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Chapter 1 Background and purpose 

1.1 Introduction 

During last 50 years, aluminum has been the second most used metallic material 

after the iron and steels in industries [1], which is owing to its characteristic properties. 

Aluminum alloys have various advantages among lots of metallic materials, such as 

high ductility, good formability, light weight, strength, and easy recyclability. Even 

though aluminum alloys have good mechanical properties as mentioned above, its 

strength is not sufficient for some commercial uses. Therefore, several methods, such as 

adding alloying elements (i.e., Cu, Mg, Si, Fe, Cr and so on) [2], surface treatments [3] 

and grain refinement [ 4, 5-12], have been suggested to improve the strength of 

aluminum alloys for fulfilling the demands. From an economical point of view, grain 

refinement appears to be the most effective way to improve the strength of aluminum 

alloys with low cost. Grain refinement is well known as the method to enhance strength 

of metals and alloys, and the relationship between yield strength (aY) and mean grain 

size (D) is described by the Hall-Petch relationship [13, 14]: 

I 

O'=a.+kD 2 
y 0 y (1.1) 

where a 0 is the friction stress required to move dislocation in coarse-grained materials, 

and kY is the Hall-Petch coefficient. According to Eq.1.1, the strength increases with 

decreasing the mean grain size. h1 addition, it has been also reported that the toughness 

and superplastic properties are enhanced by the decrease in grain size [ 15]. Furthermore, 

some researchers have shown interesting experimental results that the ultrafine-grained 
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(UFG) aluminum having the mean grain size smaller than 1 11m exhibits a surprisingly 

higher strength than that of the conventional coarse-grained aluminum [ 16] as well as 

unique defonnation behaviors that have never been observed in coarse-grained 

counterparts [ 5]. These are the motivation for widespread research works in ultrafine 

grained metallic materials. 

1.2 Techniques to fabricate the uJtrafine grained materials 

Owing to the growing interests in UFG materials, a number of teclmiques 

fabricating UFG structures in metallic materials have been developed. In general, 

conventional fine-grained metallic materials could be produced by cold rolling followed 

by annealing which results in recrystallization characterized by nucleation and growth 

of new grains. However, the minimum grain size obtained by this process was 

approximately 10 !Jffi in aluminum alloys [ 5]. It is well known that aluminum has high 

stacking fault energy so that dynamic recovery during plastic deformation at low 

temperatures and static recovery during annealing process can easily happen to decrease 

the driving force for recrystallization. Therefore, it is difficult to produce UFG 

structures having mean grain size smaller than 1 ~m in aluminum alloys by this route. 

In the last two decades, UFG aluminum alloys having mean grain sizes smaller 

than 1 11m have been successfully produced. For obtaining UFG structures, bulk 

materials are severely deformed to ultra high strain, which is called "severe plastic· 

deformation (SPD)" processes. Recently, various SPD teclmiques are available for 

introducing high strain into bulk materials, such as cyclic extrusion and compression 

(CEC) [17], multi-directional forging [18], twist extrusion [19], high pressure torsion 

(HPT) [20-22], equal channel angular pressing (ECAP) [23-25], and accumulative roll 
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bonding (ARB) [26, 27]. Here, three SPD processes, which are intensively studied, are 

described. 

1.2.1 High pressure torsion (HPT) 

HPT is the most famous and successful SPD process for producing bulk UFG 

metals and alloys. The principle of the HPT process is schematically shown in Fig. 1.1 

(a). The small disk sample is placed onto the lower die, subsequently compressed by 

the upper die (plunger) under a high pressure of several GPa, and then subjected to 

torsion straining along the peripheral direction of the disc by rotating the plunger. By 

this process, fine grain sizes in a range of 20 nm to 50 nm could be obtained. However, 

the HPT has the disadvantage that the sample sizes are fairly small, which are generally 

smaller than 1 mm in thickness and 20 nm1 in diameter [22]. 

(a) 

i 
p 

(c) 

sta.:t-:!no 
~---~ 

(b) 

Fig. 1.1 Schematic illustrations showing the procedures ofthe several SPD processes: 
(a) HPT [10], (b) ECAP [25], and (c) ARB [27]. 
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1.2.2 Equal channel angular pressing (ECAP) 

ECAP is one of the most common methods of SPD for fabricating bulk ultrafine 

grained metallic materials. The principle of ECAP is illustrated schematically in Fig. 

1.1 (b). A bar specimen is pressed through the die having an angular channel by a 

plunger. The specimen is deformed in simple shear when the specimen passes the 

corner of the channel. Because cross-sectional area of the specimen is constant even 

after the pass, the procedures can be repeated limitlessly so that the large plastic strain is 

imposed on the materials. During last two decades, the fom1ation of UFG structure in 

aluminum and magnesium alloys during ECAP has been extensively studied [25] since 

there alloys have relatively low flow stresses. In the ECAP, the specimens can be 

deformed also at elevated temperatures. However, it should be noted here that ECAP is 

a discontinuous "batch" process. 

1.2.3 Accumulative roll bonding (ARB) 

ARB has been developed by Saito et al. in 1998 [27]. The principle of the ARE 

IS schematically shown in Fig. 1.1 (c). ARB is a SPD process using the rolling 

deformation, which is the most advantageous metal working process for producing 

bulky metallic materials (plates, sheets, bars, etc.) continuously. In the ARB, SPD is 

introduced into the sheet materials without geometrical change of the sheet. This is 

achieved by repeating the procedure where cutting the 50%-rolled sheet into two pieces, 

then degreasing and wire-brushing once side of the surfaces of the sheets, stacking them 

together to make the total dimensions of the sheet initial one, and rolling them [27]. 

Here, the rolling in the ARB process is not only a defom1ation process but also a 

bonding process, i.eo, roll bonding, so that one-body solid material could be obtained. 
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The ARB has a potential to be a continuous process in the industry, but it is carried out 

as a "batch" process substantially in laboratory experiments. 

1.2.4 Possibility of torsion deformation 

Although those SPD processes mentioned above have high capacity to produce 

UFG metallic materials, the major drawback of those processes is that they are 

discontinuous processes. Discontinuous processes have the disadvantage of the 

limitation on controlling the defonnation conditions such as temperature and strain rate 

during the processing. It is well known that the evolution of microstructure of metals 

and alloys are strongly dependent on deformation parameters (i.e., strain, strain rate and 

deformation temperature). Hence, those processes are not suitable tools for studying the 

effects of deformation temperature and strain rate on the microstructure evolution in the 

metallic materials. Therefore, in order to study the effect of defonnation conditions on 

the change of microstructure during SPD, it is necessary to use the continuous SPD 

process. Torsion could be a promising process to clarify the effects of defom1ation 

parameters on the evolution of microstructure during severe plastic defonnation. 

