[2R2 sz

2 H—F UK}

Science Tokyo Research Repository

Od/dodn
Article / Book Information

oo(@o)

Citation(English)

Type(English)

 uuogdobobobbtbddgoogobboobbouooag
gobobooboodadd

Low-temperature cyclic deformation and microstructure of single-
crystalline,coarse-grained and ultrafine-grained aluminum

OoOoOoooOod
OoOoOoooOod

Degree:Doctor (Engineering),

Conferring organization: Tokyo Institute of Technology,
Report number:[J [0 914301,

Conferred date:2013/3/26,

Degree Type:Course doctor,

Examiner:

Doctoral Thesis

Powered by T2R2 (Science Tokyo Research Repository)



http://t2r2.star.titech.ac.jp/

Low-Temperature Cyclic Deformation and Microstructure
of Single-Crystalline, Coarse-Grained and
Ultrafine-Grained Aluminum

A Dissertation for the Degree
Doctor of Engineering

Materials Science and Engineering

Department of Materials Science and Engineering
Interdisciplinary Graduate School of Science and Engineering

| Tokyo Institute of Technology

Yukito NAKANISHI

February, 2013



Contents

Contents

Chapter 1. General introduction

Jo1 PIEIACE oottt et sttt et e e saae 1
1.1.1 Fatigue of MaterialS .......coveiririeieieieiercseeeeteeteee et 1
1.1.2 Ultrafine-grained metalS.......cccooriiiiiiiiiiiiieeees et 2

1.2 The overall objective of present diSSEItation .......oeevveeveeeereerieriereeeteseeee e 3

1.3 The outline of this diSSETtation .......ceeiciiieiieiii et 3
RETEIENCES ...ttt eab et e e e e be e s e e naa e e ean 5

Chapter 2. Cyclic deformation behavior and microstructure of fcc metals:

survey and perspective

2.1 Cyclic hardening in fo€ Metals ...o.ovoeevviiiieeei e 7
2.2 Cyclic deformation behavior and microstructure of single-crystalline fcc metals..... 8
2.3 Cyclic deformation behavior and microstructure of coarse-grained fcc metals.......... 10
2.4 Cyclic deformatioﬁ behavior and microstructure of ultrafine-grained fcc metals...... 11 |
2.5 Research NEEed ........coviiiiiieiceii e e 12
REEEIEIICES ...ttt ettt ettt ettt b e s a et et e b e b enb e e sbe s e beebeebeaaeenaeane 13

Chapter 3. Low-temperature cyclic deformation and microstructure of

single-crystalline aluminum

3.1 INTTOAUCHION . ettt ettt et ettt e et aesbe e st e eab e e bt neasreeenes 22
3.2 Experimental PrOCEAUIE ........eiiieviieicieenieeieeetee e e et e aresiteetaeseteesreesaneesneeenneasneeens 23
3.3 RESUITS. oot b 24
3.3.1 Cyclic deformation behavior of Al single crystals........c.ccveeeereeiieereeicrinnnnnn 24
3.3.2  Surface ODSEIVALION ....ccvevviiiicvierieeicieieie ettt ettt vt ese e ae e e 25
3.3.3 Microstructural ODSEIVALION ....ccuiiviereiieriie ettt ee e e sereereaeneeene 25



Contents

3.4 Discussion
3.4.1 Dependence of the channel width on shear stress amplitude ........cccceoenene 26

3.4.2 Effects of test temperature, stress direction and SFE

on cyclic deformation behavior.........cocccoiiriiiiiiiiiici e 28
3.5 CONCIUSIONS .o 29
RETETEIICES ..ottt e e e et e e e e e st e e e e e e e e s e et e aeeeerestneneees 31

Chapter 4. Low-temperature cyclic deformation and microstructure of

ultrafine-grained aluminum

4.1 TDIPOAUCTION. ...ttt ettt ettt ettt eae e sat e e st e sbe e b e ereebeanneenee 41
4.2 EXperimental PrOCEAUIE .......coeeiriiteteiiterieeterie ettt ece et st be st seeene s eeseenenbesbeas 42
4.2.1 Equal channel angular pressing......oee e eenienieenienieenie et 42
4.2.2  SPECIMEN PIEPATALION . eeuverriruresrteieeteseeertieeeeteesseeeeetesereseesneeraessasseessesnseanens 42
423 FallZUE TESTS . euvetiitiiuieteetieiieietete st et ettt et et esee et et e tesbasaeasseneeseaseessenseasenneens 43
4.2.4 Microstructural ODSEIVALION .....cevuieiereeeiieieeteie et eie et sae et eseeere e aneeanees 44
4.3 Results and diSCUSSION ...ceiuiiirerieiiietieiiertieie ettt et et sse et e saeebeeseeaeesseesseseaesaeens 44
4.3.1 Cyclic hardening and SOfIENING .......ccerverriirierieiieieee e 44
4.3.2  Shear band fOrmMation ..........cevveeveeiieeieeiesieeeeeee e 44
4.3.3  Microstructural ODSETVALION .......cviuieieiieieriereeieetiee et et ee e ease e 45
4.3.4 Dependence of the channel width on stress amplitude..........cccoeoevvvceereennnnn. 46
4.4 CONCIUSIONS. ... .eeviiiiieiieiie ittt ettt ettt e ta e st e e seeese e s e et e esteessesseeasaseesssesssassanseansesnsens 47
RETEICIICES ... ctiieveteieet ettt ettt et s b are et b ansaseens 48

Chapter 5.  Stability of fatigued dislocation wall structure in coarse-grained

and ultrafine-grained aluminum against monotonic tensile

deformation
5.1 INErOAUCHION. .c..cuitiiciirietci ettt bbb 59
5.2 Experimental PrOCEAUIE ......c.eocviriiiitiitirterie ettt ettt ettt et ebe e 60

ii



Contents

5.3 R ESUIES. ottt 62
5.3.1 Cyclic deformation behavior of CG and UFG Al ......ccccooiiviiiieeieiee, 62
5.3.2 Monotonic tensile deformation behavior of fatigued Al .......ccocoooeveriienenenns 62
5.3.3  Microstructural ObDSEIVALION ......civuieeireiiieiieiie et ete e 63

54 DIISCUSSION .. utieeuiieerieesieeteenareeeeesseesteentaa e bt eesuea st e eataaaseeessaaseeesmsaessbessbtasseesateaaneeenbeeenee 64
5.4.1 Dependence of the channel width on stress amplitude........ccccccvvievinninncnnn. 64

5.4.2 Relationship between monotonic tensile deformation behavior

and microstructural stability of CG and UFG Al .......cccooiiviiiinininiience 65
5.5 Conclusions.......ccceeveeernee.. OO SUUSSRROO 67
RETEIEIICES ..ottt et e et e e et e e e te e e eateesanaeeenaeeereneaeenn 69

Chapter 6. General conclusions

6.1 Summary and conclusions of the present diSSertation..........cccceeeevueervreenecrinecrnnnn 80
6.2 FULUIE STUAIES ..uvieuiiiiiiiiteite ettt ettt sttt e bbb et 82
Acknowledgements. ... 84

il



Chapter 1

Chapter 1

General introduction

1.1  Preface
1.1.1 Fatigue of materials

Researches on fatigue have been conducted since nineteenth century. Fatigue of
materials is a fracture phenomenon that occurs when materials subjected cyclic loads where a
single load would not do any harm. Historically, the first occurrence of fatigue is connected
with industrial products subjected to cyclic deformation: sailing vessel, railway and steam
turbines. Mughrabi mentioned in his paper [1] that the purpose of early studies was to
determine the number of cyclic loadings applicable until failure occurred in stress-amplitude
controlled tests [2-4] and, that-little attention was paid to the microscopic origin of fatigue
damage. In 1903, Ewing and Humfrey [5] demonstrated that slip bands appeared on the
surface of specimens during cyclic deformation and those bands gradually developed into
crack. Later, Coffin [6] and Manson [7] showed that the fatigue process is conditioned by
cyclic plastic deformation.

According to Fine [8], the progression of fatigue damage in materials is divided

into the following stages:

(1) Property and microstructural changes caused by cyclic plastic deformation
(2) Initiation of microcracks

(3) Growth of microcracks to form a macrocrack

(4) Propagation of macrocracks

The conditions for the initiation of microcracks and rate of crack propagation are strongly
1
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influenced by a wide range of mechanical, microstructural and environmental factors [9].
Additionally, it is well known that a fatigue crack can be formed at early phase and large part
of fatigue life is occupied by crack growth [10-13]. Therefore, it is important to understand
what occurs in the material before the fatigue crack initiation and how microstructural or
environmental factors affect cyclic deformation behavior. With the advances in electron
microscopy, substantial progress has been made in revealing cyclic deformation behavior and
microstructural development [9, 14-16]. As will be discussed in Chapter 2, numerous
studies on cyclic deformation of single-crystalline and polycrystalline metals have been

performed.

1.1.2  Ultrafine-grained metals

Strength of materials is a fundamental factor in mechanical properties of structural
materials. For many decades, grain refinement has been practiced as an effective means to
enhance the strength of materials [17, 18]. Until several decades ago, there was a limit to
reducing the grain size in bulk materials below about 10 pm [19]. With the development of
a number of so-called severe plastic deformation (SPD) techniques, it has become available
for producing bulk materials with grain sizes D in the range of roughly 100 nm <D <1 um,
referred to as ultrafine-grained (UFG) materials. SPD techniques break down the
microstructure into finer and finer grains by introducing a large amount of strain. Now
many SPD techniques have been developed: equal channel angular pressing (ECAP) [20, 21],
accumulate roll-bonding (ARB) [22, 23], high-pressure torsion (HPT) [24, 25] and
multi-directional forging (MDF) [26, 27].

