the
threshold stress decreased with an increase in temperature. Such a strong

temperature dependence of threshold stress was found for all the superplastic
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composites in the present investigation. The similar results have been reported
for creep behavior of the aluminum matrix composites (8.9].

The origin of the threshold stress has been discussed from the viewpoint
of dislocation - particle interaction, such as Orowan stress [44], additional
dislocation line length due to climb [45], and detachment of the dislocation
from a dispersion particle [46] in dispersion-strengthened alloys. These
interpretations about the origin of the threshold stress, however, can not
explain the strong temperature dependence of the threshold stresses for the
superplastic composites. Arzt and Wilkinson [46] presented the model that the
threshold stress might depend on the factor by which the dislocation line
tension was lowered, and showed that possible magnitude of the threshold
stress 0y might be roughly 0.40, < oy, £ 0,, where 0, is the Orowan stress.
However, the results obtained in the present work can not be explained by this
theory because the magnitude of a change in the threshold stress was more
tremendous than the magnitude postulated by the model. For the composites,
there are other possibilities as the origin of the threshold stress: internal stress
associated with subgrain size [7] and load transfer to the stiffer
reinforcement [7]. However, subgrains are unlikely formed for the
superplastic composites since the superplastic composites have a fully
recrystallized fine-grained microstructure. Also, the strong temperature
dependence of threshold stress can not be explained by load transfer to the
stiffer reinforcement.

On the other hand, the threshold stress can be interpreted from the
viewpoint of grain boundary sliding for superplastic materials since grain
boundary sliding is the dominant deformation process of superplasticity [47-
49]. Mohamed [37] pointed out that the threshold stress might result from the
interaction between impurity atom segregation and boundary dislocations for

superplastic metals and that the interaction might be responsible for the strong
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temperature dependence of the threshold stress. For the superplastic
composites, segregation of alloying elements such as Mg and Cu was reported
around reinforcements [50,51]. In addition, a microchemical analysis by a
field-emission TEM reveals, as shown in Chapter 6, that the boundaries are
segregated mostly by Si, O, and N and the interfaces are segregated mostly by
Mg and O. The interaction between dislocations and such segregation may be
responsible for the threshold stress. Further research is required to

understand the origin of the threshold stress for the superplastic composites.

4.3.1.3 Grain size dependence

Tensile tests were carried out at 818 K in a strain rate range 10-3 ~ 10 s-!
for the SizN4u/Al-Mg-Si with grain sizes of 2.7, 4.0 and 4.7 um. The
variation in strain rate at 818 K as a function of stress is shown in Fig. 4.18
for the SizN4w/Al-Mg-Si with different grain sizes. The grain size
dependence of the mechanical properties has been investigated for superplastic
metals [52-55]. These studies show that the stress decreases with decreasing
grain size when the strain rate is constant and a superplastic strain rate range
shifts to a higher strain rate range with decreasing grain size. It is found from
Fig. 4.18 that for the composite, similarly, the stress decreased and a
superplastic strain rate range shifted to a higher strain rate range with
decreasing grain size.

When an effective stress o-oy, and a temperature are constant, the grain

size exponent can be given in the form.

_ dlnég
dind!

(4.1)
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Fig. 4.18 The variation in strain rate at 818 K as a
function of stress for the SiaN4w/Al-Mg-Si with different
grain sizes.
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The relationship between the strain rate and the inverse of grain size is shown

in Fig. 4.19, where the strain rate is determined at ¢-G;4 = 10 MPa.
Inspection of the result in Fig. 4.19 reveals that the grain size exponent is

about 2.

4.3.1.4 Activation energy
Elevated temperature mechanical properties in a superplastic region for
metal matrix composites with discontinuous reinforcements may be

represented in the following form [38]

E=A (G—'gm) ”(g) pexp(f% (4.2)

where A is a constant, G is the shear modulus, b is the Burgers vector, d is the
grain size, p is the inverse grain size exponent, Q is the activation energy for
superplastic flow, R is a gas constant and T is the absolute temperature. When

(0-0u)/G is constant, Eq. 4.3 is given from Eq. 4.2.

)T

0 (1/T)

0 (4.3)

Higashi er al. [56] analyzed the activation energy for superplastic flow for
aluminum alloys and they showed that an apparent value of the activation
energy was similar to the activation energy for grain boundary diffusion by
incorporation of the temperature dependence of threshold stress and shear
modulus, however, the true activation energy was equal to the activation
energy for lattice diffusion by additional incorporation of the temperature
dependence of grain size. This suggests that it is important to take account of

the influence of the grain size to estimate the activation energy for superplastic
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flow when the grain size depends on testing temperature due to grain growth
during heating for equilibrating at a testing temperature. In the present
investigation, the grain sizes were measured from the samples annealed for
1.8 x 103 s at a given testing temperatures, and the activation energy was
estimated with the grain size data. The grain size exponent p was 2 for the
SizNaw/Al-Mg-Si composite, as shown above. Hence, p is taken to be 2 for all
the composites in the present investigation.

The variations in £(d/b)? as a function of 1/T are shown in Fig. 4.20 for
the Al-Cu-Mg composites, in Fig. 4.21 for the Al-Mg composite, in Fig. 4.22
for the Al-Mg-Si composites and in Fig. 4.23 for the Al-Zn-Mg composites,
respectively, where (0-0rp)/G for each composite is taken to be the value in
Table 4.2. Inspection of Figs 4.20 ~ 4.23 reveals that the superplastic flow is
divided into two regions from the viewpoint of the activation energy: Region 1
(= a low temperature range) showing the low activation energy and Region I
(= a high temperature range) showing the high activation energy, for ali the
composites except the Al-Cu-Mg composites. The behaviors for the Al-Cu-Mg
composites are discussed later. Very recently, it was reported [20] that an
apparent value of the activation energy for superplastic flow was increased at
the onset temperature for partial melting for mechanically-alloyed metals
exhibiting high strain rate superplasticity. Therefore it is suggested that it 1s
important to estimate the activation energy for superplastic flow from the
viewpoint of effects of a liquid phase. The onset temperatures for partial
melting for the superplastic composites were investigated by DSC
measurements, which is described in detail in Chapter 6. The optimum
conditions where a maximum elongation is attained, &, o, (0-014)/G and T (€
the strain rate, o the flow stress at £=0.1, o¢p the threshold stress, G the shear
modulus, 7T the testing temperature), and the onset temperature for partial

melting Ty, are listed in Table 4.2. The onset temperature for partial melting
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Fig. 20 The variation in &d/b)2 as a function of 1/T for the Al-Cu-Mg
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94



10 7 ' l ' l
I Al-Mg composite

Si3N4p(0.2um)/Al-Mg

142
MJ/mol

5 1 1 1 1 1
101.1 1.2 1.3 1.4

1/T x1000

Fig. 21 The variation in &d/b)2 as a function of 1/T for the Al-Mg
composite.

95



10 ¢ . ; r .

Al-Mg-Si composites ]
=O= Si3N4p(0.2pm)/Al-Mg-Si ]
== Si3N4p(0.5um)/Al-Mg-Si |
== Si3N4p(1.0um)/Al-Mg-Si
~8= Si3N4w/Al-Mg-Si :

109 3
i 830K |
N/-\ :
o | 820K
)
w 1
10 75' -
822K
142
10 6 : 1 . I )
1.1 1.2 1.3 1.4

- 1/T x1000

Fig. 22 The vériation in £(d/b)2 as a function of 1/T for the Al-Mg-Si
composites.

96



10 9 - { i T '
: Al-Zn-Mg composites

=0=Si3N4p(1.0um)/Al-Zn-Mg ]
=8=Si3N4w/Al-Zn-Mg

10 8F

142
KJ/mol
10 6F : 82.8}( -
105 L 1 1 1 1
1.1 1.2 1.3 1.4
- 1/T x1000

Fig. 23 The variation in &d/b)2 as a function of 1/T for the Al-Zn-Mg
composites.

97



908 8yl 828 €8 0IX96'9 ¥ 0kXL BN-uz-IvmvNEIS
eSL< 0§t 18 818 ,-01X0S'Y 01 ! BIN-uZ-v/(wrio LdvNelS
gge< 22k €8 €68 ,01XI9¢ L -OXL IS-BN-IvMyNEIS
282 591 ce8 818 ,-01X08°L S ,-01X1 IS-BIN-Iw/(wrio 1 )dyNeIS
gLl 6v| 628 €es  ,oixloe 9 | IS-DIN-1v/(wris-oldyNelS
098 < L) 0€8 £es ,-01X€0'E S 2 IS-BIN-IvAumig 0ldvNElS
Lee 172} 128 818 5 01X8L L 9 ! BIN-Iv/(wrig 0)dyNEIS
95 --- 68 818 -01X85'1 4 5. 01Xy BN-nO-lymyNEIS
8¢9 - 8. 882 ;-01xez9 7 z-0bxy  BN-nO-|y/(wrio LdyNels
185 --- 918 £LL 5-OFXLEL 8 |-0kXE  DA-NO-Iy/wriz oldvNELS
(i uoboy) (| uoibay) WWl oWl D/(Wo-0)  BJN/O  |.§/3 s|eualep

L-OWPAD | jowry/o

‘seysodwod xuyew Aoje [y/FNEIS

o4l ui moy onseldiadns 1oy ABisus uogeaoe pue saruadoud onse|dladng g'v 9|qe]

98



of each composite is shown as the dashed line in Figs 4.20 ~ 4.23. 1t should be
noted that the temperature for a transition from Region I to Region II is very
close to the onset temperature for partial melting. The values of the activation
energy in Regions I and II are listed in Table 4.2. The activation energy in
Region I is roughly in agreement with the activation energy for lattice
diffusion of aluminum (= 142 kJ/mol [57]). However, the activation energy in
Region II is much higher than the activation energy for lattice diffusion. The
fact that the activation energy was increased above the onset temperature for
partial melting clearly shows that the high activation energy in Region II is
attributed to the presence of a liquid phase.

If the deformation is controlled by viscosity of a liquid phase, for
example, Newtonian flow or lubricated flow [58], the activation energy for the
deformation is in agreement with the one for viscosity of a liquid phase. The
activation energy for viscosity in melt aluminum is very low (= 16.5
kJ/mol [59]). Therefore the high activation energy can not be explained from
the viewpoint of viscosity of a liquid phase. It was suggested [20] that an
increase in strain rate due to the presence of a liquid phase resulted in an
apparent high value of the activation energy. The schematic representation for
the high activation energy due to an increase in strain rate caused by the
presence of a liquid phase is shown in Fig. 4.24. Region II exhibiting the high
activation energy is likely a transition region from superplastic flow in a solid
state including no liquid to viscosity flow of liquid.

The behaviors of the Al-Cu-Mg alloy matrix composites were different
from those of the other composites. It is found from Fig. 4.20 that the
activation energy was higher than that for lattice diffusion even in the
temperature range below the onset temperature for partial melting for the Al-
Cu-Mg alloy matrix composites. This is probably because partial melting

occurred at a temperature lower than the apparent partial melting temperature
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determined by the DSC investigation, however, the volume of liquid was too
small to be measured by the DSC investigations for the Al-Cu-Mg alloy matrix
composites. Differences in the onset temperature for partial melting for
identical matrix composites were about 20 K for the Al-Zn-Mg and Al-Mg-Si
alloy matrix composites, however, a difference in the onset temperature for
partial melting was more than 60 K for the Al-Cu-Mg alloy matrix
composites. A large difference in the onset temperature for partial melting
for the Al-Cu-Mg alloy matrix composites may be associated with ability of
the DSC investigations. Namely, when the volume of liquid is too smalli,
evidence for partial melting can not be exactly checked by DSC investigations,
as mentioned above. In such a case, the apparent partial melting temperatures
determined by the DSC investigations may differ so greatly. Solute atoms
such as Mg and Si are segregated at the matrix/reinforcement interfaces and
grain boundaries, as shown in Chapter 6. Such segregation is likely
responsible for partial melting for the Al-Mg, the Al-Mg-Si and the Al-Zn-Mg
alloy matrix composites. On the other hand, pseudo-ternary eutectics
consisting of Al, Mg and Cu are often formed for Al-Cu-Mg alloys. The
pseudo-ternary eutectics may be related to partial melting for the Al-Cu-Mg
alloy matrix composites. Further research is required to exactly investigate

the partial melting behavior for the Al-Cu-Mg alloy matrix composites.