Torsion deformation is a simple shear deformation process, which has an ability 

to introduce ultra high strain to bulk metallic materials continuously. The principle of 

the torsion defonnation and the detail of the torsion deformation machine are shown in 

Fig. 1.2 (a) and (b), respectively, The bar specimen is placed into the torsion machine, 

and then the specimen is subjected to torsion defonnation by rotating one end of the bar 

specimen. h1 the torsion deformation, the strain rate and deformation temperature could 

be controlled preciously throughout the process. The strain rate is altered simply by 

changing the rate of rotation, and it is possible to achieve strain rates ranging from 1 o-4 
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s-1 to 102 s-1 in the torsion machine used in this study. For the elevated temperature 

deformation in the torsion machine used in the present study, the specimens were heated 

up by the induction coil to the deformation temperature. The deformation temperature 

was controlled by the thermocouple welded at the edge of the gauge section. The 

heated specimens were subjected to torsion deformation under a constant deformation 

temperature and a constant rotation speed. After that the hot deformed specimens were 

quenched by water injection. The torque and angular displacement were recorded 

during the torsion deformation, for constructing stress-strain behaviors in torsion 

deformation. The torsion specimens with 4 mm in the gauge length and 8 mm in the 

diameter were used in the present study. 

(a) (b) 

-6(-1 ---·-W·----jd 
torsion 

Fig. 1.2 (a) Schematic diagram of the torsion deformation. (b) Inside view of the 
chamber of torsion deformation machine. 

In the torsion deformation, the equivalent strain ( &eq) and equivalent stress ( o-) 

can be calculated using the classical equations shown below [28-30]: 

2;rRN 
& =--

eq LJ3 (1 .2) 

(1.3) 

where R is the radius, L is the gauge length, N is the number of rotations, M is the 
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torsion moment, k is the strain-hardening coefficient ( k was taken as zero, which is 

valid merely at the peak torque and in steady-state flow), m is the strain rate sensitivity 

described by {log M /log E:} T and E: is the strain rate. The torsion moment (torque) is 

recorded during the torsion deformation. 

1.3 Objective and strategy of the present study 

UFG materials have become the subject of interest in material science researches, 

because of their unique structures and outstanding mechanical properties as compared 

with the coarse grained materials. The most widely used techniques for fabricating bulk 

UFG metals and alloys have been SPD processes, such as ARB [27], HPT [22] and 

ECAP [25]. However, as the author mentioned in the previous section that these 

processes are batch processes, in other words, discontinuous processes, so that some of 

the important deformation parameters, such as strain rate and defonnation temperature, 

cannot be controlled precisely during defom1ation. It is well known that those 

defom1ation parameters have a strong effect on the microstructure evolution of metallic 

materials. Therefore, the fmmation mechanism of UFG structures during SPD has been 

discussed only as a function of strain, and it has not yet been fully clarified" order to 

clarify the influences of deformation conditions (especially, temperature and strain rate) 

on the development of ultrafine grained microstructures in aluminum and its alloys 

during SPD process, it is necessary to employ a simple and reliable testing or 

defonnation teclmique in which temperature and strain rate are precisely and 

continuously controlled" From such a viewpoint, torsion defonnation could be a 

prmmsmg continuous SPD process in which heating rate, defmmation temperature, 

imposed strain and strain rate can be accurately controlled. Torsion defonnation is not a 

new technique. It has been used for more than 50 years as the method for evaluating hot 
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workability of materials and for simulating thermomechanical processmg such as 

multipass bar rolling [30]. However, the torsion deformation has been rarely used as a 

SPD process for fabricating bulk ultrafine grained materials. It is expected that the 

grain refinement mechanism and the microstructural characteristic of the ultrafine grains 

fabricated by SPD under well-controlled temperature and strain rate could be clarified 

by torsion deformation. Therefore, the purposes of the present study are as follows: 

1. To clarify whether the torsion deformation can act as a SPD process to fabricate UFG 

structures, by studying the effect of strain on microstructural change in a commercial 

purity aluminum during torsion deformation at ambient temperature, and to clarify the 

grain refinement mechanism. 

2. To study the effect of deformation conditions, i.e., strain rate and temperature, on the 

change in microstructure evolution in the pure aluminum during torsion defom1ation. 

3. To investigate the mechanical properties of the UFG pure aluminum fabricated by 

torsion defonnation. 

4. To clarify the effect of precipitate on the fonnation of ultra fine grained structures 

during torsion deformation under various deformation conditions, using an Al-Cu 

1.4 Outline of the thesis 

The present dissertation consists of five chapters. In Chapter 1, the background 

and purpose of this dissertation are explained. 

The bulk UFG metallic materials have been successfully produced by SPD 

processes. It has been known that a certain strain is required to achieve ultrafine grain 

with having high angle grain boundary. In Chapter 2, the evolution of the 

microstructure in the cmnmercial purity aluminum heavily defonned by torsion 
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deformation is investigated. It is found that the UFG alurninum having mean grain size 

of 0.33 t-tm could be obtained after imposed strain of 5.27. This result indicated that 

torsion defonnation worked as a kind of the SPD processes. The effect of deformation 

temperature and strain rate on the stress-strain behavior and microstructure evolution of 

the commercial purity aluminum during torsion deformation are also systematically 

studied. 

In Chapters 3, mechanical properties of the UFG aluminum fabricated by 

torsion are investigated through tensile test. The strengthening mechanism is discussed, 

based on the microstructural parameters obtained in Chapter 2. The high strength is 

expected in the UFO aluminum produced by torsion defonnation. 

In Chapter 4, the effect of precipitate on the microstructure evolution of the 

aluminum alloy is clarified. The Al-Cu alloy is chosen for this study, because this 

material is widely used in the industries. Moreover, the effect of precipitates on the 

fonnation of the UFG structure during torsion defonnation is rarely studied in this alloy. 

In Chapter 5, conclusions and achievements in the present dissertation are 

summarized. 
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Chapter 2 Effects of deformation conditions on microstructure 

evolution in commercial purity aluminum .heavily deformed by torsion 

2.1 Introduction 

Severe plastic deformation (SPD) has been successfully used for producing bulk 

ultrafine-grained (UFG) metallic materials with grain sizes smaller than 1 f!m [ 1]. 

Several SPD techniques are now available for introducing high strains into bulk 

materials, including cyclic extrusion compression (CEC) [2], high pressure torsion 

(HPT) [3], equal channel angular pressing (ECAP) [ 4,5], and accumulative roll bonding 

(ARB) [6]. The fom1ation mechanism of UFG structures is understood in terms of 

grain subdivision, where deformation-induced boundaries subdivide the original 

crystals [7 -11]. It has been also known that a certain amount of strain is necessary to 

obtain ultrafine grains with large misorientations [12]. On the other hand, the effects of 

other defom1ation conditions, i.e., strain rate and temperature, on the formation of 

ultrafine grained structures have not yet been systematically understood. This is 

primarily because most of the SPD processes mentioned above are discontinuous "batch" 

processes in which it is difficult to can·y out ultrahigh strain defonnation at a constant 

strain rate and temperature continuously. As mentioned in Chapter 1, torsion 

defom1ation could be a promising process to clarify the influence of defmmation 

conditions on microstmcture and mechanical behavior in ultrafine grained materials, in 

which heating rate, deformation temperature, imposed strain and strain rate can be 

accurately controlled [13]. 