The strength of UFG metals is several times as high as that of coarse-grained (CG)
fcc metals (D > 10 pum) [19, 27-33]. In addition, UFG materials show extraordinary
properties that have never seen in CG materials: for example, yield-drop-phenomenon in pure
metals [33, 34], easy occurrence of recovery and recrystallization [35-37], high strain-rate
sensitivity [38, 39] and inverse temperature dependence of activation volume [40]. Cyclic

deformation behavior of UFG metals is also different from that of single-crystalline and CG

2
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metals, as will be shown in Chapter 2.

1.2 The overall objective of present dissertation

The overall objective of the present dissertation is to obtain comprehensive
understanding about cyclic deformation behavior of single-crystalline, CG and UFG Al, and
to investigate the effects of test temperature on cyclic deformation behavior. The main

focuses are placed on the investigation of the following subjects.

(1) To clarify key factors which affect the characteristic cyclic deformation behavior and
microstructural development in pure Al

(2) To make a detailed investigation on cyclic deformation behavior of UFG Al

(3) To investigate the stability of fatigued dislocation structure in CG and UFG Al against

monotonic tensile deformation

1.3 The outline of this dissertation

The present dissertation consists of the following six chapters.

In Chapter 1, “General Introduction”, the backgrounds of the present dissertation are
described. The overall objectives and outline in this dissertation are also shown.

In Chapter 2, “Cyclic deformation behavior and microstructure of fcc metals: survey
and perspective”, attention is focused on the fundamental cyclic deformation behavior and
microstructural development of single crystalline, CG and UFG fcc metals. In addition, the
purpose and importance of the present study is also described.

In Chapter 3, “Low-temperature cyclic deformation of aluminum single crystals”, the
cyclic deformation behavior and microstructural development of Al single crystals fatigued at

77 K are investigated. The dependence of the saturation stress amplitude on saturation

L3
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channel width between adjacent dislocation walls is analyzed. The effects of homologous
temperature and stacking fault energy on cyclic deformation behavior and microstructural
development are also discussed.

In Chapter 4, “Low-temperature cyclic deformation of UFG aluminum”, low-cycle
strain-controlled fatigued tests have been carried out for UFG Al at various temperatures
between 300 K and 83 K. Temperature dependence of cyclic deformation behavior and
microstructural development in UFG Al are discussed.

In Chapter 5, “Stability of fatigued dislocation wall structure in CG and UFG
aluminum against monotonic tensile deformation”, monotonic tensile tests are carried for CG
and UFG Al at 300 K and 77 K soon after strain-controlled fatigue tests at 77 K. The effects
of fatigue tests on succeeding monotonic tensile deformation behavior of CG and UFG Al are
investigated. Stability of fatigued dislocation wall structures in CG and UFG Al against
monotonic tensile deformation is discussed.

In Chapter 6, “General conclusions”, main results and conclusions obtained in the

present dissertation are summarized and remarkable future studies are introduced.
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Chapter 2
Cyclic deformation behavior and microstructure of fcc metals:

survey and perspective

2.1 Cyelic hardening in fcc metals

When well-annealed fcc single crystals oriented for single slip are subjected to cyclic
deformation under fully reversed low-cycle strain-controlled tests, rapid cyclic hardening (that
is, a rapid increase in flow stress with increasing number of fatigue cycle) is known to occur.
The hardening rate decreases with increasing number of cycles. For fce single crystals,
except for Al, the flow stress reaches a quasi-steady state, known as saturation. Once the
saturation occurs, the shear stress amplitude 7, remains unchanged by further cycling.

It is well known that the plastic strain causes irreversible changes in the material
substructure, mainly in the dislocation structure, and is the most decisive phenomenon in the
fatigue process. Therefore, it is reasonable that fatigue damage is evaluated by the
accumulation of plastic strain. A nominal measure of damage accumulation under
fully-reversed plastic-strain-controlled fatigue tests is cumulative plastic shear strain yum,

defined as
¥ cum =4N}/p1 (2'1)

where N is the number of fatigue cycles and y; is plastic shear strain amplitude.

On the other hand, polycrystalline metals consist of many grains with different
relative crystallographic orientation. The stress at which slip begins in each grain depends
on its orientation with respect to the loading axis, following the Schmid law. The slip

systems with higher Schmid factors are activated even if the strain amplitudes are not high.
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For comparison of the fatigue behavior of single crystals with that of polycrystals, plastic
tensile strain amplitude &, tensile stress amplitude o, and cumulative plastic tensile strain

&um Of a polycrystalline metals are evaluated as follows

Vol
&y = —A"? (2-2)
o, =Mr, (2-3)
Eoum = 4N8p1 (2'4)

where M is a Taylor factor of 3.06 for fcc metals.

In the following, plastic-strain controlled cyclic deformation behavior of fcc metals,
mainly pure Cu and pure Al, will be reviewed briefly for the purpose of making the
background of the present dissertation studies clear. Both of the terms “cyclic deformation”
and “fatigue” will be used equally since the so-called “low-cycle fatigue” is often performed

by the strain-controlled cyclic deformation tests [1-5].

2.2 Cyclic deformation behavior and microstructure of single-crystalline fcc metals

In fcc metals, Cu is the most widely and systematically investigated. Cu single
crystals oriented for single slip show hardening followed by saturation under constant
plastic-strain-controlled fatigue tests at room temperature (Fig. 2-1) [6-11]. A plot of the
saturation shear stress as a function of plastic shear strain amplitude provides the cyclic
stress-strain curve (CSSC). The CSSC can be clearly divided into three regions, marked A,
B and C in Fig. 2-2: region A (1 < 6.5x107%); the saturation stress increases with increasing
plastic strain amplitude, region B (6.5x10” < o < 7.5x107); the saturation stress of 28 MPa is
independent of the plastic strain amplitude (so-called “plateau”) and region C (1> 7.5%107);
the saturation stress increases again with increasing the plastic strain amplitude. It is known

that characteristic dislocation structure is formed in each region. In region A, the matrix vein
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structure is formed [6-9, 12]. Figure 2-3 shows an example of the vein structure in a Cu
single crystal oriented for single slip [13]. The vein structure is composed of edge
dislocations of opposite sign (dislocation dipoles) on primary slip system. In region B,
deformation becomes inhomogeneous and persistent slip bands (PSBs) are formed. In this
region, the matrix vein and the PSB ladder structures coexist [7-12]. Figure 2-4 shows an
example of the matrix vein and PSB ladder structures [13]. The PSB ladder walls are made
up dominantly of edge dislocations on the primary slip system and are perpendicular to the
primary slip direction.  The plastic deformation in the channels between the ladder walls
occurs the backward and forward motion of screw dislocation [14]. The PSBs are much
softer than the matrix [15]. Therefore, the PSBs convey much higher plastic strain than the
matrix and the plastic strain amplitudes and the volume fraction of PSBs increases linearly
with increasing plastic strain amplitude from 0 % (at y; = 6.5x107) to 100 % (at ol =
7.5%x10™) [16]. In region C, the contribution of secondary slip systems becomes pronounced
and labyrinth and cell structures are formed [8, 11, 12]. Figures 2-5 (a) and (b) are
transmission electron microscope (TEM) images of labyrinth and cell structures in Cu single
crystals oriented for single slip [13]. Dislocation walls of labyrinth structure are parallel to
the (001) and (010) planes. The two {100} dislocation walls of the labyrinth structure
are formed by the activation of the primary and critical slip systems [17]. The cell structure
is formed by the activation of multi slip systems. The plastic deformation occurs by the
bowing screw dislocations at the cell walls towards adjacent cell walls and screw dislocations
are annihilated by dynamic recovery [18, 19].

Cyclic deformation behavior of Al single crystals is quite different from that of Cu
single crystals oriented for single slip. Al single crystals oriented for single, double and
multi slips show hardening followed by softening and secondary hardening at room
temperature (Fig. 2-1) [20-25]. The cyclic softening is due to the ease of the cross slip
activity of Al. Al single crystals oriented for double slip where the Schmid factor of cross
slip system is zero show no significant cyclic softening [24]. For Al single crystals,

dislocation structure cannot be characterized by the shear plastic strain amplitude. Though
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vein and labyrinth structures are formed, cell structure is dominantly formed at any plastic
strain amplitude or crystal orientation [22-26]. Neither stress saturation nor ladder structure
has been observed at room temperature.

The differences in cyclic deformation behavior and development of microstructure at
room temperature between Cu and Al have been explained by considering the difference in
stacking fault energy (SFE), reported values being 41 mJ/m?* for pure Cu [27] and 122 mJ/m’
for pure Al [28], and homologous temperature, 7/7,, where T and T}, are the test temperature
and melting point, respectively. Ni and Ag single crystals with SFE of 95 mJ/m? [29] and 16
mJ/m? [27] show similar cyclic deformation behavior to that of Cu: stress saturation, stress
plateau and ladder structure [30-36]. At 77 K, Al single crystals show stress saturation in

cyclic hardening curves and stress plateau in CSSCs [20, 37].

2.3 Cyeclic deformation behavior and microstructure of coarse-grained fcc metals

Since grains in polycrystalline metals have various different crystal orientations,
activation of secondary and multiple slip systems becomes easier in polycrystalline metals
than in single crystalline metals oriented for single slip. For coarse-grained (CG) Cu,
saturation stress amplitude monotonically increases with increasing the controlled strain
amplitude and either weak or no stress plateau has been observed in CSSC [37-40].
Numerous studies demonstrated that typical dislocation structures have been observed such as
vein, wall, PSB ladder, labyrinth and cell structures [38, 40-42]. However, the labyrinth and
cell structures have been observed at lower strain amplitudes in CG Cu than in
single-crystalline Cu oriented for single slip [38, 41, 42].