4.3.2 Rate-controlling process

In this section, a rate-controlling process of superplastic flow is
investigated in a temperature range below the onset temperature for partial
melting for the aluminum matrix composites from the viewpoint of effects of
the reinforcements on the basis of the experimental results of the mechanical

properties in the present investigation and the previous works [13-16].
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4.3.2.1 Accommodation process

Mishra and Mukherjee [60] showed that the activation energy values for
superplastic flow for aluminum matrix composites with high volume fraction
of reinforcements were significantly higher than the one for lattice diffusion
of aluminum and that the deformation process was controlled by interface
diffusion. However, this result was obtained from the data in both
temperature ranges below and above the partial melting temperature. As
shown above, on the other hand, the activation energy for superplastic flow
was in agreement with the one for lattice diffusion of aluminum in a
temperature range below the onset temperature for partial melting, although
the activation energy was much higher than the one for lattice diffusion of
aluminum in a temperature range above the onset temperature for partial
melting. This indicates that a rate-controlling process of superplastic flow in a
temperature range below the onset temperature for partial melting for the
composites is controlled not by interface diffusion, but by lattice diffusion of a
matrix material.

It is accepted that grain boundary sliding is the dominant deformation
process of superplastic flow [47-49]. Because grain boundary sliding
generally causes stress concentrations at triple points and ledges of grain
boundaries, grain boundary sliding is required to be accommodated in order
to attain superplasticity. Therefore the accommodation process is considered
to be a rate-controlling process of superplastic flow. Many models on
superplastic flow [39-43,61-64] have been proposed from the viewpoint of the
accommodation process of grain boundary sliding. Summary of the models is
shown in Table 4.3. The experimental results of n = 2, p=2and Q=0 in a
temperature range below the onset temperature for partial melting for the
superplastic aluminum matrix composites in the present investigation are in

agreement with the one proposed by Sherby and Wadsworth [63] and
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Hayden et al. [41]. The experimental result of n = 2 indicates that grain
boundary sliding is accommodated by dislocation movement [39-43,62-64], not
by diffusion [61]. Furthermore, the fact that the activation energy for
superplastic flow in the composites was in agreement with the activation
energy for lattice diffusion of a matrix material indicates that the dislocation
movement 1s controlled by lattice diffusion of a matrix material. It is
therefore concluded that the dominant deformation process of superplastic
flow in a temperature range below the onset temperature for partial melting
for the aluminum matrix composites is grain boundary sliding accommodated
by dislocation movement controlled by lattice diffusion.

The strain rate for superplastic flow in the composites is lower than that
in reinforcement-free metals when the stress is constant, as shown later,
indicating that the strengthening due to the presence of reinforcements is
retained for superplastic flow and the rate-controlling process is affected by
the presence of reinforcements. Schematic illustration of the accommodation
process of grain boundary sliding by dislocation movement for metal matrix
composites is shown in Fig. 4.25. Dislocations generated at triple points of
grain boundaries move on the most favorable slip plane for relaxing the stress
concentrations caused by grain boundary sliding. The dislocations are piled up
around the reinforcements located in a grain and at the opposite grain
boundaries. Finally the piled-up dislocations disappear by climb controlled by

lattice diffusion.

4.3.2.2 Effects of reinforcements
The (€/Dyp)(dlb)2 - (6-044)/G relation was analyzed from the data in a

lemperature range below the onset temperature for partial melting for the

superplastic aluminum matrix composites, where Dy, is the lattice diffusion

coefficient. The plot is shown in Fig. 4.26. For reference, the relation for
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reinforcement

Fig. 4.25 Schematic illustration of the accommodation process of grain
boundary sliding by dislocation movement for metal matrix composites.
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superplastic metals [63] is superimposed in the figure. It should be noted that
as a whole, the strengthening for the particle-reinforced composites is lower
than that for the whisker-reinforced composites. It 1s suggested that the
superplastic behavior for the composites depends on the morphology of
reinforcements. This trend is similar to the creep behavior of aluminum
matrix composites [9].

In general, large triaxial stresses develop in a matrix material due to the
presence of reinforcements and these stresses have a strong effect on reducing
the deformation rate at elevated temperatures [65]. In such a case, the strain

rate of composites may be given by [66]

é = ga(ag:_o. & (4.4)

where a is the strengthening coefficient, £ is the creep coefficient and oy is
the reference stress. For n = oo, the strengthening coefficient a is

approximated by [66]
a = 142(2+c) VA2 (4.5)

for fibers, where ¢ and Vrare the aspect ratio and the volume fraction of the

reinforcements, respectively. The strengthening coefficient depends on the
morphology and volume fraction of reinforcements. Therefore the

mechanical properties of composites may be given by

£= B(%} ”( 3) Pp | " (4.6)
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where B is a constant and D is the adequate diffusion coefficient. The
variation in (€/Dy)(d/b)? as a function of (o-0y)/aG is shown in Fig. 4.27. It
is found that the mechanical properties of the particulate-reinforced
composites are roughly in agreement with those of the whisker-reinforced
composites, compensated by the strengthening coefficient, though the plots
show some deviations.

The strengthening coefficient defined by Eq. 4.5 does not depend on the
reinforcement spacing and size, and effects of the reinforcement spacing and
size are not taken into consideration in the above analysis. However, there is
no reason why the reinforcement spacing and size have no effect on the
deformation process. Pandy er al. [7] experimentally revealed that the
reinforcement size affected the creep behavior of an aluminum matrix
composite. As mentioned above, the moving dislocations are expected Lo pile
up due to the presence of reinforcements during superplastic deformation for
metal matrix composites. This situation is similar to the case of dislocation
pile-ups at grain boundary at low temperatures, for example, at room
temperature for metals. Hence, the strengthening may be increased with
decreasing reinforcement spacing. On the other hand, Rosler et al. [66]
analyzed limitation in relaxation of stress concentrations by diffusion and they
revealed that the critical strain rate, below which the strengthening is
eliminated and above which the strengthening is retained, increases with
decreasing reinforcement size. This suggests that the strengthening is retained
more easily for larger reinforcement size. Also, Ariz et al. [67] theoretically
analyzed by-pass of dislocations over a reinforcement and they suggested that
the strain rate is inversely proportional to the reinforcement size. In these
cases, the strengthening is expected to be increased with increasing

reinforcement size.
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The variation in (€/Dy )(d/b)2 as a function of the reinforcement spacing
A is shown in Fig. 4.28, where A is given by (dp/Z)’\/W [68], and the
variation in (£€/D1)(d/b)2 as a function of the reinforcement size dp is
shown in Fig. 4.29, respectively, where a value of (/D1 )(dIb)? is
determined at (o-03;)/aG = 10-4. A value of dp 1s taken to be Yd;d> for the
whisker-reinforce composites, where d; is the diameter of whiskers and d2 is
the length of whiskers. Inspection of Figs 4.28 and 4.29 reveals that a value
of (€/Dyp)(d/b)? increases with increasing reinforcement spacing in a range
A <2 pm and it decreases with increasing reinforcement size in a range
dp 25 um. This indicates that the dislocation-pileup mechanism affects the
rate-controlling process for a small reinforcement spacing, on the other hand,
the diffusional relaxation-limitation or dislocation-bypass mechanism affects
the rate-controlling process for a large reinforcement size. It is suggested that
the strongest strengthening process among these processes affects the rate-

controlling process of superplastic flow for the composites.

4.4 Conclusions

(1) The phenomenological deformation characteristics of the superplastic
aluminum matrix composites are summarized as follows.: (1) all the
aluminum matrix composites in the present investigation exhibited
superplastic behavior at high strain rates (> 10-2 s-1), (ii) the high strain
rate sensitivity was attained in an intermediate strain rate range, where
large elongations were attained, (iii) the strain rate sensitivity was very
low (for example, less than 0.1) in a low stain rate range, which is
attributed to the presence of threshold stress, and (iv) the optimum
temperatures where a maximum elongation was attained for each
composite were different from one another, in spite of the same chemical

composition of a matrix alloy.
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(2) The threshold stress strongly depended on the testing temperature. The
interaction between grain boundary dislocations and segregation of solute
additions may be responsible for the threshold stress. Further research is
required to understand the origin of the threshold stress for the
superplastic composites.

(3) The superplastic flow was divided into two regions from the viewpoint of
the activation energy: Region I (= a low temperature range) showing the
low activation energy and Region II (= a high temperature range) showing
the high activation energy. The activation energy in Region I was roughly
in agreement with the activation energy for lattice diffusion of aluminum,
on the other hand, the activation energy in Region II was much higher than
the activation energy for lattice diffusion. The high activation energy in
Region II is likely attributed to the presence of a liquid phase.

(4) The experimental results showed that n =2,p =2 and Q =Qf in a
temperature range below the onset temperature for partial melting for the
superplastic composites. The dominant deformation process in a
temperature range below the onset temperature for partial melting for the
superplastic aluminum matrix composites is likely grain boundary sliding
accommodated by dislocation movement controlled by lattice diffusion of a
matrix material.

(5) The strengthening due to the presence of reinforcements was retained for
superplastic flow and the mechanical properties of superplastic flow were
affected by the presence of reinforcements. It is suggested that there are
strengthening processes of the dislocation-pileup mechanism, the
diffusional relaxation-limitation and dislocation-bypass mechanism, so that
the strongest strengthening process among these processes affects the rate-

controlling process of superplastic flow for the composites.
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(6) The mechanical properties in a solid state for the superplastic aluminum
matrix composites were made clear by the present work. However, the
mechanical properties in a state including a liquid phase are not clear. It is
important to understand the superplastic deformation mechanisms in a state
including a liquid phase because a liquid phase plays an important role in
superplastic flow, as shown in Chapter 7. Further research is required to

investigate the superplastic properties in a state including a liquid phase.
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CHAPTER 5

DEFORMATION CHARACTERISTICS IN HIGH STRAIN RATE
SUPERPLASTIC MAGNESIUM MATRIX COMPOSITES

5.1 Introduction

High strain rate superplasticity was originally demonstrated in aluminum
based materials [1,2]. To date, there have been some studies on high strain
rate superplasticity for aluminum based materials [3-6]. For magnesium based
materials, however, there are fewer studies on superplasticity, in particular,
high strain rate superplasticity, compared to aluminum based materials and it
is not sufficient to understand the deformation characteristics for superplastic

magnesium based materials.

Very recently, a few of works on high strain rate superplasticity for
magnesium matrix composites with ceramic reinforcements were reported [7-
9]. As shown in Chapter 4, the activation energy value was apparently
changed by the presence of a liquid phase for the high strain rate superplastic
aluminum matrix composites. On the other hand, Nieh et al. [9] revealed
that the activation energy for superplastic flow in the high strain rate
superplastic SiCp/Mg-Zn (ZK60) composite was equal to the one for grain
boundary diffusion and they showed no evidence of a drastic change in the
activation energy for the magnesium matrix composite.

The aim in the present chapter is to investigate deformation characteristics
of high strain rate superplasticity for magnesium matrix composites exhibiting
partial meting behavior or not. Since partial melting behavior is attributed to

segregation [10], a difference in chemical compositions of a matrix affects
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partial melting behavior. In this investigation, two Mg)S1 particle-reinforced
magnesium matrix composites with different chemical compositions
(MgaSip/Mg-Al and MgaSip/Mg-Zn) were prepared, as shown in Chapter 2.
As a result of DSC measurements, the Mg2Si,/Mg-Al composite showed
partial melting at 794 K, on the other hand, the Mg>Si,/Mg-Zn composite
showed no partial melting. The superplastic properties have been investigated
by constant strain rate tensile tests in a temperature range from 653 to 813 K,
including temperatures below and above the onset temperature for partial

melting of the MgaSip/Mg-Al composite.

5.2 Experimental procedure
The Mg2Sip/Mg-Al and Mg2Si,/Mg-Zn composites listed in Table 2.3
were prepared by rapidly solidification and hot extrusion routes, as shown in

Chapter 2, and constant strain rate tensile tests were carried out in a strain

rate range of 10-3 ~ 10 s-1 from 733 to 813 K for the Mg2Sip/Mg-Al
composite and from 653 to 788 K for the MgzSip/Mg-Zn composite,
respectively. The testing temperature range for the Mg>Sip/Mg-Al composite
includes temperatures below and above the onset temperature for partial

melting of the composite (= 794 K).