During last decades, the evolutions of microstmcture and the mechanical behavior 

of aluminum defom1ed by torsion at elevated temperatures have been studied [14-16]. 
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All of the investigations found that the microstructural development and mechanical 

behavior in aluminum during hot torsion consist of the complex dynamic restoration 

mechanisms. It has been also reported that the grain size and morphology of the grain 

were strongly affected by the deformation parameters such as strain, strain rate and 

defonnation temperature. Those deformation parameters are found to be the crucial 

factors to determine microstructures in aluminum. Although many researchers have 

studied the effect of deformation conditions on microstructure and mechanical 

properties in aluminum, the most of these investigations were focused on the 

mechanical and microstructural properties of aluminum deformed at high temperatures 

(> 0.4 1;11 , where Tm is the melting point temperature of aluminum alloy) and at low 

strain rate (< 10-2 s-1). So far, the complete and clear view on the deformation 

mechanism of aluminum is not available for the wide ranges of equivalent strains, 

deformation temperatures and strain rates. In the present study, the author 

systematically investigates the microstructural evolution in aluminum deformed under a 

wide ranges of equivalent strain, defonnation temperature and stain rate by torsion 

deformation. 

2.2 Experimental procedure 

2.2.1 Effect of strain on microstructural evolution 

Commercial purity aluminum (11 OOAl) bars were used m this study. The 

chemical composition of the material is shown in Table 2.1. 

Table 2.1: Chemical composition of the 11 OOAl studied (mass%). 

Si Fe Cu Mn Zn Ti Al 

0.09 0.61 0.11 0.01 0.02 0.02 Bal. 
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The starting bars were machined into torsion specimens with dimensions of 4 

mm in gage length and 8 mm in diameter (Fig. 2.1 (a)), and torsion deformation was 

applied to achieve high strain defom1ation. The specimens were deformed in torsion at 

room temperature by rotations of 0.25, 0.50, 1.00, 1.50 and 1.60, corresponding to the 

equivalent strains of 0.91, 1.81, 3.63, 5.44 and 5.85 at the specimen surface, respectively. 

The rotation speed was 1.66 x 1 o-5 rotation per minute so that the strain rate at the 

specimen surface was 10-3 s-1. 

The shear strain ( r) and shear stress ( r ) at the surface of the specimen were 

computed from the torsion results using the classical equations shown below [ 15,17, 18]: 

2rrRN r= 
L 

M 
r = --3 (3 + k +m) 

27rR 

(2.1) 

(2.2) 

where R is the radius, L is the gage length, N is the number of rotations, M is the torsion 

moment (torque) (M is recorded during the torsion deformation), k is the 

hardening coefficient (k was taken as zero, which is valid merely at the peak torque and 

in steady-state flow), m is the strain rate sensitivity described by {logM/logE:}r, E:is the 

strain rate and T is the defonnation temperature. 

The equivalent strain ( B'eq) and equivalent stress (a) in torsion were computed by 

the use ofvon Mises equations [19]: 

1: 
0'"=-

13 
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2.2.2 Effects of deformation temperature and strain rate on microstructural evolution 

In order to understand the effects of deformation temperature and strain rate on 

the microstructural evolution in the commercial purity aluminum, torsion deformations 

were conducted at five different temperatures and four different strain rates. The torsion 

defonnation procedure is schematically shown in Fig, 2.2. The torsion specimens were 

heated by an induction coil at a heating rate of 0.5 ocs·1 to the deformation temperatures, 

which ranged from 1 00 to 400 °C, and kept for 600 s to stabilize the temperature of the 

specimen. After that, torsion defonnation was carried out to various equivalent strains 

under a constant strain rate in the range of 10·2 s·1 to 102 s-1. Then the defonned 

specimens were immediately quenched with water i1~jection to prevent microstructure 

modifications. The cooling rate during water quenching was recorded to be 

approximately 200 oc s-1. On the other hand, the torsion defonnation was also 

performed at room temperature to various equivalent strains at various strain rates. The 

stress and stain data were obtained from the torque and angular displacement data 

recorded during torsion deformation, 

(unit: mm) 

Fig. 2.1 Schematic illustrations of the dimension and shape of torsion specimen 
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Fig. 2.2 Schematic illustration showing the heat patterns in torsion defonnation. 

2.2.3 Characterizations 

22.3 .1 Microstructure observation 

Microstructures of the torsion deformed specimens were characterized by 

electron back-scattering diffraction (EBSD) measurement and transmission electron 

microscopy (TEM). The EBSD scans were canied out on the longitudinal section at r = 

0.9R (R: radius of specimen) position from the center of the specimen, shown in Fig, 

2.3 (a), and at different locations on the transverse sections perpendicular to the torsion 

axis to examine homogeneity of defonnation microstructure. Specimens for EBSD 

analysis were prepared by mechanical polishing, followed by electropolishing at -30 °C 

at a voltage of 12 V in a solution of30 vol.% nitric acid (HN03) and 70 vol.% methanol 

(CH30H). EBSD observation was perfonned in a field-emission scanning electron 

microscope (FE-SEM, Phillips FEI XL30S FEG) at an accelerating voltage of 15 kV. 

For TEM analysis, thin-foil specimens were prepared by twin-jet electopolishing under 

the same temperature and solution as those for the EBSD observation. TEM 
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observations were perfonned in a JEOL-2000EX TEM microscope with a double-tile 

stage at an operating voltage of 200 kV. 

2.2.3.2 Hardness test 

Hardness tests were conducted for the torsion defom1ed specimens usmg 

Shimadzu micro-hardness tester equipped with Vickers indenter. Load of 1 kg and 

dwell time of 10 s were used in all tests. Hardness measurements were carried out at 

various radial positions on the polished surfaces of transverse sections of the torsion 

defonned specimens, as shown schematically in Fig. 2.3 (b). 

( ) 

(mm) 

transverse 
section 

axis 

·4 -3 ~2 -'1 0 1 2 3 4 

Fig. 2.3 Schematic illustrations of (a) the longitudinal section for indicating the plane 
for microstructure observations, and (b) the positions of hardness measurement on the 
transverse section. 
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2.3 Effect of imposed strain on microstructure evolution 

2.3.1 Microstructure evolution during torsion deformation 

Figure 2.4 shows (grain) boundary maps obtained from EBSD measurement on 

longitudinal sections of the starting material and the specimens torsion deformed to 

various equivalent strains (&eq = 0.82 - 5.27). These equivalent strains were calculated 

at the observation position (0.9R). In the figures, the black and gray lines represent 

high-angle grain boundaries (El;:: 15°, El: misorientation) and low-angle grain boundaries 

(2° ::;; El < 15°), respectively. Boundaries having misorientations below 2° are not 

included in the analysis in order to remove the inaccuracy in EBSD measurement and 

analysis. It is clearly seen in Fig. 2.4 (a) that the starting material exhibits a fully 

recrystallized microstructure with the average grain size of 23 1-llTI. In cases of the 

imposed equivalent strains below 2, low-angle boundaries are mainly observed along 

the shear direction, (Fig. 2.4 (b, c)). With increasing torsion strain, fine grains 

smTounded by high angle grain boundaries are generated. However, a large number of 

grains with low-angle boundaries remain in the structure after &eq = 3.27 (Fig. 2.4 (d)). 