The cyclic deformation behavior and microstructural development of CG Al is
similar to that of single-crystalline Al. CG Al shows hardening followed by softening and
secondary hardening [43-45]. However, the amount of cyclic softening in CG Al is
insignificant [43-45]. As is the case of single-crystalline Al, cell structure is dominantly
formed in CG Al [19, 46]

10
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2.4 Cyeclic deformation behavior and microstructure of ultrafine-grained fcc metals

It is known that ultrafine-grained (UFG) metals show characteristic cyclic

deformation behavior. The main results obtained in the early studies of cyclic deformation

of UFG metals can be summarized as follows:

¢y

)

4)

&)

High cyclic stress: For CG metals, there is no significant dependence of grain size on the
cyclic stress [46-48]. However, in the regime of very small grain size below a few
micrometers, cyclic stress becomes strongly dependent on grain size [49-51]. The cyclic
stress on low-cycle strain-controlled fatigue tests in UFG metals is about 2-4 times larger
than that in CG metals [19, 51-53].

Fatigue life: The fatigue lives of UFG metals were generally found to be larger than those
of CG metals in high-cycle stress-controlled fatigue tests [46, 51-58].  On the other hand.
UFG metals show shorter fatigue lives than CG metals in strain-controlled low-cycle
fatigue tests [46, 51, 56-58]. When considering fatigue lives, it is generally understood
that fatigue lives in high-cycle fatigue tests are controlled by strength, whereas ductility is
a dominant factor in low-cycle fatigue tests [59, 60].

Cyclic softening: UFG Cu and Al show slight hardening followed by cyclic softening and
no stress saturation is observed in strain-controlled fatigue tests [46, 51-56, 61-64].

Shear bands formation: During both stress-controlled and strain-controlled fatigue tests,
macroscopic shear bands, extending over much larger distances than the UFG grain size,
are formed on the surface and fatigue cracks initiate in these shear bands [46, 51-57,
64-67].

Local grain coarsening: Local grain growth occurs even at room temperature, in
particular during strain-controlled fatigue tests. Dislocation structures, such as wall and

cell structures, are formed only in coarsened grains at room temperature [51-54, 62, 64].

11
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2.5 Research needed

As shown in Section 2.2, the cyclic deformation behavior of Al single crystals is
quite different from that of Cu single crystals. In order to obtain comprehensive
understanding of fatigue mechanisms for fcc metals, it is essential to elucidate the origin of
the differences in the cyclic deformation behavior of Cu and Al. The differences in cyclic
deformation behavior and microstructure at room temperature between Cu and Al have been

explained by considering as follows

(1) The difference in SFE

(2) The difference in homologous temperature

In this dissertation, the effect of homologous temperature on cyclic deformation behavior and
microstructural development of Al will be examined.

As mentioned earlier, UFG metals show characteristic cyclic deformation behavior
such as cyclic softening, shear band formation and local grain coarsening. However, the
origin of such characteristic cyclic deformation behavior has not been understood. Therefore,
further studies on fatigue of UFG metals are needed for understanding the fatigue

mechanisms.

12
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Cu single crystals

Al single crystals

Shear stress amplitude, 7a

Cumulative plastic shear strain, Youm

Figure 2-1. Schematic illustration of cyclic hardening/softening

curves of Cu and Al single crystals obtained by the strain-controlled

fatigue tests.
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Figure 2-3.

TEM image of vein structure in a Cu single crystal [13].
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Figure 2-4. A transmission electron micrograph of the matrix vein and
PSB ladder structures in a Cu single crystal. The PSB ladder walls are

perpendicular to the primary slip direction [13].
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Figure 2-5. (a) Labyrinth structure formed in a 3003 Al alloy.

The dislocation walls are parallel to the (001) and (010) planes.
(b) Dislocation cell structure in a specimen of Cu single crystal.
[13]
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Chapter 3
Low-temperature cyclic deformation and microstructure of

single-crystalline aluminum

3.1 Introduction

As shown in Chapter 2, when Cu single crystals oriented for single slip are cyclically
deformed under plastic strain control, cyclic hardening to stress saturation is known to occur
[1-6]. Mughrabi [1] reported the cyclic stress-strain curve (CSSC), a plot of the saturation
shear stress amplitude as a function of plastic shear strain amplitude y,, of Cu single crystals
oriented for single slip and found that the CSSC were clearly divided into three regions:
region A (1 < 6.5x107); the saturation stress increases with increasing plastic strain
amplitude, region B (6.5x107 < ¥ < 7.5% 107%); the saturation stress of 28 MPa is independent
of the plastic strain amplitude and region C (> 7.5%x10); the saturation stress amplitude
increases again with increasing the plastic strain amplitude. It is known that characteristic
dislocation structure is formed in each region. In region A, the matrix vein structure is
formed [1-4, 7]. In region B, deformation becomes inhomogeneous and the so-called
persistent slip bands (PSBs) are formed. The matrix vein and PSB ladder structures [2-6, 8,
9] coexist and convey certain amounts of plastic strain amplitude. The PSBs convey much
higher plastic strain than the matrix and the volume fraction of PSBs increases with increasing
the plastic strain amplitude [9, 10]. In region C, the secondary slip systems become active
and labyrinth and cell structures are formed [3, 7, 8].

Though the cyclic deformation behavior of Cu has been widely studied, there are
only a few papers on cyclic deformation behavior of pure Al. Al single crystals oriented for
single and multi slips show initial hardening followed by softening and secondary hardening
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at room temperature [11-15]. For Al single crystals oriented for the [123] stress direction,
neither stress saturation nor PSB ladder structure is observed at room temperature [11], while
Cu single crystals oriented for the same stress direction shows stress saturation and the
formation of the PSB ladder structure [3].

The differences in cyclic deformation behavior and microstructure at room
temperature between Cu and Al have been explained by considering the difference in stacking
fault energy (SFE), reported values being 41 mJ/m? for pure Cu [16] and 122 mJ/m” for pure
Al [17], and homologous temperature, 7/7,, where 7 and T,, are the test temperature and
melting point, respectively. Al-Mg solid-solution alloys with Mg contents from 0.6 to 0.7
mass % with SFE of 110 mJ/m® [18] show stress saturation [19, 20], stress plateau in CSSC
[20] and the ladder structure [20] at room temperature. Moreover, Vorren and Ryum [21]
reported that Al single crystals fatigued at 77 K under constant plastic strain amplitude
showed stress saturation. In order to obtain comprehensive understanding of the fatigue
mechanism for fcc metals, it is necessary to investigate the effects of SFE and homologous
temperature on cyclic deformation behavior and microstructural development.

In the present study, low-cycle fatigue tests of pure Al single crystals oriented for
single slip are carried out at 77 K. From the results of fatigue tests as well as surface and
microstructural observation, the effects of SFE and test temperature on cyclic deformation

behavior and microstructural development for Al single crystals will be investigated.

3.2 Experimental procedure

Al single crystals were grown by the Bridgman method from plates of 99.98 mass %
Al The single crystals were cut into specimens for fatigue tests with the gauge dimensions
of 4x6x10 mm’ by spark erosion so that the stress axis becomes parallel to the [419]
direction. Figure 3-1 shows the stereographic projection indicating the stress axis, the slip

systems and the Schmid factor (S. F.) of each slip system. The specimens with the [211]
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surface normal were mechanically polished with silicon-carbide paper and electrolytically
polished using solution of 20 % perchloric acid and 80 % methanol.

Fully reversed tension-compression low-cycle fatigue tests were carried out at 77 K
for the single crystals under constant plastic shear strain amplitudes y, in the range of 1x 107
and 5x107 using an electro-hydraulic testing machine (Shimadzu Servo Pulser). The
specimens were immersed in liquid nitrogen to achieve the low temperature atmosphere
during the fatigue tests. Strain was measured with an extensometer mounted directly on the

! was employed using a triangular

gauge section and constant strain rate of 2.34x107 s
command signal. After the shear stress amplitude saturated, the fatigue tests were stopped
and the specimen surface was observed on an optical microscope (Nikon Optiphot).

The fatigued specimens were sliced into 3 mm disks parallel to the (21 i) plane and
were ground down to a thickness of 0.2 mm with silicon-carbide paper. Then, the samples
were electrolytically polished on a twin-jet polisher (Struers Tenupol-5) in solution of 8 %
perchloric acid, 10 % 2-butoxyethanol and 82 % methanol. Microstructural observations
were performed by using TEM (JEOL JEM 2011) with an acceleration voltage of 200 kV.

During the course of this study, it was found that when specimens fatigued at 77 K
were left at room temperature, dislocation structure formed by the fatigue test disappeared
within a few months. To avoid such possibility of natural annealing and to ensure the

preservation of dislocation structure until TEM observation, fatigued specimens were always

stored in liquid nitrogen.

3.3 Results
3.3.1 Cyclic deformation behavior of Al single crystals

Figure 3-2 shows the cyclic hardening curves of Al single crystals fatigued at 77 K
with various y,.  The shear stress amplitude 7, was plotted against cumulative plastic shear

strain defined as
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Yeum & 4N7pl (3' 1)

where N is the number of fatigue cycles. It can be seen from Fig. 3-2 that all specimens
show cyclic hardening to saturation. The saturation stress amplitude and corresponding
cumulative strain amplitude are summarized in Table 3-1. When the plastic shear strain
amplitude is in the range 2x107 to 1x 107, the saturation shear stress is almost independent of
the plastic shear strain, staying close to 43 MPa. At higher strain amplitudes (jp > 3%x107),
the saturation stress amplitude increases again with increasing the plastic shear strain
amplitude. The CSSC is drawn in Fig. 3-3 by using the obtained saturation shear stresses
and the results given by Vorren and Ryum [21] are also included. The CSSC shows a clear
stress plateau in a range of plastic shear stress amplitude from 2x10~to 2x102  Therefore,
the CSSC of pure Al at 77 K can also be divided into three regions: region A (y < 2x107),
region B (2x107 < 71 < 2x10) and region C (ym > 2><10'2), as the same way mentioned in

Section 1.