5.3 Results and discussion
5.3.1 Mechanical properties
5.3.1.1 Strain rate dependence

The variation in flow stress (top figure) and elongation to failure (bottom
figure) as a function of strain rate is shown in Fig. 5.1 for the Mg2Sip/Mg-Al
composite and in Fig. 5.2 for the Mg2Sip/Mg-Zn composite, respectively. In
general, large elongations are attained in the range of both temperatures and
strain rates where the strain rate sensitivity is high. For the Mg2Sip/Mg

120



10 L ¥ l'll‘llll L] T l[lllll L4 LR | [llll] T LENR 0 ) |'|'lll 1 LI ] ll'lll’

Mg2Sip/Mg-Al

102 e=0.1
a/g
A

Flow Stress, MPa
>

100} ]
107"

400

300

Elongation, %
)]
(@)
T

10° 10 107 10 10 10 10
Strain Rate, 51

Fig. 5.1 The variation in flow stress (top figure) and elongation to failure
(bottom figure) as a function of strain rate for the Mg2Sip/Mg-Al

composite.
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Fig. 5.2 The variation in flow stress (top figure) and elongation to failure

(bottom figure) as a function of strain rate for the Mg2Sip/Mg-Zn
composite.
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composites, high values of the strain rate sensitivity (= 0.3) were attained at
high strain rates above 10-2 s-1. The strain rate sensitivity tended to decrease
with decreasing strain rate. This trend for the superplastic magnesium matrix
composites is the same as that for the superplastic aluminum matrix
composites. The low strain rate sensitivity in a low strain rate range for the
magnesium matrix composites is likely attributed to the presence of a
threshold stress as well as for the aluminum matrix composites.

The Mg»Sip/Mg-Al composite exhibited a maximum elongation of 370 %
at 788 K and at a high strain rate of 10-1 s-1, and the Mg2Sip/Mg-Zn composite
showed a maximum elongation of 290 % at 713 K and at a high strain rate of
10-1 s-1. Tt should be noted that a maximum elongation of 290 % was attained
at 713 K, where no partial melting occurred, for the Mg25ip/Mg-Zn

COmMposite.

5.3.1.2 Threshold stress

The strain rate sensitivity tended to decrease with decreasing strain rate
for the superplastic magnesium matrix composites, as shown in Figs 5.1 &
5.2. This is probably attributed to the presence of a threshold stress. A
threshold stress can be estimated by extrapolation to zero strain rate of a line
which the data give as ¢ against £l/n on a double-liner scale [11], as shown in
Chapter 4, where o is the flow stress, £ is the strain rate and n is the stress
exponent. For example, plots of ¢ against £1/2, €1/3, ¢1/5 and £1/8 at 788 K for
the Mg Sip/Mg-Al composite are shown in Fig. 5.3. The linearity of the data
in this plot indicates that the presence of a threshold stress is responsible for
the change in the strain rate sensitivity and that the value of n=2 is correct
for the stress exponent for superplastic deformation. The same trend was
found at other testing conditions for the Mg2Sip/Mg composites in the present

investigation. Therefore all values of threshold stresses were given by
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extrapolation to zero strain rate of a line which the data gave as ¢ against £l/2

on a double-liner scale.

The variation in threshold stress as a function of temperature is plotted in
Fig. 5.4. It is noted that the threshold stress decreased with an increase in
temperature. This is the same as the result for the aluminum matrix
composites, as shown in Chapter 4, in addition, the similar results were
reported for superplastic metals in the previous works [11-13]. The stress
concentrations around the Mg>Si particles, which are caused by sliding
process, are sufficiently relaxed, as shown later (in Chapter 7), and therefore
the origin of the threshold stress is unlikely directly associated with the
presence of the MgoSi particles. The nature of sliding processes is probably
responsible for the threshold stress. Mohamed and co-worker [11,14,15]
noted that a possible origin of a threshold stress is interaction between
impurities and grain boundary dislocations. In the present investigation, the
Mg2Sip/Mg-Al composite showed partial melting, on the other hand, the
Mg2Sip/Mg-Zn composite showed no evidence of partial melting from the
results of DSC measurements, indicating that concentrations of segregation for
the Mg»Sip/Mg-Al composite are higher than for the MgzSip/Mg-Zn
composite. It is of interest to note that the threshold stresses for the
Mg2Sip/Mg-Al composite were higher than those for the Mg2Si,/Mg-Zn
composite. It may be that high concentrations of segregation lead to the
higher threshold stresses for the Mg2Sip,/Mg-Al composite, compared to the
MgaSip/Mg-Zn composite.

5.3.1.3 Activation energy
When a threshold stress is taken into consideration, the mechanical
properties for superplastic deformation may be described by an equation for

power-law creep of the form [13]
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Fig. 5.4 The variation in threshold stress as a function of temperature for
the MgaSip/Mg-Al and Mg2Sip/Mg-Zn.
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where A is a constant, & is the shear modulus, b is the Burgers vector, k is the
Boltzmann constant, T is the absolute temperature, Oy, 1S the threshold stress, d
is the grain size, p 1s the grain size exponent, D, is the frequency factor, Q is
the activation energy of an appropriate diffusion process and R is the gas

constant. When (o0-0y4)/G is constant, the activation energy Q is evaluated as

- R ofIng(TIG)(dIb)?] '

o Jd(1/T)

(3.2)

Theoretical models on superplasticity [16-21] predict p =2 or 3. A value of p
was about 3 for high strain rate superplastic Mg-Al-Zn (AZ91) and Mg-Zn-Zr
(ZK61) alloys [22]. Hence, in this investigation, p is taken to be 3. The
variation in &7T/G)(d/b)3 as a function of 1/T is shown in Fig. 5.5. As shown
in Chapter 4, an apparent value of the activation energy for superplastic flow
was drastically increased by the presence of a liquid phase for the high strain
rate superplastic aluminum matrix composites. Therefore it is important to
check the onset temperature for partial melting. In this investigation, the onset
temperature for partial melting was measured by DSC. From the DSC
investigations, a small endothermic peak appeared at 794 K for the
Mg2Sip/Mg-Al composite, however, there was no endothermic reaction to
823 K for the Mg2Sip/Mg-Zn composite. These results revealed that partial
melting occurred at 794 K for the Mg2Sip/Mg-Al composite, on the other
hand, melting did not occur at least in the testing temperature range from 653
to 788 K for the Mg2Sip/Mg-Zn composite. The onset temperature for partial
melting for the Mg»Sip/Mg-Al composite (= 794 K) is shown as the dashed

line in Fig. 5.5. Inspection of Fig. 5.5 reveals that there is a transition point
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for the Mg2Si1,/Mg-Al composite and the behavior is divided into two regions:
one is a temperature region of 733 ~ 773 K and another is a temperature
region of 788 ~ 813 K. The activation energy for superplastic flow was
85 kJ/mol in a temperature region of 733~ 773 K and was 620 kJ/mol in a
temperature region of 788 ~ 813 K. On the other hand, for the Mg2Si,/Mg-
Zn composite, there was no transition point and the activation energy for
superplastic flow was 117 kJ/mol. The activation energy for the Mg2Sip/Mg-
Zn composite is between the one for grain boundary diffusion of magnesium

(= 92 kJ/mol [23]) and the one for lattice diffusion of magnesium

,.\
0t

135 kJ/mol [23]), and the activation energy in a lemperature region of 733
~ 773 K for the Mg>Sip/Mg-Al composite is close to the one for grain
boundary diffusion. However, the activation energy in a temperature region
of 788 ~ 813 K for the MgSip/Mg-Al composite is much higher than the ones
for grain boundary diffusion and for lattice diffusion of magnesium. It should
be noted that the transition point for the MgaSip/Mg-Al composite is very
close to the onset temperature for partial melting. Therefore, the high value
of the activation energy in a temperature region of 788 ~ 813 K for the
Mg2Si,/Mg-Al composite is likely attributed to the presence of a liquid phase.
This trend is the same as the results of the aluminum matrix composites and
mechanically-alloyed materials [24].

It is recognized that superplastic flow is controlled by grain boundary
diffusion or lattice diffusion [25]. A dominant diffusion process for
superplastic flow may be evaluated through the effective diffusion concept.
The effective diffusion coefficient Df involving the lattice diffusion
coefficient D, and the grain boundary diffusion coefficient Dgp is given

by [26]

Deg= Dy + x Eégﬂ (5.3)
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where x is an unknown constant and ¢ is the grain boundary width. If the
diffusion processes in superplastic flow are analogous with those in diffusion
creep, a value of x is unity. On the other hand, Metenier ef al. [26] noted
that x = 10-2 for superplastic flow. The critical grain size, above which a
dominant diffusion process is lattice diffusion and below which it is grain
boundary diffusion, can be evaluated by the effective diffusion concept. The

critical grain size d. may be given by

d, = 7D (5.4)
Dy

The variation in the critical grain size as a function of temperature is shown
for magnesium base materials in Fig. 5.6, where x is taken to be 10-2 and 1.
The measured grain sizes for the Mg>Sip/Mg composites (= about 1 um) are
lower than the critical grain size at x = 10-2 at most of testing temperatures. It
is therefore suggested that the effective grain boundary diffusion xzéDgg/d is
faster than the lattice diffusion and so that a dominant diffusion process for
superplastic flow in a solid state for the MgaSip/Mg composites is grain

boundary diffusion.

5.3.2 Constitutive equation

The experimental results in the present investigation showed that the
deformation characteristics of high strain rate superplasticity for the
magnesium matrix composites were changed by the presence of a liquid phase
as well as for the aluminum matrix composites. In this session, superplastic
deformation mechanisms in a solid state are mainly discussed.

It was found from the experimental investigation that n = 2, p = 3 and D

= D¢p, taking into consideration a threshold stress, for superplastic flow in a
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Fig. 5.6 The variation in the critical grain size as a function
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solid state for the Mg2Sip/Mg composites. Hence, the mechanical properties

for superplastic flow in a solid state for the Mg>Sip/Mg composites are

described as

s o Ghya-ah 27033 (5.5)
Eorl TG ) () Pes

It is therefore concluded that a dominant superplastic deformation process in a
solid state for the MgpSip/Mg composites is grain boundary sliding
accommodated by dislocation movement controlled by grain boundary
diffusion [25].

The variation in diffusion- and grain size-compensated strain rate as a
function of modulus- and threshold stress-compensated stress for magnesium
base materials is shown in Fig. 5.7, where the shear modulus is taken to be the
shear modulus of pure magnesium. In the figure, the data of superplastic
magnesium alloys without reinforcements [27-30] are superimposed. It is
found from Fig. 5.7 that the composites exhibit lower diffusion- and grain
size-compensated strain rate than the alloys when modulus- and threshold

stress-compensated stress is constant.

The stress concentrations around the Mg, Si particles, which are caused
due to sliding process, are sufficiently relaxed by diffusion and/or diffusion-
controlled dislocation movement for the Mg2Si,/Mg composites, as will be
shown in Chapter 7. Hence, it is suggested that strengthening mechanisms due
to the particles are not operative. The lower strain rates for the composites
may be related to a change in the elastic stress field due to a large volume
fraction of particles with a high shear modulus because the speeds of
dislocation glide and climb are strongly influenced by the elastic stress field of
dislocations [31]. The lower strain rates for the composites may be

approximately estimated using the shear modulus of the composite by the role
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of mixture equation, though the estimate is not rigid. The shear modulus of

the composite G is given by the role of mixture equation,
G.=(1-V)Gn+ VG, (5.6)

where Vris the volume fraction of particles, Gm and Gp are the shear modulus
of a matrix and a particle, respectively. The variation in diffusion- and grain
size-compensated strain rate as a function of modulus- and threshold stress-
compensated stress for magnesium base materials is shown in Fig. 5.8, where
the shear modulus is taken to be the shear modulus by the role of mixture
equation. It is found from Fig. 5.8 that the data for the composites are
roughly in agreement with the data for the alloys, taking into consideration a
threshold stress and an increase in the shear modulus due to a large volume
fraction of particles. It is therefore suggested that the superplastic
deformation mechanism in a solid state for the composites is the same as that
for the alloys. The slight deviations between the composites and the alloys
after taking into consideration an increase in the shear modulus may be
attributed to a difference in texture since the mechanical properties of a
superplastic magnesium alloy strongly depend on texture [32]. It is
recognized that deformation in regions adjacent to hard particles is different
from deformation of materials containing no particles [33,34]. The
complicated deformation due to the presence of hard particles probably results
in unusual texture for the composites.