By increasing equivalent strain to 4.90, the amount of fine grains with angle 

boundaries is increased (Fig. 2.4 (e)). The specimen deformed to an equivalent strain of 

5.27 exhibits finer and more equiaxed grains. When all boundaries are taken into 

account, the mean grain size is 0.32 11111. Most of those fine grains are stmounded by 

high-angle grain boundaries (Fig. 2.4 (f)). 
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Shear direction 2°::::. e < 15° 
-0;::: 15° 

Fig. 2.4 EBSD boundary maps of the specimens torsion deformed to various equivalent 
strains at RT: (a) undefonned material, (b) &eq = 0.82, (c) &eq = 1.63, (d) f:eq = 327, (e) 
&eq = 4.90, and (f) &eq = 5.27. Observed on the longitudinal sections at 0.9R. 

The average grain size and fraction of high angle boundaries obtained from the 

EBSD data are summarized in Table 2.2, where DAn is the average (sub)grain size 

obtained from all boundaries having misorientation above 2° and DHAGB is the mean 

grain size obtained from high angle grain boundaries (8 :2:: 15°). Fractions of high-angle 

boundaries (FHAGB) are also summarized the table. The main finding is the evolution 

of ultrafine grained microstructure in the 11 OOAl with increasing torsion strain. The 

grain size decreases and the fraction of high angle grain boundaries increases with 

increasing equivalent strain. Similar observations have been reported in several 

materials severely deformed by ARB [20], ECAP [4, 21] and HPT [22, 23] processes. It 

has been considered that the fommtion of ultrafine grained microstructures during high 

plastic deformation can be understood in tenns of grain subdivision. Grain subdivision 
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[10,11] is the process in which geometrically necessary boundaries (GNBs) and 

incidental dislocation boundaries (IDBs) induced by plastic deformation subdivide the 

original crystals. Based on the microstructural results, the features of the ultrafine grain 

formation during torsion deformation process can be described as follows: at low strain 

( &eq < 2), the original grains are deformed and stati to be subdivided into sub grains with 

low-angle rnisorientation, and those subgrains are elongated in the direction nearly 

parallel to the shear direction, as shown in Fig. 2.4 (b~ c). New ultrafine grains with 

high-angle boundaries are generated at medium strains (2 < E:eq < 4). At this stage a 

number of low-angle boundaries still remain in the structure as shown in Fig. 2.4 (d). 

An ultrafine grain structure with the fraction of high-angle grain boundary above 0.65 is 

obtained at high strains (&eq ~ 4.9). More equiaxed ultrafine grains 0.32 p.m) are 

homogeneously fonned in the microstructure at ultrahigh strain (&eq = 527) as seen in 

Fig. 2.4 (t). The present results agree well with that reported by Hansen et aL [10] who 

demonstrated that elongated deformation structures of pure aluminum fonned by 

conventional rolling changed from oriented structures into more equiaxed structures at 

high strain. Such a morphological transition has been also observed in processes where 

deformation involves a significant shear component [10], or when the defonnation 

direction is changed [ 11]. 
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Table 2.2: Summary of the microstructural parameters of the 11 OOAl specimens torsion 
deformed to various equivalent strains at RT, where DAu is the average grain size with 
having misorientation above 2 °, and DHAGB is the mean grain size obtained from high 
angle grain boundaries (8 :?: 15°). The parameters were measured using EBSD data 
measured on longitudinal sections shown in Fig. 2.1. 

Equivalent strain Average grain size (!-!m) Fraction ofhigh angle 

(at 0.9R) DAu DHAGB b d · pHAGE oun anes, 

0 23.4 28.0 0.76 

0.82 1.94 6.29 0.18 

1.63 0.56 1.86 0.35 

3.27 0.40 0.46 0.55 

4.90 0.35 0.36 0.67 

5.27 0.32 0.33 0.76 

2.3 .2 Comparison between torsion deformation and ARB 

Figure 2.5 shows a comparison between torsion defonnation and ARB process 

by plotting the average grain size (DAu) and fraction of high angle boundaries (FHAGB) in 

the 11 OOAI deformed by two processes as a function of equivalent strain. The ARB data 

were taken from a previous report by Kamikawa [24]. It is obvious in Fig. 2.5 (a) that 

the grain size of the specimens deformed by torsion exhibits the similar trend as that 

defonned by ARB. Grain size decreases with increasing strain. However, observing the 

microstructural change in Fig. 2.5 (a) carefully (see the inse11), it is found that at similar 

strains the grain sizes of the specimen ARB processed are finer than those of the torsion 

defom1ed specimens. At the same time, it is also observed that the increasing rate of 

fraction of high-angle grain boundary in the ARB processed specimens is greater than 

that in the torsion defonned specimens. In other words, the evolution of the ultrafine 

grained stmctures in the 11 OOAl was faster in the ARB than that in the torsion. A 
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similar observation has been reported by Zhilyaev et al. [25] who demonstrated that 

different deformation processes resulted in different grain sizes in high purity nickel. 

Probably this difference is caused by the difference in strain path. In the torsion 

deformation, monotonic simple shear is the dominant deformation mode, while the 

defommtion in the ARB process is more complicated. Because the corresponding ARB 

process was canied out without lubrication [24], redundant shear strains were applied at 

the subsurface regions of the sheet due to large friction between rolls and the sheet, as 

well as the plane strain compression normal to the rolling plane. Half of the surface 

regions come to the center in the ARB process, making the strain path of each region 

complicated. 
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Fig. 2.5 (a) Average grain size (DAu) and (b) fraction of high-angle boundaries (FHAGB) 
in the 11 OOAl deformed by torsion and ARB [24] at RT, plotted as a function of 
equivalent strain. 
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2.3.3 Microhardness 

Figure 2Ji shows the hardness values at various radial positions in the torsion 

specimens after different rotation from 0.5 to 1.6. The hardness measurements were 

carried out on the transverse sections perpendicular to the torsion axis, as was shown in 

Fig. 2.1. The lower broken line corresponds to the hardness level of the unprocessed 

specimen, 27.4 Hv. The main results presented in Fig. 2.6 are summarized as follows. 

First, the hardness values increase with increasing applied torsion rotation. Second, the 

values of hardness increase with increasing the distance from the center of the specimen. 

This is attributed to the difference in strain along the radial position in torsion 

defonnation, as is expressed in Eq. (2.1). According to Eq. (2.1), the shear strain at the 

center is ideally zero and it increases linearly with approaching to the surface. Thus, the 

microstructure along the radius should be inhomogeneous, as is shown later (Fig, 2.7). 