3.3.2 Surface observation

The surface slip features of specimens fatigued at various plastic shear strain
amplitudes are shown in Fig. 3-4 (a) to (¢). These photographs were taken from [211]. In
Fig. 3-4 (a), i.e., in region A of Fig. 3-3, the traces of the primary slip plane are uniquely
observed. On the other hand, in Fig. 3-4 (b) and (c) (region B of Fig. 3-3), primary, critical
and conjugate slip traces are observed on the surface of the fatigued specimens. The
activation of the critical and conjugate systems in region B is in contrast to the case of Cu
single crystals where only the primary slip system is operative [1-3, 6, 9]. This remarkable

and interesting point will be discussed in the following section.

3.3.3 Microstructural observation

The dislocation structure in the PSBs and in the matrix of a specimen fatigued at y, =

3x107 are shown in Fig. 3-5 (a) and (b), respectively. The crystal orientation in Fig. 3-5 (a)
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coincides with that in Figure 3-1. The PSB is formed parallel to the (lil) primary slip
plane as shown in Fig. 3-5 (a). From trace analysis, the dislocation walls in the PSB are
found to be parallel to the (001) and (010) planes. For the PSB ladder structure formed
in Cu single crystals, dislocation walls are usually parallel to the (011) plane [2-8, 27], i.e.
perpendicular to the primary slip direction. Therefore the dislocation walls observed in this
study have different geometry from that of the traditional ladder structure. It has been
known that the labyrinth structure, consisting of two mutually perpendicular {100}
dislocation walls, is formed by the activation of the primary and critical slip systems [22, 23].
As can be seen in Figure 3-1, for the [419] single crystals, the S. F. of the critical slip
system (111) [Oli] is 0.47. The activation of the critical slip system is, therefore, quite
easy. As shown in Figure 3-4, the primary and critical slip traces were indeed observed in
the specimen fatigued with y, within the plateau region. After all, the observed dislocation
structure in Figure 3-5 (a) can be reasonably characterized as the labyrinth structure.

Figure 3-5 (b) shows the microstructure of the matrix (outside of PSBs) in a

specimen fatigued at y, = 3x107. The dislocations in the observed vein structure align

approximately parallel to the (001) and (010) planes. Though the vein structure parallel
to {100} is found in fatigued Cu single crystals with the [001] stress axis [22, 24], as far as

the authors know, such vein structure has not been observed in Cu single crystals oriented for

single slip. Therefore, for [419] Al single crystals fatigued at plastic shear strain amplitude

in region B, it is expected that multiple slip systems, i.e. the primary, critical and conjugate

slip systems, are active and {100} dislocation walls start developing even in the matrix.

3.4 Discussion
3.4.1 Dependence of the channel width on shear stress amplitude

For Cu single crystals, the PSB ladder structure is generally softer than the matrix

vein structure. Once the PSBs are formed, the PSBs preferentially convey applied plastic
26
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strain. The volume fraction of the PSBs increases with increasing plastic strain amplitude
within the plateau region (region B) [9, 10]. Since the PSB ladder structure itself is
unchanged during cyclic deformation in the plateau region, the plateau stress can be
quantitatively explained by the flow stress of the PSBs.

If the PSBs formed in Al at 77 K act in the same manner as those formed in Cu at
room temperature, the stress amplitude should be determined by the flow stress of the PSBs.
In this section, let us discuss whether the PSBs formed in Al dominantly convey applied
plastic strain or not by considering channel width between adjacent {100} dislocation walls
and stress amplitude in region B.

Basinski et. al. [2] have reported that there is a linear relationship between the shear

stress amplitude 7, and the reciprocal of the channel width 1/d., i. e.,

r, =42 (3-2)

where « is a dimensionless constant to be determined, x the shear modulus and b the
magnitude of the Burgers vector. Though Brown [25, 26], Mughrabi and Pschenitzka [27]
proposed more detailed relationships, eq. (3-2) is adopted here not only for simplicity but also
for different geometry: the {100} walls of the labyrinth structure observed in the present
study are different from the usual {110} walls of the ladder structure in fcc metals. With u
=26.7 GPa and b = 0.286 nm, obtained values of the constant « are between 2.1 and 2.3 (see
Table 3-2). According to theoretical studies by Brown [25] and Pedersen [28, 29], « is
estimated to be 2.0. Therefore, the present values of « are in agreement with the theoretical
one.

Figure 3-6 plots the shear stress amplitude as a function of the reciprocal channel
width. The results of Al single crystals fatigued at room temperature [12, 30] are also
included in Fig. 3-6. From the slope of the straight line, & = 2.2 is obtained, again in
agreement with the theoretically estimated value. It is now clear that the plateau stress is
explained by the flow stress of the PSBs containing the {100} dislocation walls and the PSBs
in Al do convey applied plastic strain. Therefore, it is expected that the volume fraction of
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PSBs should increase with increasing plastic strain amplitude in region B.

3.4.2 Effects of test temperature, stress direction and SFE on cyclic deformation

behavior

In this study, cyclic deformation behavior and dislocation structure of Al single
crystals at 77 K were quite different from those at room temperature [11-15]. Many
investigators reported that test temperature affects cyclic deformation behavior and
microstructural development of Cu [31-33] and Ni [5, 34-36]. Lisiecki and Weertman [32,
33] reported that Cu single crystals show the stress plateau in the CSSC at 523 K (7/Ty, =
0.39) and no stress plateau at 678 K (7/T, = 0.50). Although Ni single crystals show the
stress plateau in a range of test temperatures from 77 K (7/T,, = 0.04) to 750 K (7T/T, = 0.41),
the width of the stress plateau becomes narrower with increasing test temperature [34-36].
In terms of the homologous temperature, room temperature for Al (7/7};, = 0.32) is higher than
that for Cu (7/Ty = 0.22) and Ni (7/T, = 0.17).  Judging from the above experimental results,
it is very likely that the higher homologous temperature causes the absence of the stress
plateau when Al single crystals are fatigued at room temperature. On the other hand, since
77 K is low enough even for Al, monotonic cyclic hardening to saturation and the stress
plateau were observed in the present study. Therefore, test temperature plays an important
role on the cyclic deformation behavior of Al single crystals.

Microstructure observed in the PSBs for Al single crystals fatigued at 77 K was
different from that for Cu single crystals fatigued at room temperature. The noteworthy
point is that the secondary slip system was active in the PSBs in region B. Since the PSBs
are formed parallel to the primary slip plane, only the primary slip system must have been
activated at the initial stages of the fatigue tests. If the secondary slip system becomes
operative as increasing fatigue cycles, the formation of the labyrinth structure in the PSBs can
be understood reasonably.

Why do the multiple slip systems become active in the Al PSBs? There are two
possible factors, stress direction and high SFE of Al.  As described in Section 3.3, the critical
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slip system (111) [Oli] is easily activated in the [419] single crystals of fcc metals.
However, for single-crystalline Cu [6] and Al-0.7 mass % Mg [20] oriented to [419], only
{110} walls of the ladder structure are formed in the PSBs fatigued at room temperature in
region B. Therefore, the easy occurrence of the secondary slip system in Al cannot be
explained merely in term of the stress direction.

We believe that the origin of the notable difference among Cu, Al-0.7 mass % Mg
and Al in the microstructural development can be found in the SFE values. The SFE of pure
Al is reported to be 122 mJ/m?[17] and these are higher than those of pure Cu (41 mJ/m’
[16]) and Al-0.6 mass % Mg (110 mJ/m*[18]). The higher SFE and, thus, the smaller width
of extended dislocations in Al make an activation of the secondary slip easier and resultantly
the labyrinth structure is developed in PSBs even at 77 K. Therefore, SFE plays an
important role in the microstructural development of Al even at 77 K.  We conclude that, in
addition to temperature, the SFE is also a key factor in understanding the cyclic deformation

behavior and dislocation microstructure of pure Al single crystals.

3.5 Conclusions

Low-cycle plastic-strain-controlled fatigue tests of [419] single slip oriented Al
single crystals were carried out at 77 K. The results and conclusions are summarized as

follows.

(1) During strain-controlled fatigue tests at 77 K, Al single crystals show monotonic
hardening to stress saturation at all the tested strain amplitudes. The CSSC shows a
stress plateau with the stress amplitude of 43 MPa in a range of plastic shear strain
amplitude from 2x107 to 2x107.

(2) The PSBs are formed parallel to the primary slip planes during cyclic deformation at 77
K. In the PSBs, well-developed {100} walls are formed by the activation of multiple
slip systems, i.e. the primary and critical slip systems.
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©)

4)

Good correlation can be found between reciprocal of the channel width of the dislocation
walls and the saturation stress. Therefore, it is expected that PSBs carry the applied
plastic strain and their volume fraction increase with increasing plastic strain amplitude.

Both temperature and SFE play important roles in the cyclic deformation behavior and
the microstructural development of pure Al single crystals: the existence of the stress
plateau can be explained by the temperature effect and the occurrence of the multiple slip

systems and the formation of two {100} dislocation walls can be explained by the SFE

effect.
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Table 3-1. Experimental values of cumulative plastic shear strain y,m and

saturation shear stress amplitude z; for Al single crystals.

Plastic shear strain Cumulative plastic  Saturation shear stress
amplitude, v, shear strain, ¥Youm amplitude, 7 [MPa]
1%x107 40.0 243
2x107 68.0 45.0
3x107 96.0 445
5% 107 100.6 43.7
7% 107 84.0 41.7
1 %107 80.0 42.4
3% 107 91.8 50.8
5x107 25.6 53.8

LI
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Table 3-2. Experimental values of saturation stress amplitude 7, channel

width d, and calculated values of constant « for Al single crystals.