At temperatures above the onset temperature for partial melting, the
activation energy was much higher than the ones for grain boundary diffusion
and for lattice diffusion for the Mg2Sip/Mg-Al composite. The high .activation
energy for superplastic flow for the magnesium matrix composite as well as

for the aluminum matrix composites is because the rate is faster in a state
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including liquid than in a state including no liquid and the activation energy is
apparently increased by the presence of liquid phases [24]. It was reported in
the previous papers [12,13] that the activation energy for superplastic flow in a
high strain rate superplastic SiCy,/Al-Cu-Mg (2124) composite was 313 kJ/mol
and that the deformation mechanism of superplasticity in aluminum matrix
composites exhibiting high strain rate superplasticity was different from
conventional superplasticity. However, the high value of the activation energy
for the composite is probably attributed to the presence of a liquid phase
because the testing temperature range was above the melting point of the
composite [1]. It should be noted that the deformation characteristics of
superplasticity for the composites are intrinsically the same as those for metals
without reinforcements, though the deformation characteristics are drastically

changed by the presence of a liquid phase.

5.4 Conclusions

(1) The Mg2Si,/Mg-Al composite exhibited a maximum elongation of 370 %
at 788 K and at a high strain rate of 10-1 s-1, and the Mg2Sip/Mg-Zn
composite showed a maximum elongation of 290 % at 713 K and at a high
strain rate of 10-1 s-1. It is noted that a maximum elongation of 290 %
was attained at 713 K, where no partial melting occurred, for the

MgaSi,/Mg-Zn composite.

(2) The superplastic flow in a solid state including no liquid is likely
controlled by grain boundary diffusion. On the other hand, an apparent
value of the activation energy was increased by the presence of a liquid

phase.

(3) The relationship between the diffusion- and grain size-compensated strain
rate and the modulus- and threshold stress-compensated stress for the

magnesium matrix composites was roughly in agreement with the
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relationship for magnesium alloys, taking into consideration a threshold
stress and an increase in the shear modulus due to the presence of hard
particles. It should be noted that the deformation characteristics of
superplasticity for the composites are intrinsically the same as those for

metals without reinforcements, at least in a state including no liquid phase.
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CHAPTER 6

PARTIAL MELTING AT INTERFACES AND
GRAIN BOUNDARIES

6.1 Introduction

The mechanical properties of metal matrix composites are strongly
affected by the nature of interfaces between a matrix and a reinforcement as
well as by the chemical composition and grain size of a matrix and the
morphology, volume fraction and chemistry of a reinforcement. In
superplastic deformation for metal matrix composites, the interfaces appear to
provide the sites for cavity formation. If excessive cavities are formed at the
interfaces, superplasticity (large elongation) is not attained. The nature of the
interfaces is expected to affect superplastic potential. Hence an investigation of
the interfaces may give important information to make clear the deformation
mechanisms of high strain rate superplasticity for the composites.

The microstructure and chemical segregation at interfaces, which are not
superplastic materials, have been extensively investigated for aluminum matrix
composites [1-9]. These studies revealed that phase formation and segregation
occurred at the interfaces by heat treatment after hot extrusion.
Suganuma et al. [2] showed that segregation of magnesium was severely
caused and that the segregated areas were the order of micro-meter by heat
treatment at 853 K for 1.8 x 104 s for the Alp03/Al-Mg-Si (6061) composite.
Also, a variety of precipitates such as MgO, MgaSi, MgAl,04, CuMgAl»z,
Al3Mg2 and MgAl26040 were frequently observed for many aluminum matrix

composites. When a molten-alloy-mixing technique was used to form a SiC/Al
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alloy composite, Al4C3 was observed in addition of MgAl2Q4. These interface

precipitates are highly stable at elevated temperatures and anticipated to

hamper interfacial sliding.

The deformation characteristics of high strain rate superplasticity for the
aluminum matrix composites and the magnesium matrix composites were
strongly changed by the presence of a liquid phase, as shown in
Chapters 4 & 5. The presence of a liquid phase in the superplastic
composites probably results from partial melting occurring at elevated
temperatures. In the present chapter, partial melting at the interfaces and
grain boundaries is evidenced by in situ TEM observations and DSC

measurements, in addition, the origins of partial melting are discussed.

6.2 Experimental procedure

The composites used in the present chapter are the same as the ones in
Chapter 4. In situ TEM observation was carried out for the
Si3N4p(0.2um)/Al-Mg (5052) composite. Disc specimens for TEM were cut by
a low speed diamond saw from the as-extruded bar. They were mechanically
ground to ~ 20 pwm in thickness, and ion-milled to perforation with 3 keV
argon ions. During ion milling, specimens were cooled with a liquid nitrogen
stage to minimize irradiation damages. A perforated specimen was then
loaded on a single tilt heating stage for TEM examination. The microstructure
was studied at 821 K by in situ TEM. The specimen was then slowly cooled in
the TEM to room temperature and was removed from the specimen stage. In
order to remove surface contamination, formed during in sifu observation, the
specimen was ion-milled with a liquid nitrogen holder for 1.8 x 103 s.

The segregation behavior was subsequently investigated by an electron
energy loss spectrometer (EELS) attached to the TEM for microchemical

analysis. An electron-beam diameter of ~ 2 nm was obtained by using a field
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emission source. The actual beam size was expected to be slightly larger,
particularly on the exit surface of the specimen because of scattering of
electrons during interaction with the specimen. In order to minimize the
multiple scattering effects on inner-shell peaks, a very thin part of the
specimen was analyzed by EELS. This also ensured that no other phases were
overlapped in the analyzed area. Data acquisition time for each EELS
spectrum was 10 s. During acquisition, both the specimen and the electron
beam remained at the same position. It was considered that the chemical
concentration was not altered noticeably before and after a heating-and-
cooling cycle. This was supported by the experiment in a different specimen
which showed a similar partial melting behavior at the same temperature
during the first and second heating runs that were performed 24 h apart.
Therefore, EELS analysis performed at room temperature could be utilized to
discuss the effects of chemical composition on the microstructure observed at
821 K.

DSC experiments were carried out for Al-Mg-Si (6061) alloy matrix
composites. The powder, the as-extruded matrix alloy, the as-sintered
composite and the as-extruded composite were investigated. The samples for
DSC were 10 ~ 25 mg in weight. All the DSC runs started at room
temperature, ended at about 873 K and were made with a constant heating rate
of 10 K/min. The thermal analyzer was connected to a computer with a

suitable interface, and the data from each run were continuously stored.

6.3 Results and discussion
6.3.1 In situ TEM investigation

Specimen temperature was increased stepwise by controlling an applied
voltage of a heater, and the microstructural change was observed in sifu by

TEM. With increasing temperature from 816 to 821 K, a drastic change was
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observed in the microstructure as shown in Fig. 6.1. In the bright-field image
in (a) taken at 821 K, rounded corners of the matrix grains (marked by
arrows) appear, indicating the presence of a liquid phase. The diffraction
pattern in (c) shows the diffuse ring intensity, superposed with a crystalline
spot pattern. The diffuse ring pattern is indicative of the formation of a liquid
phase. As soon as the temperature is lowered, the diffuse ring pattern is found
to disappear, but the polycrystalline ring remains unchanged-. Since no
additional phase formation is observed, the polycrystalline ring can be
attributed to a thin contamination layer on the surface, formed during in situ
observation at 821 K. When the specimen is reheated to 821 K, partial
melting is observed again, indicating that surface contamination layer does not
affect the partial melting temperature. It should be noted that the onset
temperature for partial melting by in situ TEM observation was almost the
same as the ones determined by DSC measurements [10].

Partial melting occurred not only at the interfaces, but also at grain
boundaries. It is emphasized that the tendency of melting appears to depend
on the nature of grain boundaries, i.e., the type of grain boundary structure
characterized by the misorientation between neighboring grains. In the
bright-field image, two types of grain boundaries are observed and marked as
gl and g2. In the dark-field image, only the gl grain boundary has a bright
contrast, indicating melting. Quantitatively, the misorientation angie,
determined from Kikuchi diffraction pattern, is 18° for the gl boundary and
is 30 for the g3 boundary. The results suggest that the tendency of melting
along grain boundaries depends on the misorientation angle between adjacent

grains.

6.3.2 DSC investigation
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The DSC experimental data to 873 K are shown in Fig. 6.2 for the Al-
Mg-Si (6061) powder, the as-extruded Al-Mg-Si matrix alloy and the as-
extruded Al-Mg-Si alloy matrix composites. A flat area was found in both
Si3N4p(0.2pm)/Al-Mg-Si and Si3N4p(0.5um)/Al-Mg-5i composites, and then a
sharp endothermic peak and finally a continuous endothermic curve appeared.
For the Si3N4p(1pm)/Al-Mg-Si composite, a weak endothermic peak was
found, followed by a flat area, and then a sharp endothermic peak was found
and finally a continuous endothermic curve appeared. For the Si3Ngy,/Al-Mg-
Si composite, a weak exothermic peak was found, then followed by a relatively
flat area, and finally a continuous endothermic curve appeared.

The sharp endothermic peaks, which were found for the SizNgp,/Al-Mg-Si
composites, are attributed to partial melting. This is evidenced by
in situ TEM observation [10]. The onset temperature for partial melting of
each material is listed in Table 6.1, where the onset temperature for partial

‘melting is determined from an intercept of two dotted lines indicated in
Fig. 6.2. The melting points of the powder and the matrix alloy are 855 K,
which is the same as the published data of the Al-Mg-Si alloy (6061) [11]. It
is found from Table 6.1 that the melting point of the Si3N4w/Al-Mg-Si
composite as well as the Si3N4p/Al-Mg-Si composites was lower than 855 K.
This suggests that partial melting occurred in the Si3N4y/Al-Mg-Si composite
as well as the SizN4p/Al-Mg-Si composites. DSC investigations were
conducted on all the SizN4/Al alloy composites used in Chapter 4. The results
showed that evidence for partial melting was found for all the alumiﬁum alloy
matrix composites exhibiting high strain rate superplasticity.

Partial melting is likely attributed to segregation of solute atoms, as
shown later. As shown in Table 6.1, the onset temperature for partial melting
of the Si3N4p(1um)/Al-Mg-Si composite was different from those of the
Si3N4p(0.2um)/Al-Mg-Si and Si3N4p(0.5um)/Al-Mg-Si composites, in spite of
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Table 6.1 The onset temperature for partial melting
obtained from DSC measurements shown in Fig. 6.2.

Al-Mg-Si Powder 855 K
Al-Mg-Si Alioy 855 K
SiaN4p0.2um)/Al-Mg-Si Composite 830 K
SisNap(0.s5um)/Al-Mg-Si Composite 829 K
SiaN4p1ipmy/Al-Mg-Si Composite 822 K
SiaNaw/Al-Mg-Si Composite 843 K
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the same chemical composition of the matrix alloy. This is probably because

of the difference in concentration of solute segregation.

6.3.3 Segregation

Concentrations of segregants at the interfaces and grain boundaries were
measured by EELS for the Si3N4p(0‘2pm)/Al~Mg composite. The result 1s
listed in Table 6.2. The solute concentration measured in the present work
may be lower than the true concentration at the interfaces and grain
boundaries because of the possibility of the electron beam diameter being
larger than the width of the segregation profile. It is found from Table 6.2
that the interfaces are segregated with magnesium and grain boundaries are
segregated with silicon. One may argue that the presence of oxygen and
nitrogen can consume segregating magnesium and silicon by forming various
ceramic compounds as well as intermetallic compounds [1-9]. However, these
compounds are all very stable and do not melt in the temperature range where
the experimental was conducted. Therefore a substantial amount magnesium
and silicon probably remain isolated without forming the compounds.

Segregation was found at most interfaces (6 segregated interfaces out of 7
investigated), on the other hand, segregation was observed at only two of the
seven grain boundaries investigated (1 strongly segregated and 1 weakly
segregated). Thus, the tendency of melting depended on grain boundaries.
This can be understood by the grain-boundary dependent segregation,
characterized by the misorientation angle between neighboring grains.
Watanabe and co-workers [12,13] have systematically studied the extent of
segregation as a function of misorientation angle in Fe(Si) and Fe(Sn). They
found that the extent of segregation increased with increasing the tilting angle
except for low energy special boundaries. These observations support the

view of partial melting that is caused by segregation whose extent depends on
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the grain boundary structure. On the other hand, the tendency of melting

appears to be independent of the interface types. This may be associated with

a strong chemical interaction of magnesium atoms with Si3N4 reinforcements.