The hardness value near the center reveals strain hardening, although the strain at the 

centre should be ideally zero. This may be attributed to the compressive deformation 

happening the torsion process. The increase of the hardness with plastic strain is 

caused by strain hardening and grain reinfinement strengthening. 
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Fig. 2.6 Average microhardness values at various radial positions m the 11 OOAI 
specimens torsion deformed to different rotations (N) at RT. 



Figure 2.7 shows the EBSD grain boundary maps at different radial positions in 

the llOOAl specimen torsion defonned by 1.5 rotations: (a) at the center of the sample (r 

= 0), (b) r = 0.2R, (c) r = 0.5R and (d) r = 0.9R, where R is the radius of the sample (4 

mm). Corresponding equivalent strains are 0, 1.09, 2.72, and 4.90, respectively. The 

results clearly show that these four areas have different microstmctures. The 

microstmcture at the center of the specimen, of which the shear strain should be ideally 

zero, shows coarse grains with less low-angle boundaries inside (Fig. 2.7 (a)). In Fig. 

2.7 (b) corresponding tor= 0.2R (&eq = 1.09), new grains with smaller grain sizes are 

partly fmmed, but most of the regions exhibit low-angle boundaries (defmmation 

stmctures). Grain size (DAu) decreases with increasing the distance from the center to 

the edge of the specimen, i.e., with increasing equivalent strain (Fig. 2.7 (c9 d)). The 

mean grain sizes (DAu) at different positions from 0 to 0.9R are 17.2 !Jm, 2.0 0.99 

!Jm and 0.62 !Jm, respectively. The fractions of high-angle boundaries at different 

positions are 0.85, 0.18, 0.30 and 0.53, respectively. The fraction high-angle 

boundaries rapidly decreases from the center to 0.2R due to the introduction of 

deformation stmctures (Fig. 2.7 (b)), and then it significantly increases with increasing 

distance from the specimen axis. 
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(a) 

2° ~ e <15° 
-8~15° 

Fig. 2.7 EBSD grain boundary maps at different radial posltwns of the llOOAl 
specimens torsion deformed by 1.5 rotations at RT. (a) At the center of the sample (r = 

0), r = 0.2R, r = O.SR and (d) r = 0.9R, where R is radius of the sample (4.0 
mm). The conesponding equivalent strains (&eq) are (a) 0, 1.09, (c) 2.72, and (d) 
4.90, respectively. 

It was found that at the same strain the fraction of high-angle boundary observed 

on the transverse-section (Fig. 2.7) was lower than that observed on longitudinal-

section (Fig. 2.5 (b)). The discrepancy might be attributed to the difference in strain 

rate along the radial position in torsion defommtion. The strain and strain rate increase 

with approaching to the edge of the specimen, so that the microstmctures observed on 

the transverse-section were those fonned under lower strain rate even at the same level 

of strain. On the other hand, it should be noted that even at the same edge position 
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(0.9R), the grain size observed on the transverse-section was smaller than that observed 

on the longitudinal section. This indicates that three-dimensional morphology of the 

ultrafine grains formed by torsion is not equiaxed. 

The hardness data in Fig. 2.6 are replotted as a function of equivalent strain in Fig. 

2.8. It can be seen that the hardness continuously increases with increasing equivalent 

strain, so that the hardness corresponds well with an imposed strain. We have also 

found the scattering of hardness values at the center regions; the hardness value 

obviously increases with increasing deformation rotation. By the way, a homogeneous 

microstructure has been reported in Al processed to high strain by HPT [26]. The 

deformation in HPT is fundamentally similar to the torsion defom1ation, i.e., monotonic 

"u.'·'~"·"' shear. This difference is presumably attributed to the fact that the previous study 

in HTP was carried out up to extremely high shear strain of 184, which corresponded to 

total equivalent strain of 106. At the same time, there are several reports showing 

inhomogeneous hardness distribution after HPT process [27-29]. Vorhauer and Pippan 

[29] have found that an inhomogeneous microstructure appeared in an austenitic steel 

defon11ed to ultrahigh strain (&eq = 324) by HPT [29]. This difference may suggest that 

the strain necessary for obtaining homogeneous microstructure depends on the kind of 

materials. 

28 



I 

80 ~ 1'100AI 
70 ~Torsion: E = 1 x 1 o-3 s-1, RT ----~--.--. 

~ -------~·----60 c ~- I 
~ _ .. ,- ... 

50 i~ ... ~----[1 ,;c./" j 

40 r),-9 
~~­

! 

~ ~1.6 30 'r( 
~ •1.5 

20 [ ~Hs 
1
: L. . . . .. . .. .. . .. .. .. . .. . .. . .. .. .. . ..... :\ ~ ...... I 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 

Equivalent strain, Eeq 

Fig. 2.8 Average microhardness values at various radial positions of the 1100A1 
specimens defonned to different torsion rotations (N) at RT, plotted as a function of 
equivalent strain. 

It can be concluded from the present investigation that torsion defonnation 

worked as a kind of severe plastic defonnation for fabricating ultrafine grained 

microstructures. Though the microstructures were heterogeneous depending on the 

radial positions, the microstructural parameters were well understood in tenns of 

equivalent strain. The results indicated that torsion deformation was useful to 

investigate the effect of defonnation conditions on the ultrafine grain formation, which 

will be studied in the following sections. 

2.3.4 Summary 

In this section (2.3), the effect of strain on microstructure and hardness of a 

commercial purity (11 OOAl) defonned by torsion at RT has been studied. The main 

results are summarized as follows: 
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1. The gram size decreased and fraction of high-angle boundaries increased with 

increasing plastic strain in torsion deformation. The grain size of 0.32 J.Un and the high­

angle boundary fraction of 0.76 were achieved after equivalent strain of 5.27. It 

indicated that the torsion defonnation worked as a kind of severe plastic deformation. 

The torsion would make it possible to study ultra-high strain deformation under 

controlled temperature and strain rate. 

2. The grain size and misoreintation angle of the 1100 aluminum deformed by torsion 

had the same trend as those heavily deformed by ARB. However, the ARB process 

showed higher eft1ciency in producing ultrafine grained microstructure, than torsion 

defom1ation. This was probably because the strain path in torsion was much simpler 

than that in ARB. 

3. The hardness values increased with increasing the equivalent strain and the radial 

position in the sample. Although the hardness and microstructure were heterogeneous 

on the transverse sections, they showed a good correlation with the equivalent strain 

imposed at each radial position. 
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2.4 Effects of strain rate and deformation temperature on microstructural 

evolution 

2.4.1 Stress-strain behavior 

The stress-strain curves of the commercial purity aluminum torsion defonned at 

various temperatures (RT to 400 oq and strain rates (1 o-2 s-1 to 102 s-1) are shown in Fig, 

2.9. It is found that at a constant strain rate, flow stress increases with decreasing 

deformation temperature. To the contrary, at a certain temperature, the flow stress 

increases with increasing strain rate at temperatures ranging from 1 00 oc to 400 °C, 

except at room temperature. The flow stress of the specimen defonned at room 

temperature increases slightly with increasing strain rate up to the strain rate of 10-1 s-1. 