Plastic shear strain  Saturation shear stress Channel width, Dimensionless

amplitude, yp amplitude, 7, [MPa] d [nm] constant, o
3% 107 44.5 390 2.3
5x107 43.7 370 2.2
7%x10° 41.7 400 2.1
1x107? 42.4 430 2.2
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Stress axis
[419]

i

A - @ Primary slip system(S.F. : 0.50)

A =@ Cross slip system (S.F. : 0.17)

A - @ Critical slip system (S.F. : 0.47)

A - @ Conjugate slip system(S.F. : 0.32)

Figure 3-1. Stereographic projection indicating the stress-axis orientation,

the slip systems and the Schmid factor (S. F.) of each slip system.
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Figure 3-4. Optical micrographs taken from (21 1) plane of a specimen
fatigued at (a) y1 = 1x107 until Yeum = 40, (b) 21 = 3x107 until Yum = 90,
(©) 71 = 1x107 until jeum = 80.
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4——-—*

, %

Figure 3-5. (a) Well-developed dislocation walls in PSB of a specimen
fatigued at y, = 3% 107 until Yeum = 96 at 77 K. Zone axis:[21 i] , (b) Matrix
vein structure in the same specimen as in (a) but in the different area. Zone
axis:[100].
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Chapter 4
Low-temperature cyclic deformation and microstructure of

ultrafine-grained aluminum

4.1 Introduction

Cyclic deformation behavior of ultrafine-grained (UFG) fcc metals is known to show
some characteristic features such as cyclic softening [1-5], formation of local shear bands [1,
3-7] and local grain coarsening [1, 2, 5, 8, 9].  Though there are many studies on mechanical
and physical properties of UFG materials, the reason why UFG metals show such cyclic
deformation characteristics has not been well understood. Using UFG Cu, Hoppel ef al. [2]
reported that the amount of cyclic softening and grain coarsening during cyclic deformation
became less significant at 223 K compared to those at 293 K. Thiele er al. [10] showed
similar results for UFG Ni. Therefore, it is suggested that test temperature is an important
factor to affect cyclic deformation behavior and microstructural development of UFG
materials.

In this study, low-cycle strain-controlled fatigue tests were carried out under plastic
strain control at various temperatures between 300 K and 83 K using UFG pure Al fabricated
by an equal channel angular pressing (ECAP) technique. From the results of the fatigue tests
as well as scanning electron microscope (SEM) and transmission electron microscope (TEM)
observations, the effects of test temperature on cyclic deformation behavior and

microstrucural changes of UFG Al will be examined.
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4.2 Experimental procedure
4.2.1 Equal channel angular pressing

In this study, the ECAP method, one of the severe plastic deformation processes, was
used for production of UFG Al.  Figure 4-1 shows the principle of the ECAP process. The
ECAP tool is a die with two intersecting channels of identical cross-section. At first, a
sample is put into the top of the die and pressed forcibly. When a sample is pressed through
the bending section, shear strain is introduced. Since sample sectional area does not change
thorough single pass, the above pass can be repeated many times and the ECAP process can
produce large plastic strain to samples.

During the repeated pressing process, three different routes are typically used; route
A: this process denotes repetitive pressing without rotation of sample, route Be: for this
sequence of pressings, the sample is rotated by 90° between each pressing and route C: the
sample is rotated thorough 180° between each pressing [11, 12].  Among these, route Bc is
known to be more effective than the other two routes for producing equiaxed grain structure

[12, 13].

4.2.2 Specimen preparation

High-purity Al (99.98 ~ 99.99 mass %) sheets were annealed at 673 K for 2 h and
then cut to the rod shape with 10 mm in diameter and 60 mm in length. The rod samples
were subjected to the ECAP process. The ECAP process was conducted at room
temperature with a pressing speed of 16 mm s and each rod is coated in a MoS, lubricant.
Each rod was subjected to 8 passes of ECAP under route B¢ [12, 13]. It is known that there
are essentially no changes in the average grain size when the pressing is continued after 8
passes [14, 15]. After the ECAP deformation, average grain size became about 1.3 pm.
According to Salem ef al. [16], grain refinement in pure Al is strongly dependent on the purity
of the material. In fact, Kawasaki ef al. has reported that the grain size of 99.99 mass % Al

can be at the smallest 1.2 pm by the ECAP technique [15]. Therefore, the obtained average
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grain size of 1.3 pum in the present study is reasonably larger than that of commercially pure
Al fabricated by the same ECAP condition {17, 18]. Nevertheless, high purity Al has been
chosen for the purpose of avoiding the effects of impurities and investigating the primary

mechanical and physical properties of Al.

4.2.3 Fatigue tests

The fatigue specimens with the gauge length of 10 mm and cross-sectional area of
4x6 mm?, were taken from the central part of the ECAPed rods by spark erosion in the
direction parallel to the rod axis. The specimens were mechanically polished with
silicon-carbide paper and electrolytically polished using solution of 20 % perchloric acid and
80 % methanol.

Fully reversed tension-compression low-cycle fatigue tests were carried out under a
constant plastic tensile strain amplitude of &, = 1x107 at room temperature (300 K) and low
temperatures (198 K, 148 K, 123 K and 83 K) using an electro-hydraulic testing machine
(Shimadzu Servopet). Low temperature atmosphere was achieved using a liquid nitrogen
injection apparatus. Temperature during the fatigue tests was controlled within £5 K by
adjusting the amount of liquid nitrogen flow in the apparatus. Strain was measured with an
extensometer mounted directly on the gauge section and constant strain rate of 4x107 s was
employed using a triangular command signal. Fatigue tests were interrupted when cumulative

plastic tensile strain &, defined as

Eoum = 4']\']gpl (4_1)

reached 10, where N is the number of fatigue cycles and g = 1x 107, After the fatigue tests,
specimen surfaces were observed by using a JEOL 5310 SEM.

During the course of this study, it was found that when fatigued specimens at 77 K
were stored at room temperature, dislocation structure formed in UFG Al by the fatigue test
disappeared in a few weeks. To avoid such possibility of natural annealing and to ensure the

preservation of dislocation structure until TEM observation, fatigued specimens were always
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stored in liquid nitrogen.

4.2.4 Microstructural observation

The fatigued specimens were sliced into 3 mm diameter disks and ground down to a
thickness of 0.2 mm using silicon-carbide paper. Then, the samples were electrolytically
polished using a twin-jet polisher (Struers Tenupol-5) in solution of 8 % perchloric acid, 10 %
2-butoxyethanol and 82 % methanol. Microstructure observations were performed by using

a JEOL 2011 TEM at an acceleration voltage of 200 kV.

4.3 Results and discussion
4.3.1 Cyclic hardening and softening

Figure 4-2 shows cyclic hardening/softening curves of UFG Al tested at various
temperatures. At 300 K, UFG Al shows hardening followed by rapid cyclic softening.
Since macroscopically-visible cracks were formed on the specimen surface, the fatigue test at
300 K was stopped well before cumulative plastic tensile strain reached g,m = 10. It can be
seen from Fig. 4-2 that with decreasing test temperature, tensile stress amplitude becomes
larger and cyclic softening becomes less significant. At 83 K, UFG Al shows slight
hardening followed by near saturation, i.e., tensile stress amplitude o, = 155 MPa does not

change much with increasing fatigue cycles after &, ~ 1.

4.3.2 Shear band formation

Figures 4-3 (a) to (e) show a series of SEM images taken from specimens fatigued at
various temperatures. Shear bands composed of intrusions and extrusions were formed on
the surface of specimens. As can be seen, these shear bands extend over much larger
distances than the average grain size of about 1.3 pm. In the previous study [4.5], it was

found that strain localization occurred in the shear bands during cyclic deformation and
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micro-cracks initiated along the shear bands. Similarly, micro-cracks are observed along the
shear bands in the present study, as shown by the arrow in Fig. 4-3 (a). The area fraction
and the length of the shear bands decrease with decreasing test temperature (Figs. 4-3 (b) to
(e)). At 83 K, shear bands could not be detected on the specimen surface. Since the
amount of cyclic softening becomes less with decreasing the fraction of shear bands, the

formation of shear bands is considered to contribute to the cyclic softening of UFG Al

4.3.3 Microstructural observation

The microstructures of an as-ECAPed specimen and a specimen fatigued at 300 K
are shown in Figs. 4-4 (a) and (b), respectively. Comparison of Fig. 4-4 (a) with (b) reveals
that grain growth has occurred to some extent even when the fatigue test was forced to be
interrupted well before gym reached 10 (See Fig. 4-2). On the other hand, no distinct
dislocation substructure can be seen even in larger grains.

When test temperature decreases, microstructural changes during cyclic deformation
become more noticeable, as shown in Fig. 4-5 to 4-8. At 198 K, in addition to local grain
coarsening (Fig. 4-5), cell structure was formed in some coarsened grains (Fig. 4-6). With
decreasing test temperature, the fraction of coarsened grains decreases and dislocation
structures are formed even in smaller grains. For example at 83 K, primitive dislocation
walls were formed in grains as small as 1.5 um (Fig. 4-7 (a)) and well-developed dislocation
walls were formed in larger grains (Figs. 4-7 (b) and (c)). Moreover, the fraction of grains
that contain cell and wall structures increases with decreasing test temperature. Figure 4-8
shows that the fraction is nearly 50 % when fatigued at 83 K.

Average channel width between adjacent dislocation walls is about 300 nm and this
value is much less than the frequently observed values between 1 to 4 pm in single-crystalline
Al [19-22].  As shown in Figs. 4-7 (b) and (¢), the dislocation walls appear to align parallel
to the {100} plane just like those formed in single-crystalline and coarse-grained (CG) Al
[19-23]. It is known that the multiple slip is responsible for the formation of the {100} walls
and labyrinth structure in fcc metals [21, 24]. It is very probable that such multiple slip (or
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the interaction between different slip systems) occurs very frequently in highly constrained
grains of UFG materials. Therefore, it is expected that the wall structures in Figs. 4-7 (b)
and (c) were formed in the same manner as those formed in single-crystalline and CG Al.
This is the first observation of cell and wall structures in UFG Al after cyclic deformation.
From the above experimental results, well-developed dislocation structures are formed only at

low enough temperatures in UFG Al.