Strangwood et al. [3] showed that segregation was found for various
aluminum alloy matrix composites reinforced with SiC, indicating that
segregation was caused for SiC/Al composites as well as for SizN4/Al
composites. L'Esperance et al. [5] and Nieh and Wadsworth [14] proposed that
the solute segregation can lower the melting point of segregated layers.
According to the binary phase diagrams [15] of Al-Mg and Al-Si, magnesium
addition to pure aluminum up to 18.6 at.% lowers the melting point by 11 K
per 1 at.% Mg. Beyond 18.6 at.%, the alloy melts at 723 K. Similarly, silicon
addition to pure aluminum up to 1.5 at.% lowers the melting point by 56 K
per 1 at.% Si. Beyond 1.5 at.%, the alloy melts at 850 K. Therefore, if the
interfaces are segregated with more than 18.6 at.% of magnesium, the

interfaces can melt at a eutectic temperature of 723 K.

DSC was carried out on the extruded Si3N4p(o_2“m)/Al-Mg-Si composite
and the sintered SizN4p(0.2pm)/Al-Mg-Si composite, where the sintered
Si3aN4p(0.2um)/Al-Mg-Si composite [16] is processed by hot pressing (at 873 K)
of mixed powder of the aluminum power and the SizNg4 particulates. The
results are shown in Fig. 6.3. It should be noted that the extruded composite
showed the lower onset temperature for partial melting than the sintered
composite, indicating that the concentration of segregation is increased by hot
extrusion. Because the extruded matrix alloy showed no evidence of partial
melting, as shown in Fig. 6.2, the origin of segregation is probably related to
the presence of the reinforcements. Dislocations tend to be attracted to
incoherent second phase particles at elevated temperatures [17,18]. Hence
segregation may be attributed to core diffusion enhanced by dislocations in

contact with the reinforcements during hot extrusion. Another possibility of
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segregation is the strong chemical interaction of SizNg4 with solute atoms such
as magnesium. It is reported that there are oxides on the surface of ceramic

particles [19,20]. The oxides also may affect segregation behavior.

6.4 Conclusions

(1) In situ TEM observation and DSC measurements revealed that partial
melting occurred at the interfaces and grain boundaries at elevated
temperatures for the high strain rate superplastic SisN4/Al alloy
composites.

(2) The tendency of melting depended on grain boundaries, however, was

independent of the interfaces.

(3) The partial melting is likely attributed to segregation of solute atoms such

as magnesium and silicon.
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CHAPTER 7

DEFORMATION MECHANISMS OF HIGH STRAIN RATE
SUPERPLASTICITY

7.1 Introduction

It has been demonstrated in Chapters 4 & 5 that the aluminum matrix
composites and the magnesium matrix composites exhibit superplastic behavior
at high strain rates > 10-2 s-1. Higashi [1] noted that the origin of high strain
rate superplasticity is associated with ultra-fine grain sizes for metals.
However, high strain rate superplasticity is not necessarily attained only by
ultra-fine grain sizes for metal matrix composites because excessive cavitation
is considered to be caused due to high stress concentrations around
reinforcements intersected by grain boundaries during the sliding process. In
particular, it appears to be difficult to accommodate the sliding process at high
strain rates by the diffusion processes including diffusion-controlled

dislocation movement because of too short times.

In Chapter 6, the presence of a small amount of liquid at the
matrix/reinforcement interfaces and grain boundaries at elevated temperature
was evidenced by DSC measurements and in-situ TEM observation for the
high strain rate superplastic aluminum matrix composites. The liquid phase
may be associated with the deformation mechanisms of high strain rate
superplasticity for the composites. In the present chapter, the origins of high
strain rate superplasticity are investigated from the viewpoint of the grain size
dependence and a role of a liquid phase. In addition, the critical strain rate,

below which the accommodation mechanism for superplastic flow is
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diffusional flow and/or dislocation movement in a solid state, on the other
hand, above which a special accommodation process by an accommodation
helper such as a liquid phase is required, is developed, and the theoretical view
is compared with the experimental results. Finally, the optimum conditions

for the accommodation process by a liquid phase are discussed.

7.2 Analysis and discussion
7.2.1 Grain size dependence

Overview of superplastic behavior for aluminum matrix composites and
magnesium matrix composites as a function of strain rate is shown in Fig. 7.1.
It should be noted that many composites showed superplastic behavior at high
strain rates > 10-2 s-1.

The superplastic strain rate range strongly depends on the grain size [7].
The relationship between the superplastic strain rate and the grain size may be

expressed by
ésp o d-p (7 1)

where £p, is the superplastic strain rate, 4 is the grain size and p is a constant.
The variation in superplastic strain rate as a function of the inverse of grain
size is shown in Fig. 7.2 for aluminum matrix composites, where the optimum
superplastic strain rate represents to the strain rate where a maximum
elongation is obtained. Clearly, high strain rate superplasticity results from
very small grain sizes.

There are some studies on superplasticity for magnesium alloys [10-17],
however, fewer reports of superplastic magnesium matrix composites [6,18],

compared to aluminum matrix composites. Recently, it was reported that a
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Fig. 7.2 The variation in superplastic strain rate as a
function of the inverse of grain size for aluminum matrix
composites, where the superplastic strain rate is the one
where a maximum elongation is attained.
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few of magnesium based materials [6,17,18] showed superplastic behavior at
high strain rates above 10-2 s-1. The variation in superplastic strain rate as a
function of the inverse of grain size for magnesium based materials is shown
in Fig. 7.3 for magnesium based materials. It is clear that an increase in the
superplastic strain rate is attributed to a decrease in the grain size for
magnesium based materials as well as for aluminum based materials. It
appears from Figs 7.2 & 7.3 that p = 2 ~ 3. Tt is concluded that a very small
grain size (< approximately 4 m) is required to attain superplasticity at high

strain rates above 10-2 s-1,

7.2.2 Accommodation helper mechanisms
7.2.2.1 Stress concentrations

It is recognized that grain boundary sliding is the dominant deformation
process of superplasticity [19-22]. For the composites as well, the sliding
process is the dominant deformation process of superplasticity. Evidence for
grain boundary sliding in the Si3N4p(1pm)/Al-Cu-Mg composite [23] is shown
in Fig. 7.4. The sample is deformed to 100 % at 788 K and at a strain rate of
4 x 10-2 s-1, where the high strain rate sensitivity (> 0.3) is attained. Stress
concentrations are expected to be caused around the reinforcements during the
sliding process for the composites. Therefore it is required not only to attain
a very small grain size, but also to accommodate the shding process, that is, to
relax the stress concentrations in order to attain superplasticity for metal
matrix composites because the stress concentrations cause excessive cavity
formation, resulting in premature fracture.

Assuming that the sliding displacements are too large to be accommodated
elastically and the sliding is accommodated by diffusional or plastic flow, Raj

and Ashby [24] developed the equation of the sliding rate. The sliding rate at a
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Fig. 7.4 Evidence for grain boundary sliding in the
Si3N4p(1um)/Al-Cu-Mg (2124) composite deformed to 100 % at
788K at4 x 102 s-1,
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plane boundary containing an array of discrete impermeable particles is given

by

=16524%p (1+’5DGB) (7.2)
kT dp L

where U is the sliding rate, 7; is the local shear stress, 2 is the atomic volume,

k is the Boltzmann's constant, T is the absolute temperature, A is the particle

spacing, dp is the reinforcement size, D, is the lattice diffusion coefficient, § is
the grain boundary thickness and Dgp is the grain boundary diffusion
coefficient. By substituting U = &d [25] into the equation of the sliding rate,

the local shear stress around the matrix/reinforcement interfaces is given by

3 .
kTd, ed (7.3)

164D, ( 1+55aDiB)

T, =

where £ is the strain rate. It follows from this equation that the local stress
increases significantly with increasing particle size. It is therefore expected
that clustering of reinforcements gives rise to high stress concentrations.
Hence, uniform dispersion of reinforcements is important to reduce the stress
concentrations. The relationship between the local tensile stress (= ﬁ’ri) and
the strain rate can be given by Eq. 7.3. The relationship between the local
tensile stress and the strain rate at the particle sizes of 0.01, 0.1, 1, 2 and 10
wm for aluminum based materials is shown in Fig. 7.5, where T = 818 K, 2=
1.66x1029 m3, A = 1.7 um, d =3 um, D; = 1.45x10-13 m2s-1, 8D gp =
2.16x10-19 m2s-1. The experimental flow stresses at the optimum superplastic

temperature for the Si3N4/Al alloy composites are superimposed in the figure,
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Fig. 7.5 The relationship between the local stress and the strain rate at
the particle sizes of 0.01, 0.1, 1, 2 and 10 pm for aluminum based
materials, where the experimental flow stresses at 818 K of the SizNg/Al

alloy composites are superimposed.
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where the optimum superplastic temperature is the temperature where a
maximum elongation is attained. The effective reinforcement size of the
whisker for the SizNgy/Al alloy composites is about 2 pm. Clearly, very high
stress concentrations are caused at the interfaces for the composites when the
sliding is accommodated only by diffusional or plastic flow. The local tensile
stress predicted from Eq. 7.3 and the experimental flow stresses are listed in
Table 7.1 for the Si3N4p/Al alloy composites and the MgQSip/Mg-Zn
composite, where the experimental flow stress is taken to be the flow stress at
the testing condition where a maximum elongation is attained. The fact that
the experimental flow stress is lower than or almost the same as the local stress
for each SizN4/Al alloy composite, except the Si3N4p(0.2um)/Al-Cu-Mg,
indicates that the stress concentrations around the reinforcements are relaxed
by special accommodation processes for the Si3N4p/Al alloy composites except
the Si3N4p0.2um)/Al-Cu-Mg. It is of interest to note that the local stress is
much lower than the experimental flow stress for the Mg2Sip/Mg-Zn
composite, indicating that the stress concentrations caused around the
reinforcements are sufficiently relaxed by diffusional processes in a solid state

for the Mg2Sip/Mg-Zn composite.

7.2.2.2 Role of a liquid phase

Stress concentration is expected to be caused around matrix/reinforcement
interfaces during superplastic flow for the aluminum matrix composites, as
shown above. The cavity nucleation rate increases rapidly with increasing
stress [25]. It is therefore suggested that high concentrations in local stress by
interfacial sliding cause excessive cavity nucleation at the interfaces easily, so
that premature fracture occurs. Therefore special mechanisms should be

required for the accommodation process of relaxation in the stress
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Table 7.1 The experimental flow stress and the predicted
local tensile stress around reinforcements for the aluminum
matrix composites and the magnesium matrix composite.

- Experimental Predicted local
Materials flowpstress/MPa stress/MPa
Si3N4p(1um)/Al-Cu-Mg 2 10
SiaN4p(0.2um)/A-Cu-Mg 8 3
Si3N4p(0.2um)/Al-Mg 6 5
SiaN4p(1um)/Al-Mg-Si 5 31
SiaN4p(0.5um)/Al-Mg-Si 6 42
Si3aN4p(0.2um)/Al-Mg-Si 5 10
SiaN4p(1um)/Al-Zn-Mg 10 225
Mg2Sip/Mg-Zn 10 0.1
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concentrations at interfaces resulting from the interfacial sliding to limit cavity
formation and attain large superplastic elongations.

The variation in elongation to failure as a function of testing temperature
is shown in Fig. 7.6 for the high strain rate superplastic SizN4/Al alloy
composites, where the strain rate for each composite is the optimum strain rate
where a maximum elongation is attained. The ohset temperature for partial
melting of each composite is shown by an arrow, where the onsét temperature
for partial melting is determined by DSC measurements. It should be noted
that the elongation to failure strongly depended on the testing temperature, and
a maximum clongation was attained at the temperature very close to the onset
temperature for partial melting.

The optimum superplastic temperature vs the onset temperature for
partial melting is plotted in Fig. 7.7 for the high strain rate superplastic
aluminum matrix composites. It is noted that the optimum superplastic
temperature is close to the onset temperature for partial melting, though the
optimum superplastic temperature for the Si3N4p(0.2um)/Al-Cu-Mg composite
is lower than the onset temperature for partial melting. Therefore it is
suggested that a liquid phase due to partial melting plays a vital role in high
strain rate superplastic deformation for the composites, except the
Si3N4p0.2um)/Al-Cu-Mg.