Beyond the strain rate of 10-1 s-1, the flow stress decreases significantly with increase in 

strain rate. The decrease in stress with increasing strain rate at RT may due to the 

temperature rise (adiabatic heating) caused by plastic defonnation, which results in 

decreasing flow stress. 

The specimens deformed under these defmmation conditions exhibited three 

typical stress-strain curves, depending on the defonnation parameters. The specimens 

deformed at low temperatures (RT-200 °C) illustrated two types of stress-strain curves. 

The first type was simple work hardening, i.e., the flow stress increased monotonously 

with increasing strain until the maximum stress followed by failure. The second type 

was dynamic recovery. That is, the flow stress increased with raising strain to the 

maximum stress. After the maximum stress, the stress-strain curve exhibited steady­

state flow stress. For the specimens deformed at high temperatures (T ~ 300 °C) and at 

low strain rates (&< 10° s-1), the flow stress raises with increasing strain to the peak 

stress followed by stress softening and steady-state flow stress, which is the third type. 
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These results revealed that the flow stresses, and the shapes of the flow curves were 

strongly dependent on deformation temperature and strain rate. 

0 ~:"r""r-,.."'i·-·· 

0 4 16 20 24 28 
Equivalent strain, E 

Fig. 2.9 Stress-strain curves of the specimens torsion deformed at various defonna:tion 
temperatures from RT to 400 oc at various strain rates (a)£= 10-2 s-1, (b)£= 10-1 s-1, 

(c)£= 10°s-1 and 6= 102 s-1. 

Generally, the dependence of the flow stress on deformation temperature 

strain rate can be represented by the Arrhenius-type equation using the Zener-Hollomon 

parameter, as shown below: 

Z =A 'exp(fJ.CJ"u) n' (2.6) 

Z =A 'Jsinh(a·CJ"u)] n" (2.7) 
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(2.8) 

where Z is the Zener-Hollomon parameter, aM is the maximum stress, n, n 'and n 11 are 

the stress exponent, A, A ~ A '~ a and f3 are materials constant, R is the gas constant, T is 

absolute temperature, and Q is an apparent activation energy for high temperature 

defom1ation. These equations were originally developed for creep [18, 30]. However, 

they can be also utilized for high strain rates at wide ranges of temperatures in ultrafine 

grained materials [31, 32]. The equations (2.5) to (2.7) are refen·ed as power-law, 

exponential and hyperbolic-sine equations, respectively [33]. The power-law equation 

is suitable for the low stress conditions, while the exponential equation is appropriate 

for the high stress conditions. The hyperbolic-sine equation is applicable for both cases. 

Since the specimens defonned under the present experimental defonnation conditions 

exhibited low flow stress (see Fig. 2.9), the power law is applied. In the present study, 

the apparent activation energy of 156 kJ mor1 is taken for calculating Z from the result 

of deformation in commercial purity aluminum repmied by Jonas et al. [30]. Jonas and 

his coworker have used this value to conelate both creep and hot-working data in 

commercial purity aluminum [14]. This Q value is close to the activation energy for 

self-diffusion in aluminum (142 kJ mor1) [18]. 

The maximum stresses obtained from the stress-strain curves in Fig. 2.9 are 

plotted as a function of Z parameter in the log-log scale in Fig. 2.10 (a). It is found that 

the maximum stress decreases with decreasing Zener-Hollomon (Z) parameter. The 

relationship between stress and Z parameters can be approximated by two linear lines as 

show in Fig. 2.10 (a). The change in the slope of a:~rrZ plot occurs at a critical Z value 

(Zc) of2.47 x 1015 s-1. Some researchers have claimed that a transition ofthe slope is 
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resulted from the changes in deformation mechanisms [32, 35]. However, the deviation 

of data points from the linear line in the power-law at high Z region (i.e. high stress) 

might be also attributed to the limitation of power-law expression (power-law 

breakdown) [36]. Therefore, in order to clarify this, the hyperbolic-sine equation is 

applied. The same Q value applies in Eq. (2.5) and a material constant value (a) of 

0.0043 MPa-1 [30] are used as fitting parameters in hyperbolic-sine equation. The sinh 

(a·o-M) was calculated using Eq. (2.7) and plotted versus Z parameter in Fig. 2.10 (b). It 

was found that the hyperbolic-sine law shows the similar results with the power law, 

indicating that the power law is valid for this experimental data. In addition, Sherby 

and Burke have systematically investigated the creep behavior of pure metals and alloys, 

and showed that power law breakdown occurs at a normalized strain rate of £/D := 1013 

m-2, where D is the diffusion coefficient [35, 37]. The value of D can be calculated 

using the following equation [35]: 

D = 1.24 x 10-4 exp (-156/RT) 2 -1 ms (2.9) 

It should be noted here that the deviation of data points occurs approximately at 

equivalent strain rate of 10-2 s-1 and at 200 °C. It is found that the normalized equivalent 

strain rate at the deviation point is 1.6 X w-7 m-2. This value is significantly lower than 

the equivalent strain rate of power law breakdown point. These results indicate that the 

apparent change slope in the OJwZ plot at Zc in Fig. 2.10 (a) is not attributed to power 

law breakdown. The reasons for the transition will be discussed in the following 

sections based on the microstructures. The two separate regions are mentioned here as 

region I and respectively. 
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The n values determined in the regions I and II using Eq. (2.5) are shown in Fig. 2.11 

(a) and (b), respectively. These n values are used for re-calculating Q values (apparent 

activation energy for high temperature deformation) in region I and II using Eq.2.5. 

The Q values evaluated are 128 and 164 kJ mor1 in the region I and II, respectively. 

The evaluated n, Q and Z parameters are also summarized in Table 2.3. h1 this table, 

the shaded area is indicated the deformation conditions of the region I. 
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Fig. 2.11 The evaluated n values in (a) region I and (b) region It 
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Table 2.3: Summary of defonnation variables (strain rate and deformation temperature), 
the calculated Z, n and Q values. 

Strain rate, 

E: I s-1 

1 

RT 

Zener-Hollomon parameter, Z Is-

lOO oc 2oooc 300 oc 

2.4.2 Microstructure observation 

4oooc 
Q n 

1.28 X 10 

1.28 X 

L28 X 1012 

1014 
164 

1.28 X 

4.5 

Figures 2.12 and 2.13 show EBSD boundary maps of the commercial purity 

aluminum deformed under various Z conditions to the equivalent strains of 3.6 5.4, 

respectively. In the grain boundary maps, the black and red lines indicate the high-angle 

boundary and the low-angle boundary, respectively. Figure 2.12 (a)-(c) shows the 

defonnation microstructures of the specimens defmmed at high Z conditions (region I: Z 

~ Zc) to an equivalent strain of 3.6. In the region I, the microstructure mainly consists of 

the lamellar structure, which is nearly parallel to the shear direction. The grain size and 

the amount of high-angle grain boundaries increase gradually with decrease Z value. 