4.3.4 Dependence of the channel width on stress amplitude

In the present study, well-developed dislocation walls were observed at 83 K. It
was found that the channel width of UFG Al was much smaller than that of single-crystalline
and CG Al [19-22]. As shown in Chapter 3, the relationship between the shear stress
amplitude 7, and reciprocal of channel width between adjacent dislocation walls 1/d; is

described as [25]:
T (4-2)

where « is a dimensionless constant to be determined, u the shear modulus and b the
magnitude of the Burgers vector. Though Brown [26, 27] and Mughrabi and Pschenitzka
[28] proposed more detailed relationships, eq. (4-2) is adopted not only for simplicity but also
for different geometry: the <100> walls observed in the present study are different from the
usual <110> walls of the so-called ladder structure in fcc metals [24, 29-31]

Converting the shear stress amplitude into tensile stress amplitude o, and using the
Taylor factor M = 3.06, eq. (4-2) becomes

o = oaMub

a d (4'3)

C

With the experimental results of UFG Al fatigued at 83K, i.e., o, = 155 MPa, d = 300 nm
together with = 26.7 GPa and b = 0.286 nm, & = 1.9 is obtained from Eq. (4-3). This value

of oris in good agreement with theoretically estimated value, 2.0 [26, 32-34].
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Figure 4-9 summarizes the experimental results of the reciprocal of channel width
under a given tensile stress amplitude for single-crystalline Al [21-23] and UFG Al in this
study. As can be seen, all the data points lie on a single straight line. From the slope of the
straight line, & = 2.1 is obtained and this value is again reasonable. Therefore, the channel
width of dislocation walls in UFG Al is also determined by the tensile stress amplitude in the

same manner as that of single-crystalline and CG AL

4.4 Conclusions

The low-cycle fatigue behavior of UFG Al was investigated under plastic strain
control at various temperatures between 300 K and 83 K. It has become clear that test
temperature plays an important role on the cyclic deformation behavior and formation of

dislocation structures. The following conclusions have been obtained.

(1) With decreasing test temperature,
e  Cyclic softening becomes less significant.
e Fraction of shear bands decreases.
e Fraction of coarsened grains decreases.
e Formation of dislocation cell and wall structures becomes easier.

(2) For UFG Al, good correlation can be found between reciprocal of the channel width of
the dislocation walls and the saturation stress from single-crystalline Al and UFG Al
Therefore, the channel width of dislocation walls in UFG Al is also determined by the

tensile stress amplitude in the same manner as that of single-crystalline and CG Al.
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Shear strain

Figure 4-1. Schematic illustration showing the principle of

the ECAP process.
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Figure 4-3. SEM images of micro-cracks and shear bands on the
surface of specimens fatigued at (a) 300 K (The arrow shows a
micro-crack), (b) 300 K, (c) 198 K, (d) 148 K and (e) 123 K. Note

the different magnification for these photographs.
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Stress axis

Figure 4-4. TEM photographs of UFG Al: (a) as-ECAPed
specimen, (b) fatigued at 300 K. Stress axis inclines 45° to

the vertical direction.
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Figure 4-5. Occurrence of local grain coarsening in a specimen

fatigued at 198 K.
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Stress axis

Figure 4-6. Dislocation cell formed in coarsened grains of a

specimen fatigued at 198 K.
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Figure 4-7. Dislocation cell (a) and wall ((b) and (c)) structures

formed in fine grains of a specimen fatigued at 83 K. Zone axis of

grain A and B: [001].
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L Stress axis

Figure 4-8. TEM photograph of UFG Al fatigued at 83 K.
The fraction of grains that contain dislocation wall structure is

about 50 %.
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Chapter 5
Stability of fatigued dislocation wall structure in coarse-grained and

ultrafine-grained aluminum against monotonic tensile deformation

5.1 Introduction

Ultrafine-grained (UFG) metals have been produced by severe plastic deformation
(SPD) such as equal channel angular pressing (ECAP)[1], accumulative roll-bonding (ARB)
[2] and high-pressure torsion (HPT) [3]. UFG fcc metals are known to show some
characteristic physical and mechanical properties that are different from those of
coarse-grained (CG) fce metals, such as easier recrystallization and recovery [4-6], higher
temperature and strain-rate dependencies of strength [7, 8] and deviation from the Hall-Petch
relationship [9, 10]. In order to reveal the mechanism of such characteristic properties, many
researchers have proposed various deformation models of UFG materials [11-27].

Cyclic deformation behavior of UFG metals is also unique and different from that of
single-crystalline and CG metals. For high-cycle stress-controlled tests where strength is a
major factor in determining the fatigue life, UFG metals show superior fatigue life compared
with single-crystalline and CG metals [28-31]. On the other hand, UFG metals show
deteriorated fatigue life for low-cycle strain-controlled fatigue tests where fatigue life is
mainly controlled by ductility [28-31]. For the low-cycle tests, it is also known that UFG
pure aluminum shows hardening followed by softening [28, 29] and distinct fatigue
dislocation structure has not been observed in grains at room temperature [28]. In contrast,
single-crystalline and CG Al show initial hardening, softening and secondary hardening
[32-34] with the formation of characteristic dislocation structure such as vein [35, 36], wall
[35, 36], labyrinth [32, 35, 37] and cell [28, 34] structures.

59



Chapter 5

Although the cyclic deformation behavior of UFG Al is worth investigating more in
detail, most reports were on commercially pure Al or on Al alloys. From the results of
Chapter 4 and from our recent studies [38, 39], test temperature is known to play an important
role on the cyclic deformation behavior of high purity UFG Al and very fine dislocation wall
structure is formed when tested at 83 K in grains smaller than a few micrometers.

In this study, low-cycle fatigue tests were carried out under plastic-strain control at
77 K using CG and UFG Al and monotonic tensile tests were performed in succession either
at 300 K or 77 K after the fatigue tests. From the results of monotonic tensile tests and
transmission electron microscopy (TEM), the formation and stability of the fatigued

dislocation structure are studied.

5.2 Experimental procedure

High-purity Al (99.98 mass %) was used for the present study. Al sheets were
annealed at 673 K for 2 h to obtain a fully recrystallized material. Average grain size of
as-annealed Al was about 300 pm and this material will be referred to as as-annealed CG Al.

CG Al samples cut into a rod shape of 10 mm in diameter and 60 mm in length were
prepared for the ECAP deformation at 300 K. Each rod was subjected to 8 passes of ECAP
under route B¢ (rotation by 90° in each pass) [1]. The ECAP was conducted at room
temperature with a pressing speed of 16 mm s™ and each rod is coated in a MoS, lubricant.
After the ECAP deformation, average grain size of UFG Al became about 1.3 pum and this
material will be referred to as as-ECAPed UFG Al

The fatigue specimens with the gauge length of 10 mm and cross-sectional area of
5x6 mm’ were taken from the central part of the as-ECAPed rods by spark erosion in the
direction parallel to the rod axis. The specimens were mechanically polished with
silicon-carbide paper and electrolytically polished using solution of 20 % perchloric acid and

80 % methanol.
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Fully reversed tension-compression low-cycle fatigue tests were carried out at 77 K
for these CG (as-annealed) and UFG (as-ECAPed) Al specimens under a constant plastic
tensile strain amplitude of either g, = 1x107 or 5x107 using an electro-hydraulic testing
machine (Shimadzu Servopet). The specimens were immersed in liquid nitrogen to achieve
the low temperature atmosphere during the fatigue tests. Strain was measured with an
extensometer mounted directly on the gauge section and constant strain rate of 4x 107 s was
employed using a triangular command signal.  After reaching the saturation of tensile stress
amplitude, fatigue tests were stopped at the cumulative plastic tensile strain g, of 10 (for

UFG Al) and 50 (for CG Al). Here, the cumulative plastic tensile strain is defined as

Eoum = 4N5pl (5' 1)

where N is the number of fatigue cycles. Since UFG Al generally shows shorter fatigue life
than CG Al at low-cycle fatigue tests [28, 29, 31], it is reasonable that UFG Al reached stress
saturation at smaller cumulative plastic strain than CG Al. No cracks were observed on the
surface of specimens after the fatigue tests mentioned above.

The tensile specimens with a gauge length of 10 mm and cross-sectional area of 1x3
mm? were sliced from the fatigue specimens and polished under the same conditions as those
used to prepare fatigue specimens. Monotonic tensile tests were carried out at 300 K and 77
K for un-fatigued (as-annealed and as-ECAPed) and fatigued specimens at a constant strain
rate of 4x107 s using an Instron-type testing machine (Minebea TG-50kN).

The fatigued and monotonically deformed specimens were sliced into 3 mm diameter
disks and ground down to a thickness of 0.2 mm with silicon-carbide paper. Then, the
samples were electrolytically polished on a twin-jet polisher (Struers Tenupol-5) in solution
of 8 % perchloric acid, 10 % 2-butoxyethanol and 82 % methanol. TEM observations were
performed by using a JEOL 2011 microscope with an acceleration voltage of 200 kV.

As shown in Chapter 3 and 4, in order to the possibility of natural annealing and to
ensure the preservation of dislocation structure until TEM observation, fatigued and deformed
specimens were always stored in liquid nitrogen.

More concretely, specimens were handled very carefully so that they were exposed at
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room temperature for less than 1 h between the fatigue and tensile tests and between the

tensile tests and the TEM observation.

5.3 Results
5.3.1 Cyeclic deformation behavior of CG and UFG Al

Figure 5-1 shows cyclic hardening curves of CG (as-annealed) and UFG
(as-ECAPed) Al fatigued at 77 K. CG Al shows rapid hardening to saturation. At this test
temperature, CG Al does not show either softening or secondary hardening characteristic of
the room-temperature cyclic deformation behavior of single-crystalline and CG Al [31-33].
The saturation stress of CG Al in this study was 118 MPa (g, = 1x107) and 126 MPa (&1 =
5x107).