Here, I propose a new concept of the accommodation mechanism by a
liquid phase for superplastic deformation. The new concept is that a liquid
phase relaxes the high stress concentrations caused around the reinforcements
during superplastic flow and promotes interfacial sliding occurring without
excessive cavity formation at the interfaces, namely, a liquid phase plays an
important role as accommodation helpers [1]. Schematic illustrations of (a)
cavity formation due to high stress concentrations at the interfaces and (b)

relaxation of the stress concentrations by a liquid phase are shown in Fig. 7.8.
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Fig. 7.6 The variation in elongation to failure as a function of testing
temperature at the optimum superplastic strain rate for the SiaN4/Al alloy
composites, where the onset temperature for partial melting of each
composite is shown by an arrow.
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The stress concentrations are relaxed by a liquid phase and cavity formation is
limited, and consequently large elongations are attained. If no partial melting
is caused and the stress concentrations are not relaxed, excessive cavitation
occurs and superplasticity is not attained.

I would like to note that a liquid phase is one of accommodation helpers
and the presence of a liquid phase is not needed if the stress concentrations are
sufficiently relaxed by diffusional processes in a solid state. ‘As shown in
Chapter 5, the Mg»Sip/Mg-Zn composite showed superplastic behavior at the
testing condition where no partial melting occurred. Also, the optimum
superplastic temperature for the Si3N4p(0.2um)/Al-Cu-Mg composite was
lower than the onset temperature for partial melting. For these composites,
the stress concentrations caused around the reinforcements are sufficiently
relaxed by diffusional processes in a solid state, as shown above, and therefore
superplasticity can be attained without special accommodation helpers such as a
liquid phase. In such a case, the optimum temperature, where a maximum
clongation is attained, is often below the melting point because higher testing

temperatures cause grain growth.

7.2.2.3 Critical strain rate
A. Critical strain rate

Assuming that the sliding displacements are too large to be accommodated
elastically and the sliding is accommodated by diffusional flow in a solid state,
the local shear stress around reinforcements caused by sliding can be given by

Eq. 7.3. The space between reinforcements can be given by [26]

d
A= zig; (7.4)
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where Vf is the volume fraction of the reinforcements. Hence the local shear

stress is given in the form

f o 0-92TdEdV; 5)

. 1+5§9Lf)

One can explore approximate conditions for stress concentrations occurring
around reinforcements or not, using the local tensile stress around
reinforcements o; (= ﬁ’tg )} and the steady-state stress for metals containing no
liquid phase. Sherby and Wadsworth [7] showed a phenomenological relation

of the mechanical properties for superplastic metals in the following two

forms
103(2) *(PPas bDGB) (7.6-2)
(for grain boundary diffusion-controlled superplastic flow)
s = 2x10%( <) 2L ]
£=2x10 (E) (d2 (7.6-b)

(for lattice diffusion-controlled superplastic flow)

where o is the stress and E is the Young's modulus. When o; = A0 using
Eqs 7.5 and 7.6, where A is a constant, the critical strain rate &;, below which
the stress concentrations around reinforcements are sufficiently relaxed and

highly improbable, can be defined in the forms

=1, 18><108A2(QE) (d)(“"s‘sa/d) (1) 2Dgp (7.7-a)

(for grain boundary diffusion-controlled superplastic flow)
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£ = 5.92x107'%4 2(%5-) Z(HSCJM) 2(11/77) Dy (7.7-b)
P

(for lattice diffusion-controlled superplastic flow)

where a is the ratio of the diffusion coefficient (= Dgg/Dy). Accommodation
mechanisms for superplastic flow in metal matrix composites can be
approximately estimated using the critical strain rate: the accommodation
mechanism is diffusional flow and/or diffusion-controlled dislocation
movement in a strain rate range below the critical strajn rate, on the other
hand, a special accommodation process by an accommodation helper such as a
liquid phase is required in a strain rate range above the critical strain rate
because stress concentrations are caused around reinforcements. An estimate
of the accommodation mechanisms using the critical strain rate is not a rigid
estimate since the surface energy [25], the morphology of reinforcements [27]
and the presence of threshold stress [28] are not taken into consideration,
however, some trends of the accommodation mechanisms can be

approximately examined.

B. Effect of particle size of reinforcements

It is found from Eqgs 7.7-a&b that the critical strain rate depends on the
reinforcement size parameter = [(1+5 6a/dp)/dp]2. The variation in
(€.a2/DGR)(kT/QE)2(bid) as a function of the particle size dp for grain
boundary diffusion-controlled superplastic flow is shown in the top figure of
Fig. 7.9 and the variation in (£/D)(kT/S2E)? as a function of the particle size
dp for lattice diffusion-controlled superplastic flow is shown in the bottom
figure of Fig. 7.9, where A and Sa are taken to be 1 and 10-5 m, respectively.

It is found that the critical strain rate strongly depends on the particle size for

172



—
o
-
-—
bt AL ALt SRl B SR Al JRlil AL Tl Biilds |

—

o

w
i e Ry |

TTIY T T T T T TTTTTY

Grain boundary diffusion-
controlied superplastic flow

$a=10""m
V=01

Vi=02

e 101
c\;_.: 1010
w 109
<G 108
Sa 107
106
1056
104
103
102
101

sapal I 14314 1 1 el d bzl

Lattice diffusion- controlled
superplastic flow

$a=10""m

100
10

_B. A,

10° 10° 10 10°
dp, M

Fig. 7.9 The variation in the critical strain rate as a function of the particle
size for grain boundary diffusion-controlled superplastic flow (top figure)
and lattice diffusion-controlled superplastic flow (bottom figure).

173



both the dominant diffusion processes. It is therefore suggested that it is
important to use small size reinforcements in order to limit cavity formation

caused by the stress concentrations around reinforcements.

C. Effect of volume fraction of reinforcements

The variation in (£.a2/Dgp)(kT/QE)2(b/d) as a function of the volume
fraction of reinforcements V¢ for grain boundary diffusion-controlled
superplastic flow is shown in the top figure of Fig. 7.10 and the variation in
(E/DL)(KT/QE)? as a function of the volume fraction of the reinforcements V¢
for lattice diffusion-controlled superplastic flow is shown in the bottom figure
of Fig. 7.10, where A and &a are taken to be 1 and 10-5 m, respectively. The
critical strain rate depends on (J/Vf)Q. The volume fractions of the
reinforcements are typically 0.1 ~ 0.3 for metal matrix composites. The
critical strain rate at V= 0.3 is approximately one order of magnitude lower

than the critical strain rate at V= 0.1.

D. Effect of grain size of a matrix material

It is found from Eqs 7.7-a&b that there is the grain size dependence of the
critical strain rate for grain boundary diffusion-controlled superplastic flow,
however, there is no grain size dependence for lattice diffusion-controlled

superplastic flow.

7.2.2.4 Accommodation mechanism map

One can develop accommodation mechanism maps for superplastic flow
using the critical strain rate concept, where the accommodation mechanism 1is
diffusional flow and/or diffusion-controlled dislocation movement in a solid
state in a strain rate range below the critical strain rate, on the other hand, a

special accommodation process by an accommodation helper such as a liquid
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phase is required in a strain rate range above the critical strain rate.
Accommodation mechanism maps for aluminum matrix composites and
magnesium matrix composites are shown in Fig. 7.11, where effect of the
particle size is shown. In the figures, 7y, is taken to be the absolute melting
point of pure aluminum and pure magnesium, respectively. A value of A in
Eqs 7.7-a&b is taken to be 1. These figures indicate that superplasticity can be
attained at high strain rates (= about 10-1 s-1) without special accommodation
processes for magnesium matrix composites, independent of the dominant
diffusion processes, when dp and Vg are respectively 1 pm and 20 %,
however, special accommodation processes are required in order to attain
superplasticity at high strain rates above 10-1 s-1 in the same testing conditions
for aluminum matrix composites.

Other accommodation mechanism maps for aluminum matrix composites
and magnesium matrix composites are shown in Fig. 7.12, where effect of the
volume fraction of the reinforcements is shown. It is suggested that aluminum
matrix composites reinforced with volume fractions = 10 % hardly exhibit
superplasticity at high strain rates above 10-! s-1 in a solid state when the
particle size is 1 um, however, magnesium matrix composites reinforced with
volume fractions of about 20 % can show superplasticity at high strain rates
above 10-1 s-1 in a solid state above 0.6T,. It is suggested from these
accommodation mechanism maps that a special accommodation mechanism by
an accommodation helper such as a liquid phase plays an important role in
high strain rate superplasticity for aluminum matrix composites, compared to

magnesium matrix composites.

7.2.2.5 Comparison between theoretical analyses and experimental

results
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The experimental results are summarized as follows: (1) All the SiaN4/Al
alloy composites, except the SiaN4p(0.2pm)/Al-Cu-Mg composite, exhibited a
maximum clongation at the temperature close to the onset temperature for
partial melting and (2) the Mg>Sip/Mg-Zn composite showed a maximum
elongation at the testing condition where no partial melting occurred. In the
present section, the accommodation mechanism maps are compared with the
experimental results.

As shown in Chapter 4, the Si3N4/Al alloy composites showed the same
values of the activation energy, the stress exponent and the grain size
exponent, in a solid state including no liquid, as lattice diffusion-controlled
éuperplastic flow as represented by Eq 7.6-b, and the Mg>Sip/Mg-Zn
composite showed the same values of the activation energy, the stress exponent
and the grain size exponent as grain boundary diffusion-controlled superplastic
flow as represented by Eq 7.6-a. Hence it is reasonable to use Eq 7.6-b for the

Si3N4/Al alloy composites and Eq 7.6-a for the MgaSip/Mg-Zn composite.

The experimental results are superimposed in the accommodation
mechanism maps in Fig. 7.13 for the Si3N4p/Al alloy composites and in
Fig. 7.14 for the Mg2Sip/Mg-Zn composite, respectively. The experimental
data correspond to the optimum testing condition where a maximum
elongation is attained. Inspection of Fig. 7.13 reveals that the strain rates
‘obtained experimentally for the Si3N4p/Al alloy composites are always above
the critical strain rates in the deformation condition, except the
Si3N4p(0.2um)/Al-Cu-Mg composite, indicating that a special accommodation
process by an accommodation helper such as a liquid phase is required for the
Si3Nap/Al alloy composite, except the SizN4p(0.2um)/Al-Cu-Mg composite. In
fact, all the composites except the SizN4p(0.2pm)/Al-Cu-Mg composite

exhibited large elongations at the temperatures close to the onset temperature

for partial melting, however, only the Si3N4p(o,2um)/Al—Cu—Mg composite
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exhibited a maximum elongation at the temperature below the onset

temperature for partial melting.

On the other hand, the strain rates obtained experimentally for the
Mg2Sip/Mg-Zn composite is below the critical strain rate in the deformation
condition, indicating that superplasticity can be attained in a solid state
including no liquid for the composite. This is in good agreement with the
experimental fact. Thus, the theoretical view of the critical strain rate concept

is in good agreement with the experimental results.

7.2.2.6 Optimum condition for accommodation by a liquid phase

A liquid phase plays a vital role as accommodation helpers in high strain
rate superplasticity for the aluminum matrix composites. However, the
presence of a liquid phase does not always lead to the superplasticity. The
DSC scan (top figure), the variation in elongation to failure (middle figure)
and flow stress (bottom figure) as a function of temperature are shown in
Fig. 7.15 for the SizN4p(1pm)/Al-Mg-Si (6061) composite. The sharp
endothermic peak is attributed to partial melting, as shown in Chapter 6. The
onset temperature for partial melting of the composite was 822 K, which is
determined from an intercept of two dotted lines shown in Fig. 7.15. It is
found from the middle figure of Fig. 7.15 that the elongation strongly
depended on a testing temperature. A maximum elongation was attained at
818 K which is close to the onset temperature for partial melting (= 822 K),
however, the elongation significantly decreased at 833 K, which is close to the
end temperature for partial melting determined by DSC (= 837 K). It should
be noted that large elongations were not obtained when the temperature was
too high. The same trend was found for all the high strain rate superplastic
Si3N4/Al alloy composites. This indicates that a very large volume of liquid

does not contribute to large elongations. This may be associated with
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Table 7.2 The optimum superplastic temperature, the partial melting temperature and the volume fractions of a
liquid phase at the end temperature for partial melting for the high strain rate superplastic SiaN4/Al composites.

Optimum superplastic Partial melting Volume fraction of a
temperature /K temperature liquid phase /%
Si3sN4p(0.2um)/Al-Cu-Mg | 773 816 15
Si3N4p(1.0pm)/Al-Cu-Mg 788 784 6
Si3N4p(0.2um)/Al-Mg 818 821 18
SiaN4p(0.2um)/ Al-Mg-Si 833 830 4
Si3N4p(0.5um)y/Al-Mg-Si 833 829 10
Si3aN4p(1.0pm)/Al-Mg-Si 818 822 5

Si3N4p(1.oum)/Al-Zn-Mg 818 814 5



intergranular decohesion at liquid interfaces and grain boundaries leading to
intergranular fractures.