Below (i.e., in region II), different structures are observed. The morphologies of the 

deformation structure in the specimens deformed under region II conditions are 

significantly different from those of the specimens processed under region I conditions, 

as shown in Fig. 2.12 (d)-(:t). In the region II, the structure comprises of equiaxed 

grains surrounded by high-angle boundaries. The grain size increases significantly with 

decreasing Z parameter. On the other hand, further increase in the equivalent strain 

causes no changes in the morphology, as shown Fig. 2.13. At an equivalent strain of 

5.6, the microstructures are similar to those found in the specimens defom1ed to an 
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equivalent strain of 3.6. The grain size increases with decreasing Z value and the grain 

morphology clearly transits from elongated grains to equiaxed grains at Zc. 

Shear direction - 2 15 
15 

Fig. 2.12 EBSD boundary maps of the specimens torsion deformed to an equivalent 
strain of 3.6 under various Z conditions: (a) Z = 2.21 x 1026 s-1 (Region I), (b) Z = 7.03 
x 1019 s·1 (Region I), (c) Z = 1.69 x 1016 s-1 (Region I), (d) Z = 1.28 x 1014 s·1 (Region II), 
(e) Z = 1.67 x 1012 s-1 (Region II), and (f) Z = 1.28 x 1010 s·1 (Region II). 
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Shear direction - 2' _ 9 15' 
- 9 - 15 

Fig. 2.13 EBSD boundary maps of the specimens torsion deformed to an equivalent 
strain of 5.4 under various Z conditions: (a) Z = 2.21 x 1026 s-1 (Region I), (b) Z = 7.03 
x 1019 s-1 (Region I), (c) Z = 1.69 x 1016 s·1 (Region I), (d) Z = 1.28 x 1014 s-1 (Region II), 
(e) Z = 1.67 x 1012 s-1 (Region II), and (f) Z = 1.28 x 1010 s-1 (Region II). 

In order to observe more details in microstructure, TEM observations were 

performed. TEM micrographs of the specimens deformed under various Z conditions 

are shown in Fig. 2.14. It is found that the microstructures of the specimens deformed 

under high Z conditions consist of elongated grains having large amount of dislocations 

as shown in Fig. 2.14 (a). With decreasing Z value, the amount of dislocations 

decreases and cell structures are formed through dislocation annihilation and 

rearrangement (Fig. 2.14 (b)). With decreasing Z value below Zc, the structure 

transforms from elongated grains to the equiaxed grains having low dislocation 

densities (Fig. 2.14 (c, d)). 
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Fig. 2.14 TEM micrographs of the specimens torsion deformed to an equivalent strain 
of 3.6 under various Z conditions: (a) Z = 2.21 x 1026 s-1 (Region I), (b) Z = 7.03 x 1019 

s-1 (Region I), (c) Z = 1.28 x 1014 s-1 (Region II) and (d) Z = 1.28 x 1010 s-1 (Region H). 

Figure 2.15 shows the distribution of boundary misorientation angle obtained by 

EBSD the specimens deformed to an equivalent strain of 3.6 under different Z 

conditions. The changes in misorientation angle distributions with decreasing Z values 

can be described as follows: (i) in the region I, the misorientation angle evolves the 

large peaks at low-angles, especially at misorientation angle below 10°. Decreasing Z 

value results in a peak shift from low-angle region to high-angle regions. (ii) In the 

regwn the results are different from the region I. The fraction of low misorientation 

angle mainly below 5° raises with decrease in Z value, meanwhile the fraction of high 

misorientation angle above 30° also increases continuously with decreasing Z value. 

Moreover, the average misorientation does not change so much with decrease in Z value 
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m the regwn II. The results indicate that the defom1ation conditions has strongly 

influenced on the microstructural evolution. 

~ 10 

c 
0 

t5 
~ 

l.t. 5 

5 10 15 20 25 30 35 40 45 50 55 60 65 

(C) Misorientation angle, 0 (0
) 

15 ~"r-o~-r-... ~.T--,.~·~, ~· · ~, ..-,.,"'""" ... ,...,...,,_,,,...,r.,-•-r--....--·r· "r·~ 

c 
0 

13 
~ 
"- 5 

0 ,-. ' 
5 10 15 20 25 30 35 40 45 50 55 60 65 

(e) 
Misorienta!ion angle, e (·') 

Misorientation angle, 0 (0 ) 

~ 10 
0 

c 
0 
t$ 

•[!:1 
I.L 5 

0 

~ 10-

c 
0 

t5 
[':' 
u.. 5 

0 

5 10 15 20 25 30 35 40 45 50 55 60 65 

Misorientation angle, 0 ("') 

10 20 30 40 50 60 
(f) Misorientation angle, 0 (") 

15 ~ ·--f~·--r--·~·r-.-·-r-r"'"I~'-"""""!""~.I"~··r~..--~~·'"·'"'~~~~ 

~ 10 

c 
0 
:g 
t!:' 

LL 5 

0 
5 10 15 20 25 30 35 40 45 50 55 60 65 

Misorientation angle, ~1 (") 

Fig. 2.15 Distribution of boundary rnisorientation angle obtained by EBSD in the 
specimens torsion deformed to an equivalent strain of 3.6 under different Z conditions: 
(a) Z= 2.21 >< 1026 s·1 (Region I), (b) Z= 7.03 >< 1019 s·1 (Region I), (c) Z= 1.69 >< 1016 

s·1 (Region I), (d) Z = 1.28 x 1014 s·1 (Region II), (e) Z = 1.67 x 1012 s·1 (Region II), and 

(f) Z = 1.28 x 1010 s·1 (Region II). 
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2.4.3 Z parameter dependence of microstructures 

The average grain size (Dau) and fraction of high-angle grain boundary (FHAGB) 

obtained from the grain boundary maps shown in Fig. 2.12 and 2.13 axe plotted as a 

function of Z parameter in log-log scale in Fig. 2.16 (a) and (b), respectively. The grain 

size data of the same materials defonned by extrusion at intennediate to high 

temperatures (255-490 °C) and in the wide range of strain rates from 0.7 to 9.6 s-1 are 

also included in (a) for comparison [32, 38]. These plots indicate that the grain size and 

fraction of high-angle grain boundary are strongly dependent on Z parameter. The grain 

size tends to decrease with increasing Z value. However, the decrease in the grain size 

is not continuous: the transition of slope in Dau-Z plot occurs at around Z = 2.47 x 10-15 

s-1. The grain size decreases rapidly with increasing Z value up to Zc, then slightly 

decreases with further increasing Z value. Meanwhile, the :fraction of high-grain 

boundaries increases slightly with increasing Z value up to Zc. In contrast, above Zc, the 

fraction of high-grain boundaries decreases with increasing Z value as shown in Fig, 

2.16 (b). 
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Fig. 2.16 (a) Average grain size (Dau) and (b) fraction of high-angle boundaries (FHAGB) 
plotted as a function of Z parameter in log-log scale. 
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2.4.4 Discussions 

2.4.2. 1 Microstructure evolution mechanism dependent on Z parameter 

The stress-strain curve analysis in a wide range of Z parameter from 1.28 x 1010 

to 2.21 x 1029 s-1 showed two different regions: high Z value region (region I: Z;:: Zc) 

and low Z value region (region II: Z < Zc). The differences of these two regions are 

discussed in terms of microstructure evolution mechanisms. 