The cyclic deformation behavior of UFG Al at 77 K is similar to that of CG Al at 77
K. UFG Al shows slight hardening followed by stress saturation. The saturation stress of
UFG Al in this study was 151 MPa (g, = 1x107) and 186 MPa (g, = 5x107).  Since UFG Al
has experienced extensive work hardening during the ECAP deformation, it is natural that

cyclic hardening rate of UFG Al is lower compare to that of CG Al.

5.3.2 Monotonic tensile deformation behavior of fatigued Al

The tensile stress-strain curves at 300 K and 77 K of as-annealed and fatigued CG Al
are shown in Fig. 5-2. For both as-annealed and fatigued CG Al, the ultimate tensile
strength (UTS) and tensile ductility are larger at 77 K than at 300 K. When test temperature
is the same, fatigued CG Al shows much higher yield strength and much lower tensile
ductility than as-annealed CG Al.

The monotonic tensile deformation behavior of UFG Al was quite different from that
of CG Al. Figure 5-3 shows the tensile stress-strain curves of as-ECAPed and fatigued UFG

Al monotonically deformed at 300 K and 77 K. There are at least two remarkable points to
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be noted in Fig. 5-3. First, regardless of as-ECAPed or fatigued UFG Al, UTS and tensile
ductility at 77 K are much higher than those at 300 K. Secondly, UFG Al at 77 K maintains
high UTS and high tensile ductility even after the fatigue tests. These findings will be

discussed later.

5.3.3 Microstructural observation

TEM images taken from fatigued and deformed specimens of CG Al are shown in
Fig. 5-4 (a) to (c). After the fatigue tests of CG Al, fine dislocation walls were found to be
developed 1in all grains (Fig. 5-4 (a)). These dislocation walls were nearly parallel to the
(010) plane. It appears that two mutually perpendicular sets of walls exist in Fig. 5-4 (c).
These walls are considered to form layers, just like the labyrinth walls [32, 35, 37]. The
average channel width between adjacent walls was about 350 nm (g, = 1 x107) and about 330
nm (&) = 5%107 ). The absence of contrast variation among the channels indicates that the
walls are made of edge dislocation dipoles. As will be discussed later, the observed channel
widths in this study are much narrower than the frequently observed widths between 1 to 4
pm in single-crystalline and CG Al fatigued at room-temperature [32, 37].

What should also be noted in Fig. 5-4 is that dislocation walls formed during cyclic
deformation in CG Al persists even after monotonic tensile tests at 300 K and 77 K and no
distinct change in the dislocation wall structure was noted before and after the monotonic
tensile tests (Fig. 5-4 (b) and (c)).

Figures 5-5 (a) to (d) show TEM images taken from fatigued and deformed
specimens of UFG Al. Similar to CG Al, dislocation walls nearly parallel to (010) are
found to be formed in many grains of UFG Al and the average channel width was about 320
nm (g = 1x107) and about 300 nm (g, = 5x10). From the observation such as that in Fig.
5 (b), it was found that the fraction of grains that contain dislocation wall structure is nearly
50 %. Considering the TEM visibility condition of dislocations, actual fraction may be
larger. As is well known, dislocation multiplication and rearrangement are necessary to
form certain fatigue dislocation structure including the present wall structure. If grain size is
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smaller, such dislocation activities would become more difficult due to smaller space and
stronger constraint by the surrounding grain boundaries. Therefore, it is natural that the
larger the grain size, the easier the formation of dislocation wall structure.

It is very interesting to find from Fig. 5-5 that dislocation wall structure formed
during fatigue tests at 77 K disappears after succeeding monotonic tensile deformation (Fig.
5-5 (¢) and (d)). As described earlier, dislocation wall structure in CG Al persists even after
monotonic tensile deformation at both test temperatures (Fig. 5-4 (a) to (¢)). Therefore, this
disappearance of the wall structure is characteristic of UFG Al suggesting that the dislocation
wall structure formed during fatigue tests in UFG Al is unstable against succeeding

monotonic tensile deformation.

5.4 Discussion
5.4.1 Dependence of the channel width on stress amplitude

The average channel width of CG and UFG Al fatigued at 77 K are much smaller
than that of single-crystalline and CG Al fatigued at 300 K [32, 37].  As shown in Chapters 3
and 4, there is a linear relationship between tensile stress amplitude ¢, and the reciprocal of
channel width 1/ d, [40], i. e.,

;= oMb

a d (5'2)

C

where « is a dimensionless constant to be determined, M the Taylor factor of 3.06, u the shear
modulus and b the magnitude of the Burgers vector. With x = 26.7 GPa and & = 0.286 nm,
calculated values of the constant « are shown in Table 1. According to theoretical studies by
Brown [41, 42] and Pedersen [43, 44], the value of ¢ is estimated to be 2.0. Therefore, the
calculated values of « listed in Table 1 are close to the theoretical value.

Figure 5-6 summarizes the experimental results of the reciprocal of channel width

under a given stress amplitude for single-crystalline Al [32, 37, 45], UFG Al [39], CG Al and
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UFG Al in this study.  From the slope of the straight line, it was found that & = 2.0 which is

again in good agreement with the theoretically-estimated value.

5.4.2 Relationship between monotonic tensile deformation behavior and

microstructural stability of CG and UFG Al

The enhanced ductility of both CG and UFG Al at 77 K compared with that at 300 K
(Figs. 5-2 and 5-3) has been known for many years. Some investigators have reported that
both UTS and ductility of UFG Al become larger with decreasing temperature [9, 46, 47].
The larger UTS is a natural result of strong temperature dependence of strength in UFG
materials [25-27, 48]. On the other hand, the larger ductility is mainly due to larger work
hardening at 77 K than at 300 K. Since larger work hardening increases the stability of
plastic deformation and, thus, delays the formation of necking in tensile specimens, it can be
understood that both strength and ductility increases at 77 K than at 300 K regardless of the
grain size.

In this study, it was demonstrated that the effect of fatigue tests on succeeding
monotonic tensile deformation behavior is quite different between CG and UFG Al.  Let us
first discuss the experimental results for CG Al.  The fact that fatigued CG Al showed much
higher yield strength and lower ductility than as-annealed CG Al (Fig. 5-2) can be understood
reasonably since CG Al has experienced large cyclic hardening during the fatigue tests (Fig.
5-1). Dislocation wall structure is formed in all CG grains and it persists after monotonic
tensile deformation (Fig. 5-4 (b) and (c¢)). The persisting walls act as strong barriers against
tensile deformation. Therefore, it is natural that fatigued CG Al shows much higher yield
strength and lower tensile ductility than as-annealed CG AL

The characteristic finding for the UFG Al is, on the other hand, that dislocation wall
structure formed in UFG Al disappears completely during monotonic tensile deformation at
both 300 K and 77 K (Fig. 5-5 (¢) and (d)). As mentioned previously, since all the
specimens were store in liquid nitrogen in this study, the disappearance of the dislocation wall
structure after monotonic tensile deformation is not due to the natural recovery. That is,
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monotonic tensile tests certainly accelerate the disappearance of dislocation wall structure.

- It is notable that fatigued UFG Al shows nearly the same UTS and tensile ductility as
as-ECAPed Al at both temperatures. Therefore, the observed high UTS and ductility in
as-ECAPed and fatigued UFG Al are believed to have something to do with the disappearance
of the dislocation structure. Figure 5-7 (a) and (b) show the microstructure of UFG Al
fatigued at 77 K with g = 1x10” and monotonically deformed at 77 K till a strain of 0.007
and 0.15, respectively. In Fig 5-7 (a), broken traces of dislocation wall structure can be seen.
However, at the strain of 0.15 (Fig. 5-7 (b)), neither dislocation wall structure nor its traces
can be seen any more. These results indicate that dislocation wall structure in UFG Al
disappears in the early stages of succeeding monotonic tensile deformation and acts at most as
weak barriers against dislocation motion during monotonic tensile deformation.

Why is the dislocation structure formed in UFG Al less stable than that in CG Al?
It is known that store energy introduced in materials increases with increasing the number of
ECAP passes [5, 49]. For ECAPed Cu [4, 5] and HPTed Ni [6], recovery and
recrystallization are known to take place more easily at lower temperatures than conventional
recrystallization temperature of near 0.5 7, (Tm: melting temperature). Recrystallization
temperature decreases with increasing the stored energy [S]. Moreover, Molodova ef al. [4]
reported that the apparent activation energy Qg for recrystallization of ECAPed Cu decreases
significantly with increasing the number of ECAP passes; Qg decreases from 1 eV at 1 pass to
0.7 eV at 8 passes. These reports indicate that higher stored energy causes UFG materials
energetically unstable and results in the larger driving force for recovery and recrystallization.
Such low thermal stability of UFG materials [4-6, 49] would explain, at least qualitatively, the
easy disappearance of the dislocation wall structure.

Formation of dislocation wall structure is often related to the formation of persistent
slip bands, surface intrusions and extrusions that are detrimental to fatigue resistance [50, 51].
However, since grain size is very small and since the unstable dislocation wall structure is
formed only in selected grains of UFG Al, the dislocation walls do not appear to cause the

extensive formation of persistent slip bands. From this viewpoint, the present unstable
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dislocation walls formed in UFG Al at 77 K may not be so harmful to the fatigue resistance.
This is most probably the reason why ECAPed and fatigued UFG Al maintains nearly the
same tensile strength and ductility as as-ECAPed UFG Al. Further studies are needed to
discuss in more detail the relationship between the fatigue resistance and the degree of

microstructural stability of UFG materials.

5.5 Conclusions

The low-cycle fatigue tests of high purity CG and UFG Al (99. 98 mass %) were
carried out at 77 K. After the fatigue tests, CG and UFG Al were deformed in tension at 300

K and 77 K.  The results and findings are summarized as follows.

(1) During the strain-controlled fatigue tests, both CG and UFG Al show hardening to stress
saturation at 77 K.  The cyclic hardening rate of UFG Al is lower compare to that of CG
Al.