The volume fraction of a liquid phase at the end temperature for partial
melting can be approximately estimated from the quantity of heat, as hatched
in the top figure of Fig. 7.15. The volume fractions of a liquid phase at the
end temperature for partial melting are listed in Table 7.2 for the Si3Nap/Al
alloy composites. The volume fractions of a liquid phase are 4 ~ 18 % at the
end temperature for partial melting. It is therefore suggested that the volume
fractions of a liquid phase of 4 ~ 18 % are too large for superplastic
deformation by tensile straining because of decohesion at a liquid phase. The
volume fractions of a liquid phase at the optimum conditions may be a few of

percents or less [29].

In general, a tensile stress tends to cause decohesion at a liquid phase and
thereby excessive cavity formation. Hence it is required to limit decohesion at
a liquid phase in a tensile stress field in order to attain superplasticity by
tensile straining. Gee et al. [30] investigated the nature of very thin liquid
films and they showed that the effective viscosity in very thin liquid films can
be 103 times the bulk value and molecular relaxation times can be 1010 times
slower. Such unusual behaviors of very thin liquid films are supported by
molecular dynamics simulations [31,32]. Recently, Jeong et al. [33]
investigated the matrix/reinforcement interfaces of the sample deformed at the
optimum testing condition for the high strain rate superplastic SizN4w/Al-Mg-
Si composite by high-resolution electron microscopy and they found new
phases, which were epitaxially grown, with a FCC structure at the interfaces.
The new phases were distributed discontinuously and the thicknesses of the
new phases were ~ 30 nm for a maximum (the average was about 20 nm). If
the origin of the new phase is associated with a liquid phase, it is suggested that

a liquid phase is distributed discontinuously and the thickness of the new
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phases is very thin (~ 30 nm for a maximum) at the optimum testing condition.
I believe that such a discontinuous and thin liquid phase serves both to relax

the stress concentrations and to limit decohesion at a liquid phase.

7.3 Conclusions

(1) High strain rate superplasticity is attributed to a very small grain size.
However, it is required not only to attain a very small grain‘size, but also
to accommodate the sliding process, that is, to relax the stress
concentrations around the reinforcements in order to attain high strain
rate superplasticity for metal matrix composifes because stress
concentrations cause excessive cavity formation, resulting in premature
fracture.

(2) The optimum superplastic temperature is close to the onset temperature for
partial melting for all the Si3N4/Al alloy composites, except for the
Si3N4p(0.2um)/Al-Cu-Mg composite. It is therefore suggested that a liquid
phase due to partial melting plays a vital role in high strain rate
superplasticity for the composites.

(3) On the basis of the above results, a new concept for the accommodation
mechanisms of superplastic deformation was proposed. The new concept
is that a liquid phase relaxes the high stress concentrations caused around
the reinforcements during superplastic flow and promotes interfacial
sliding occurring without excessive cavity formation at the interfaces,
namely, a liquid phase plays a role as accommodation helpers.

(4) From this view, the critical strain rate, below which the accommodation
mechanism for superplastic flow is diffusional flow and/or dislocation
movement in a solid state, on the other hand, above which a special

accommodation process by an accommodation helper such as a liquid
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(5)

phase is required, was developed. The theoretical analysis was in good
agreement with the experimental results.

However, the presence of a liquid phase does not always lead to
superplasticity. A very large volume of liquid does not contribute to
large elongations. A discontinuous and thin liquid phase is required both
to relax the stress concentrations and to limit intergranular decohesion at

liquid interfaces and grain boundaries.
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CHAPTER 8

CAVITATION AND CAVITATION CONTROL

8.1 Introduction

The deformation mechanisms of high strain rate superplasticity in the
composites are currently the subject of some debate. In Chapter 7, I proposed
the new concept that a liquid phase play an important role in high strain rate
superplasticity. Recently, Iwasaki et al. [1,2] compared the cavity volume of
the high strain rate superplastic SizN4p(0.5pm)/Al-Mg-Si (6061) composite
with that of a superplastic aluminum alloy and they showed that (i) the
evolution in cavity volume with strain for the composite was much lower than
that for the alloy and (ii) the cavity sizes for the composite were much smaller
than those for the alloy. In their studies, the testing temperature for the
composite was slightly above the onset temperature for partial melting.
Therefore the presence of a liquid phase appears to affect the cavitation
characteristics. However, there are not sufficient date to understand the
characteristics and mechanisms of cavitation in a state including a liquid phase
for high strain rate superplastic composites.

In general, cavitation has a strong deleterious influence on post-forming
service properties [3-8]. Therefore, it is important to contro} cavitation for
structural applications. Several procedures have been applied to reduce the
level of cavitation: superimposed hydrostatic pressure during
deformation [9,10], annealing before deformation [11,12], and annealing with

or without superimposed pressure after deformation [5,11].
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Varloteaux er al. [11] showed that for superplastic aluminum alloys, small
cavities (£ 6 um) were eliminated by static annealing without superimposed
pressure after deformation, however, large cavities (= 8 ~ 9 pm) were only
slightly affected by the annealing and they noted that superimposed pressure
was required to reduce large cavities. As shown by Iwasaki ef al. [1], the sizes
of most of cavities were very small (< 1 pum) for the aluminum matrix
composite. Such small cavities may be reduced by static annealing without
superimposed pressure after deformation. Cavitation control by static
annealing is attractive for commercial applications.

In the present chapter, cavitation in a state including a liquid phase is
investigated by density measurements, microstructural observation and
quantitative analyses for the Si3N4p(0.5um)/Al-Mg-Si (6061) composite. In
addition, recovery of cavity damages by static annealing after superplastic

deformation is examined.

8.2 Experimental procedure

The SizN4p0.5pum)/Al-Mg-Si (6061) composite was investigated for the
cavitation study. The particulates were distributed reasonably uniformly and
no cracks and no cavities were found before tensile tests by SEM observation.
Constant true stress tensile tests were carried out at 4 ~ 12 MPa and at 833 K
to examine superplastic behavior. The testing temperature of 833 K is the
optimum temperature where a maximum elongation is attained and is slightly
above the partial melting temperature of the composite (= 829 K) [1]. A
maximum elongation was attained at 8 MPa and the elongation largely
decreased at high stresses > 10 MPa [13]. Hence, in the present investigation, a
stress of 8 MPa was used for an examination of cavitation.

Specimens were deformed at a constant stress of 8 MPa and at

temperatures of 818 and 833 K and the volumes of cavities in the gauge length
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of the deformed specimens were determined by hydrostatic weighing in water
with a corresponding gauge head being used as a density standard. In addition,
the cavities were metallographically observed by high resolution scanning
electron microscopy of HITACHI S-900. The high resolution scanning
electron microscopy enabled observation with a sizing interval of 0.1 um. An
quantitative analysis was conducted by a LUZEX F Stereo Analyzing System
connected to the scanning electron microscope on the basis of the observation.
All cavities were assumed to be spherical to investigate the cavity size
distributions.

To investigate recovery of cavity damages by a static annealing, specimens
were deformed to 50 % eclongation at 8 MPa and at 833 K and then were
annealed at 793 K prior to aging treatment at 453 K for 28.8 x 103 s, which is
the standard T6 heat treatment for the Al-Mg-Si (6061) alloy [14]. The
annealing at 793 K was conducted for 1.8 x 103 and 1.08 x 103 s, After the
specimens were machined to a constant diameter to eliminate the effect of
differing specimen geometry on the tensile properties, room temperature
tensile tests were carried out on both deformed and non-deformed specimens

with the same thermal history.

8.3 Results and discussion
8.3.1 Cavity nucleation

Microstructure of the specimen deformed to £ =1 at 833 K and at 8 MPa
is shown in Fig. 8.1. It follows that the interfaces are the sites for cavities to
nucleate. Iwasaki et al. [1] showed that the cavity sizes were much smaller, but
the cavity number was much larger for the high strain rate superplastic
aluminum matrix composite, compared to those for the superplastic aluminum
alloy. As shown later, excessive strain-induced cavity nucleation was not

observed during superplastic straining for the composite. This is probably
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Fig. 8.1 Cavity nucleation in the Si3N4p(0.5um)/Al-Mg-Si (6061) composite
deformed to £ =1 at 833 K and at 8 MPa.
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because of relaxation of the stress concentrations by the presence of a liquid
phase. In the present investigation, most of cavitics were formed during very

short straining of € < 0.2. The cavity formation during very short straining

may be attributed to cavity nucleation in a liquid phase.

8.3.2 Cavity growth
8.3.2.1 Cavity volume

The variation in cavity volume fraction as a function of true strain at 833
K and at 8 MPa is shown in Fig. 8.2, where the strain rate is determined at &
= 0.1. In the figure, the date for a superplastic 7475 aluminum alloy, which
are measured at the optimum testing condition (for a maximum elongation) of
5 MPa and 788 K, are superimposed. The testing temperature of 788 K for
the aluminum alloy is lower than the solidus temperature of the aluminum
alloy. It is found that the cavity volume fraction of the composite was larger
at €< 1, but it was smaller at £ > 1, compared with the aluminum alloy. It
should be noted that the extent of the cavity volume for the composite was
much lower than that for the aluminum alloy. It is suggested that the
development of cavities is limited by the presence of a liquid phase for the
composite.

The variation in cavity volume with strain was examined at 818 and 833
K with a constant true stress of 8 MPa for the composite. The testing
temperatures of 818 and 833 K are lower than and slightly above the onset
temperature for partial melting, respectively. The results are shown in
Fig. 8.3. It is apparent that the rate of increase in the cavity volume at 833 K
is significantly lower than that at 818 K and the cavity development is very
minor at 833 K where partial melting occurs. It is therefore suggested that
cavity development is minimized by the presence of a liquid phase because a

liquid phase serves to relax the stress concentrations.
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Fig. 8.2 '_I'he variation in cavity volume fraction as a function of true strain
for the SigN4p(0.5um)/Al-Mg-Si composite and the 7475 alloy.
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Fig. 8.3 The variation in cavity volume as a function of true strain at 818
and 833 K under a constant true stress of 8 MPa for the Si3aN4p(0.5um)/Al-
Mg-Si (6061) composite, where the testing temperature of 818 K is lower
than the onset temperature for partial melting and the testing
temperature of 833 K is slightly above the onset temperature for partial
melting.
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8.3.2.2 Quantitative analysis

Cavitation characteristics of the specimen deformed at 833 K and at
8 MPa were quantitatively analyzed on the basis of microstructural
observation, The variation in number of cavities per unit area as a function of
cavity diameter at strains of 0.2, 0.7, 1.0 and 1.4 is shown in Fig. 8.4, where
a sizing interval is taken to be 1 pm. It is found that large cavities of more
than 2 wm in diameter were very few and there were no cavities bf more than
4 nm even at a strain of 1.4. It should be noted that most of cavities were
very small for the high strain rate superplastic composite.

It is important to investigate the distribution of small size cavities in order
to understand the cavitation characteristics for the high strain rate superplastic
composites. In the present investigation, the distributions of small cavities of
less than 1 wm were examined with a sizing interval of 0.1 pm. The results
are shown in Fig. 8.5. Inspection of the figure reveals that the peak cavity
size, which is defined as the cavity size where the number of cavities per unit
area at each strain is the largest, increased with increasing strain, indicating
that cavities were slowly grown during straining. It is of interest to note that
most of cavities were more than 0.1 ~ 0.2 um and very fine cavities of less
than 0. 2 pm were few, indicating that the critical cavity diameter, above
which cavities are stable and below which cavities are unstable, is
approximately 0.2 pwm.

The variation in normalized number of cavities as a function of roundness
factor (Lmgax/Lo)? is shown in Fig. 8.6, where the normalized number of
cavities is the number of cavities divided by the total number of cavities and
Lmayx 1s the maximum cavity diameter, which is the longest separation between
any two points on the perimeter of a cavity, and Ly is the cavity diameter
assuming that a cavity is perfectly round. The roundness factor (Lpyax/Lo)? 1S

unity if a cavity is a perfect circle. It is accepted that small cavities are almost
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Fig. 8.4 The variation in number of cavities as a
function of cavity diameter at strains of 0.2, 0.7, 1.0
and 1.4.
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round due to diffusion-controlled cavity growth, on the other hand, large
cavities are elongated due to plasticity-controlled cavity growth [15]. The
results in the present investigation showed broad distributions of the roundness
factor of ~ 7, though most of cavities were very small (< 1 um). It should be
noted that this trend is independent of strains.

The variation in normalized number of cavities as a function of
orientation is shown in Fig. 8.7, where the orientation is the angle between the
maximum diameter and the tensile axis. There appears to be no preferential
directionality of cavities, independent of strains.

The variation in total number of cavities as a function of strain is shown
in Fig. 8.8. Excessive strain-induced cavity nucleation is expected to be
caused when the stress concentrations, caused by grain boundary sliding, are
not sufficiently relaxed. However, the results in Fig. 8.8 show that the total
number of cavities is roughly constant and excessive strain-induced cavity
nucleation is limited during superplastic straining for the composite. It is
found that most of cavities are nucleated at short straining of € < 0.2.

The cavity growth mechanisms for superplastic materials may be
classified into three categories [15]: diffusion-controlled growth [16,17],
superplastic diffusion-controlled growth [18] and plasticity-controlled
growth [19,20]. The diffusion-controlled grbwth occurs by the stress directed
diffusion of vacancies from a zone in the grain boundary plane adjacent to a

cavity. The rate of diffusion-controlled growth is given by [18,21,22]

ﬂzaZDGBaQ 0,_2_}’ 8.1
de kTér? ( r) (8.1)

where r is the radius of cavity, ¢ is the strain, Dgp is the grain boundary
diffusion coefficient, & is the grain boundary width, £2 is the atomic volume, &
is the Boltzmann's constant, T is the absolute temperature, £ is the strain rate,
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o is the stress, y is the surface energy and o is the cavily size-spacing
parameter. For the composite in the present investigation, a value of « is take
to be 1/4 (Appendix).

Chokshi and Langdon [18] proposed superplastic diffusion-controlled
growth, that is, the cavity growth due to additional mass transfer along grain

boundaries intersecting the surface of the cavity. The growth rate is given
by [18, 22]

C_iL DGBBQ(O')

de kTd? (8:2)

where d is the grain size.
Plasticity-controlled growth occurs by plastic deformation of the material

surrounding a cavity. The rate of plasticity-controlled growth is given in the
form [18,21,22]

dar _,. 3% (8.3)
de 20

Since these cavity growth mechanisms operate independently, the fastest
process 1s a dominant process of the cavity growth mechanisms.

Assuming that the sliding displacements are too large to be accommodated
elastically and the sliding is accommodated by diffusional flow in a solid state,
the local shear stress, caused by sliding, around reinforcements may be given
by Eq 7.3. When the accommodation helper mechanisms such as the
accommodation by a liquid phase are not operative, the high local tensile stress
is caused around reinforcements for the aluminum matrix composites, as
shown in Chapter 7. The local tensile stress (= ﬁq) is calculated to be 108

MPa at the testing conditions of the present investigation for the composite.
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The variation in cavity growth rate as a function of cavity radius for the above
cavity growth mechanisms in the cases of stress concentrations, that is, o= 108
MPa and of no stress concentrations, that is, ¢ = 8 MPa is shown in Fig. 8.9.
The diffusion growth rate is expected to be low because of short times for
high strain rate deformation. However, as shown in Fig. 8.9, when the stress
concentrations are caused, the diffusion growth rate is very high in a small
cavity radius range < about 0.2 pm because mass transfer due to diffusion is
accelerated by the high local stress. On the other hand, when the stress
concentrations are relaxed, the diffusion growth is significantly slow and
consequently the diffusion growth is negligible even in a small cavity size
range. Inspection of Fig. 8.9 reveals that plastic growth is also significantly
limited in a cavity radius range < about 0.5 wm by relaxation of the stress
concentrations. In addition, fine cavities < 0.2 pm are unstable and disappear
in the case of no stress concentrations, though such fine cavities grow very fast
by the diffusion growth in the case of stress concentrations. It is suggested
from these analyses that the growth rates are significantly decreased and the
critical cavity size is increased by relaxation of the stress concentrations.

The experimental growth rates were calculated on the basis of the data of
the largest ten cavity radii and the data of the peak cavity size, that is, the
cavity radius for the maximum number. The results are superimposed in
Fig. 8.9, where a close circle is from the largest ten cavity radii and an open
circle is from the cavity radius for the maximum number. The experimental
growth rates are in good agreement with the rate predicted by plasticity-
controlled growth mechanism in the case of relaxation of the stress
concentrations. In addition, the experimental critical cavity radius of
approximately 0.1 wm, as shown in Fig. 8.5, is in agreement with the critical

cavity radius in the case of no stress concentrations. It is therefore suggested
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cavity radius for the maximum number of cavities.
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that the stress concentrations are relaxed by the presence of a liquid phase and

consequently the development of cavitation is limited for the composite.

8.3.3 Recovery of cavity damages by static annealing

After specimens were deformed to 50 % elongation at 8 MPa and at
833 K, static annealing at 793 K prior to aging-treatment at 453 K for 28.8 x
103 s was conducted and recovery of cavity damages was investigated. The
variation in cavity volume as a function of annealing time is shown in
Fig. 8.10. It is found that the extent of cavitation was decreased by the static
annealing after superplastic deformation.

Quantitative metallographic measurements of cavity size distributions
were performed. The result is shown in Fig. 8.11. Clearly, many cavities
were reduced and eliminated by the static annealing.

The variation in post-deformation tensile properties at room temperature
as a function of annealing time at 793 K is shown in Fig. 8.12 for the non-
deformed and the deformed specimens. Since the non-deformed specimens
were treated with the same thermal history as the deformed specimens,
differences in tensile properties between the non-deformed and the deformed
specimens result from cavitation occurring during superplastic flow.
Eto et al. [8] showed that post-deformation ultimate tensile strength (UTS)
and yield stress (YS) strongly depended on superplastic elongation, however,
post-deformation elongation did not depend on superplastic elongation for a
superplastic Al-Zn-Mg-Cu (7475) alloy. On the other hand, Bampton and
Edington [4] revealed that UTS and YS showed no significant deterioration up
to superplastic strain of at least 1.0, however, the elongation decreased more
rapidly with increasing superplastic strain for a superplastic Al-Zn-Mg-Cu
(7475) alloy. For the composite, not only elongation, but also UTS and YS

were degraded by superplastic elongation. However, it is found from
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Fig. 8.12 that the decreases in post-deformation tensile properties were
sufficiently recovered by the static annealing after superplastic deformation.
In particular, it should be noted that even short-time annealing of 1.8 x 103 s
gave rise to sufficient recovery of the post-deformation tensile properties.
The recovery of the tensile properties is attributed to shrinkage and enclosure
of cavities by static annealing. It is likely that static annealing after
superplastic deformation is one of effective ways to reduce cavitation and
thereby to recover post-deformation tensile properties for metal matrix

composites exhibiting high strain rate superplasticity.

8.4 Conclusions

(1) The matrix/reinforcement interfaces were the sites for cavities to nucleate.
Many cavities were nucleated during very short straining of € < 0.2,
however, excessive strain-induced cavity nucleation was not caused during
superplastic straining at the optimum testing temperature, which is slightly
above the onset temperature for partial melting.

(2) A theoretical analysis showed that when the stress concentrations are
caused due to the presence of reinforcements, the cavity growth rate is
very high in particular in a small cavity size range and the critical cavity
size 1s very small, however, the growth rates are significantly decreased
and the critical cavity size is increased by relaxation of the stress
concentrations.

(3) The experimental values of the critical cavity size and the growth rate
were in agreement with the values predicted in the case of relaxation of
the stress concentrations. This supports the accommodation helper
mechanism by a liquid phase.

(4) Cavities occurring during superplastic deformation were reduced by static

annealing at 793 K for a relatively short time of 1.8 x 103 s without
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superimposed pressure, and consequently the post-deformation tensile

properties were sufficiently recovered.
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Appendix
The cavity size-spacing parameter ¢ is given by [18]

o 1 (AD)
4 In(a/2r) - [1-(2rla)Y] {3-(2rla)?}

where a is the cavity spacing and r is the cavity radius. For the composite in
the present investigation, a = 5 x 10-6 m and r = 5 x 10-7 m, respectively.

Therefore « is calculated to be approximately 1/4.
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CHAPTER 9

SUMMARY

Superplasticity has been extensively investigated since the original study in
the Pb-Sn and Bi-Sn eutectic alloys by Pearson in 1934 [1], and superplasticity
has been utilized in industrial applications because complex shaped components
can be produced readily by superplastic forming. Recently, there were two
remarkable advances on superplasticity research: (i) superplasticity of
materials with poor workability such as ceramics, intermetallics and metal
matrix composites and (ii) high strain rate superplasticity. These discoveries
are expected to lead to new fields of superplasticity research and a lot of
opportunities for commercial applications. In particular, high strain rate
superplasticity is very attractive for commercial applications because one of
the current drawbacks in superplastic forming technology is a slow forming
rate. It is important to understand microstructural control for high strain rate
superplasticity and deformation characteristics in order to utilize high strain
rate superplasticity.

The present thesis described microstructural control and deformation
characteristics in the aluminum matrix composites and the magnesium matrix
composites exhibiting high strain rate superplasticity. High stain rate
superplasticity for materials containing a second hard phase such as metal
matrix composites is very attractive not only for scientific aspects but also for
industrial applications because the materials containing a second hard phase

generally show poor workability.
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The results in the present investigation revealed that a liquid phase plays
an important role in high strain rate superplasticity. From this view, a new
concept of the accommodation mechanism by a liquid phase for superplastic
flow was proposed. The following is a brief summary of the present study.

Following Chapter 1, backgrounds and review on superplasticity,
Chapter 2 described experimental procedure: materials preparation, tensile
testing methods and cavitation study methods. |

Chapter 3 described processing of the high strain rate superplastic
composites. Microstructural requirements for high strain rate superplasticity
in the composites are (i) uniform distribution of reinforcements and (ii) a very
small grain size. These requirements were attained by hot extrusion without
special thermo-mechanical treatments for the aluminum alloy matrix
composites. The grain refinement results from an interaction of
recrystallization and dynamic precipitation during hot extrusion.

In Chapter 4, the deformation characteristics of high strain rate
superplasticity for the aluminum matrix composites were investigated by
constant strain rate tensile tests. An analysis of the experimental data through
the threshold stress concept showed that the activation energy for superplastic
flow was drastically changed by the presence of a liquid phase. It was
suggested that the dominant deformation proc'ess in a temperature range below
the onset temperature for partial melting is grain boundary sliding
accommodated by dislocation movement controlled by lattice diffusion of a
matrix material. In the temperature range, the strengthening due to the
presence of reinforcements was retained and the mechanical properties of
superplastic flow were affected by the reinforcements.

In Chapter 5, the similar investigation was made on the magnesium
matrix composites. In a solid state including no liquid, the relationship

between the diffusion- and grain size-compensated strain rate and the modulus-
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and threshold stress-compensated stress for the magnesium matrix composites
was roughly in agreement with that for magnesium alloys, taking into
consideration a threshold stress and an increase in the shear modulus due to the
presence of the reinforcements. It is suggested that the deformation
characteristics of superplasticity for the composites are intrinsically the same
as those for metals without reinforcements, at least in a state including no
liquid phase.

In Chapter 6, partial melting at matrix/reinforcement interfaces and grain
boundaries at elevated temperatures was evidenced by in situ TEM observation
and DSC measurements. The partial melting is likely attributed to segregation
of solute atoms such as magnesium and silicon.

Chapter 7 described the origins of high strain rate superplasticity. It is
required not only to attain a very small grain size, but also to accommodate
the sliding process, that is, to relax the stress concentrations around the
reinforcements in order to attain high strain rate superplasticity for metal
matrix composites because stress concentrations cause excessive cavity
formation. Many experimental results revealed that the optimum superplastic
temperature was very close to the onset temperature for partial melting. On
the basis of the results, a new concept of the accommodation mechanisms by a
liquid phase for superplastic deformation was proposed.

In Chapter 8, cavitation characteristics in a state including a liquid phase
were investigated. It is shown that the development of cavities was limited by
the presence of a liquid phase. In addition, cavities occurring during
superplastic deformation were reduced by static annealing without
superimposed pressure, and consequently the post-deformation tensile
properties were sufficiently recovered.

High strain rate superplasticity is a new research field and there are few

examples of applications of high strain rate superplasticity. In near future,
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however, high strain rate superplasticity will be extensively utilized in
industrial applications because complex shaped components can be produced
readily and quickly by high strain rate superplastic forming.

The author would be very happy if this thesis is of some contribution to

superplasticity research and its applications.
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