(2) Fatigued CG Al shows much higher yield strength and lower tensile ductility than
as-annealed CG Al at 300 K and 77 K. On the other hand, fatigued UFG Al shows
almost the same yield strength and ductility as as-ECAPed UFG Al at both 300 K and
77K.

(3) Fine dislocation wall structure is formed in all the CG grains during fatigue at 77 K.
This dislocation wall structure in CG Al persists after monotonic tensile deformation at
both 300 K and 77 K.

(4) Very fine dislocation wall structure is formed in UFG Al during fatigue tests at 77 K and
the fraction of the grains that contain the dislocation wall structure is about 50 %. The
dislocation wall structure in UFG Al is found to disappear easily during the early stages
of monotonic tensile deformation.

(5) Good correlation is found between the reciprocal of the channel width and the saturation
stress amplitude, from single-crystalline Al to UFG Al
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(6) Relatively unstable dislocation wall structure in UFG Al acts as a weak barrier for
dislocation motion in monotonic tensile tests and may not be harmful in reducing the

fatigue resistance.
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Table 1. Experimental values of tensile stress amplitude o, and channel
width d,, and calculated values of the constant ¢ for CG Al and UFG AL

Tensile stress Channel Dimensionless constant:
amplitude:o, [MPa]  width: d, [nm] ol
CG:gn =1x10° 118 350 1.7
CG: gy =5%10" 126 330 1.8
UFG:&n =1 x 107 151 320 2.0

UFG: €1 =5 x 107 186 300 2.4
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Figure 5-1. Cyclic hardening curves of CG and UFG Al fatigued under

constant plastic tensile strain amplitudes &, = 1x107 and 5x10 at 77 K.
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Figure 5-2. Tensile stress-strain curves at 300 K and 77 K of
as-annealed and fatigued CG Al.



Chapter 5

400 T T —T T
UFG Al
350 As-ECAPed, 77 K .
-3
Fatigued Ep=5x10, 77 K
© 300 9NN .
=
S 250 .
2 200 Fatigued Ew= 1%10', 77 K
@ :
@ 150 [ Fatigued €= 5x10°, 300 K =
2}
c
@ 100 [ y
As-ECAPed, 300 K
S0 . 4 ¢
Fatigued E,= 1x10, 300 K
| L 1 !
00 0.1 0.2 0.3 0.4 0.5

Tensile strain, g
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Figure 5-4. TEM photographs of CG Al: (a) fatigued at 77 K
with &, = 5x107, (b) fatigued at 77 K with g, = 5x10” and then
monotonically deformed till failure at 300 K, (c) fatigued at 77 K

with & = 5x10” and then monotonically deformed till failure at
77 K. Zone axis: [001].
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Figure 5-5. TEM photographs of UFG Al: (a) fatigued at 77 K with
& = 5x107, zone axis of grain A: [001], (b) fatigued at 77 K with
Bl = 5x107. The fraction of grains that contain lEilitslilocation wall
structure is about 50 %, (c) fatigued at 77 K with g, = 5x10™ and then
monotonically deformed till failure at 300 K, (d) fatigued at 77 K with
&= 5x107 and then monotonically deformed till failure at 77 K.
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Figure 5-6. Relationship between tensile stress amplitude o, and the
reciprocal of channel width 1/d.. Experimental data for single-crystalline
Al, CG Al and UFG Al are shown. Reference numbers are shown in the
brackets [32, 37, 39, 45].
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Figure 5-7.  TEM photographs of UFG Al fatigued at 77 K with &, =1 x107
and then deformed in tension at 77 K, (a) monotonic tensile test stopped at

&= 0.007, zone axis of grain A: [001], (b) monotonic tensile test stopped at
&=0.15.
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Chapter 6

General conclusions

6.1 Summary and conclusions of the present dissertation

In this study, the effects of test temperature on cyclic deformation behavior and
microstructural development in single-crystalline, coarse-grained (CG) and ultrafine-grained
(UFG) Al have been described. Moreover, the stability of dislocation wall structure in CG
and UFG Al against succeeding monotonic tensile deformation has been investigated.

In Chapter 1, “General Introduction”, the background and overall objectives of the
present dissertation were described.

In Chapter 2, “Cyclic deformation behavior and microstructure of fcc metals:
survey and perspective”, cyclic deformation behavior and microstructural development of
single-crystalline, CG and UFG fcc metals were overviewed and the purpose and importance
of this dissertation was shown.

In Chapter 3, “Low-temperature cyclic deformation of aluminum single crystals”,
cyclic deformation behavior and microstructural development of Al single crystals at 77 K
have been investigated. At 77 K, Al single crystals showed saturation stress in cyclic
hardening curves and stress plateau of 43 MPa in a range of plastic shear strain from 2x107 to
2x107 in the cyclic stress-strain curve. The persistent slip bands (PSBs) were formed
parallel to the primary slip planes during cyclic deformation at 77 K and well-developed
{100} walls were formed in the PSBs. Good correlation was found between the reciprocal
of the channel width of the dislocation walls and the saturation stress. Therefore, it is
concluded that PSBs carry the applied plastic strain and their volume fraction increases with

increasing plastic strain amplitude. From surface observation and trace analysis, the {100}
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walls in PSBs were found to be formed by the activation of multiple slip systems, i.e. the
primary and critical slip systems and the microstructure in PSBs was characterized as
labyrinth structure. From the experimental results, it has been found that both temperature
and SFE play important roles in the cyclic deformation behavior and the microstructural
development of pure Al single crystals: The existence of the stress plateau can be explained
by the temperature effect and the occurrence of the multiple slip systems and the formation of
two {100} dislocation walls can be explained by the SFE effect.

In Chapter 4, “Low-temperature cyclic deformation of UFG aluminum”,
temperature dependence of cyclic deformation behavior and microstructural development in
UFG Al have been investigated. With decreasing the test temperature, the amount of cyclic
softening became less significant, the fraction of shear band decreased, fraction of coarsened
grain decreased and formation of dislocation cell and wall structures became easier. At 83 K,
well developed dislocation walls were formed in fine grains. Good correlation was found
between the reciprocal of the channel width of the dislocation walls and the saturation stress
for single-crystalline and UFG Al.  Therefore, the channel width of dislocation walls of UFG
Al is also determined by the stress amplitude in the same manner as that of single-crystalline
and CG Al

In Chapter 5, “Stability of fatigued dislocation wall structure in CG and UFG
aluminum against monotonic tensile deformation”, monotonic tensile tests were carried out
for CG and UFG Al at 300 K and 77 K soon after low-cycle strain-controlled fatigue tests at
77 K.  When monotonic tensile tests were conducted at the same temperature, fatigued CG
Al showed much higher yield strength and much lower tensile ductility than as-annealed CG
Al Regardless of whether UFG Al was subjected the fatigue tests or not, both ultimate
tensile strength (UTS) and tensile ductility of UFG Al at 77 K were much higher than those at
300 K. Moreover, UFG Al at 77 K maintained high UTS and high tensile ductility even after
the fatigue tests. Dislocation wall structure in CG Al persisted even after monotonic tensile
tests at 300 K and 77 K. On the other hand, dislocation wall structure in UFG Al

disappeared easily during the early stages of monotonic tensile deformation. From the
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results of these monotonic tensile tests and microstructural observation, it is concluded that
the relatively unstable dislocation wall structure in UFG Al act as a weak barrier for

dislocation motion in monotonic tensile tests.

6.2 Future studies

In the present study, many new results as shown above were obtained on the
temperature dependence of cyclic deformation behavior and microstructural development for
single-crystalline, CG and UFG Al Furthermore, the difference in the stability of
dislocation wall structure against monotonic tensile deformation between CG and UFG Al has
been found and investigated for the first time in the research history of cyclic deformation of
Al. In the following, some problems to be examined will be listed to emphasize that many
more research opportunities are waiting for us in this fascinating area of the cyclic
deformation of fcc metals.

The effects of temperature and SFE on cyclic deformation behavior and
microstructural development of Al have been studied in Chapter 3. However, the
dependence of crystal orientation on the cyclic deformation and microstructural development
of Al single crystals at 77 K has not been investigated. For Cu single crystals. on the other
hand, the formation of dislocation structure, such as ladder, labyrinth and cell structures, is
known to depend on strain amplitude and crystal orientation. For the comprehensive
understanding of the fatigue mechanism of fcc metals, the cyclic deformation behavior of Al
single crystals with various crystal orientations at 77 K is worth investigating.

As shown in Chapter 4, shear band formation, microstructural development and grain
coarsening are the three important factors to characterize the low-temperature cyclic
deformation behavior of UFG Al.  Indeed, these three factors can be mutually related to each
other. For example, one may think that dislocation structures are formed preferentially at
shear band regions with concentrated plastic deformation. If this is the case, however,

dislocation structures must have developed more easily at higher temperatures where shear
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bands appear more frequently. Instead, the experimental results are the opposite, as shown
in section 4.3.2 and 4.3.3. Therefore, the present study indicated that high enough stresses
are necessary for fine cell and wall structures to be formed in small grains of fatigued UFG Al.
However, the relationship between the shear-band formation and grain coarsening, for
example, has not yet been revealed.

As described in Chapter 5, dislocation wall structure in UFG Al is less stable against
monotonic tensile deformation than that in CG Al. In this study, the reason why dislocation
wall structure in UFG Al disappears easily has been attributed rather qualitatively to the low
thermal stability which comes from high stored energy of UFG materials. However, the
relationship between the stability of dislocation structure in UFG Al and low thermal stability
of UFG materials has not been understood quantitatively. Therefore, the remaining research
subject will be the quantitative understanding of the stability of dislocation structure in UFG
metals against monotonic tensile deformation: for example, investigation of the stability of
dislocation structure by using ECAP Al subjected to various ECAP passes (various stored
energies) would be very interesting.

In concluding this dissertation, I sincerely hope that the results and findings shown in
this study will greatly contribute to the comprehensive understanding of the fatigue

mechanisms of single-crystalline, CG and UFG fcc metals.
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