In high Z region (region I), the specimens showed two types of stress-strain 

curves, i.e., work hardening and dynamic recovery. The n and Q values obtained fi·om 

the stress- strain curves were 12.5 and 128 kJ mor1, respectively. This n value is 

slightly high but it is a typical value often observed in aluminum deformed at high Z 

conditions [14, 39]. The measured n value is very close to the stress exponent value 

anticipated for the deformation mechanism controlled by dislocation pipe diffusions in 

aluminum (n = 1 0) [ 40]. In addition, the evaluated Q value is comparable to the 

activation energy anticipated for dislocation cross-slip in aluminum (Q = 115 kJ mor1) 

[ 41, 42]. These results suggest that dynamic recovery mainly by dislocation cross-slip 

is the rate controlling mechanism in the high Z region. The microstructures 

quantitatively support this interpretation. That is, the microstructure consists of 

elongated grain structure, and the grain size does not significantly change with 

decreasing Z value (Fig. 2.11 (a) - (c)) and increasing equivalent strain (Fig. 2o12) in 

region I. Meanwhile, the amount of dislocations decreases and the dislocation structure 

changes from random tangles into more organized cell or subgrain structures with 

decreasing Z value. This is caused by the am1ihilation and rearrangement of 

dislocations (Fig. 2.13 (a)- (b)). It is reasonable to conclude, therefore, that dynamic 

recovery governed by dislocation cross-slip is a prominent mechanism for 
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microstructure evolution in this region. 

In low Z region (region II), softening and steady state flow stress were observed 

in the stress-strain curves. Then and Q values were 4.5 and 164 kJ mor1, respectively. 

Many researchers have observed similar n value in aluminum deformed at high 

temperatures. It has been reported that when then equals to 4.5, dislocation climb is the 

rate controlling mechanism [30, 43]. This has been proved by extensive experimental 

works [30,40,43], and by Weertman's dislocation-climb theory [ 40]. However, the 

evaluated Q value is higher than the self-diffusion energy of aluminum (142 kJ mor1) 

[34], indicating that the microstructure evolution mechanism in this region is not only 

attributed to dislocation climb but also to another mechanism(s). It was found that the 

evaluated Q value was comparable to the activation energy for the grain boundary 

migration in aluminum (Q = 172 kJ mor1) [ 44], which suggests that grain boundary 

migration contributed to the microstructure evolution in region The microstructure 

results are consistent with interpretation. That is, the microstructures consist of 

equaixed grain structures (Fig. 2.14 (c)). With decreasing Z the amount of dislocations 

decreases, the grain size increases and the grain boundaries became straight and clear 

(Fig. 2.14 (d)). Therefore, it can be concluded here that dislocation climb together with 

(short range of) grain boundary migration are the main mechanism for microstructure 

evolution in low Z region. 

2.4.4.2 Grain size dependent on Z parameter 

An obvious Z parameter dependence of the grain sizes was demonstrated in the 

present commercial purity aluminum (see Fig. 2.16 (a)). This result is consistent with 

the previous literatures reporting that the increase in Z parameter leads to finer grain 

45 



s1ze. The change of slope in the Dau-Z plot in Fig. 2.16 (a) could be attributed to the 

change in the mechanism from dynamic recovery govemed by dislocation cross slip 

above Zc to dislocation climb accompanying with grain boundary migration. 

In the region I, the increase in Z value results in the finer grains because 

dynamic recovery rate decreases and the number of dislocations operated increases 

under higher Z conditions (i.e., lower deformation temperature and higher strain rate) as 

can be seen in Fig. 2.14 (a - b). Under a constant imposed equivalent strain of 3.6, 

increasing Z parameter from 1.70 x 1016 to 2.21 x 1026 s-1 results in refinement of the 

grain size from 0.58 f!m to 0.38 f!ll1. The specimens deformed under the region II 

deformation conditions also showed the similar results. That is, the grain size decreased 

with increasing Z value. However, it is found that the finest grain size obtained in 

region II is larger than 1 !!m (Dau = 2.00 f!m), in other words, the ultrafme grained 

structure cannot be obtained below Zc. These results indicate that higher Z parameter, 

especially above 

microstructures. 

is more preferable for the formation of ultrafine grained 

Based on the above discussion and results shown in Fig" 2.16 (a), the 

relationship between Z parameter and grain size (D) obtained in this study can be 

expressed by two equations; 

log D = L18-0.014log Z 

log D = 19 -0.59log Z 

(2.10) 

(2. 11) 

Eqs" (2.10) and (2.11) correspond to the region I and region II m Fig. 2.15 (a), 

respectively. 
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2.4.5 Summary 

The stress-strain behavior and microstructural evolution in torsion deformation 

of the commercial purity aluminum were studied at a wide range of temperatures from 

room temperature to 400 °C and at various strain rates from 10·2 s· 1 to 102 s-1. The main 

findings obtained are as follows: 

1. Stress-strain curves exhibited three types of flow curves, which depended on the 

deformation conditions. For the specimens deformed at low temperatures (RT- 200 °C), 

the stress-strain curves demonstrated work hardening and dynamic recovery types. 

Meanwhile, at high temperatures (T;::: 300 °C) and at low strain rates (£ < 10° s-1), 

softening and steady-state flow stress were observed. The relationship between the flow 

stress and the deformation conditions could be expressed using Zener-Hollomon 

parameter (Z) in a power law form. 

2. Two distinct regions were observed when the flow stress was plotted as a function of 

Z parameter. The n values observed in the high Z and low Z regions (the region 1 and 

region II) were 12.5 and 4.5, respectively. Activation energies were found to be 128 and 

164 kJ mor1, respectively, in the region I and region II. In the high Z region, the 

microstructures revealed lamellar structures having high dislocation density, while the 

equaixed grain structures with low dislocation density were observed in the low Z 

region. The boundary of two regions appeared at Zc = 2.47 x 1015 s-1, which was 

demonstrated by the evident change of n value, Q value and microstructures. 
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3 0 In the regwn I, the mam mechanism of microstructure evolution was dynamic 

recovery governed by dislocation cross slipo Meanwhile, grain boundary migration and 

dislocation climb were found to be the main microstructure evolution mechanism 

operated in the region II. 

40 The grain size decreased with increasing Z parameter. The result indicated that higher 

Z parameter was more preferable for the fonnation of ultrafine grained microstructures. 
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2.5 Conclusions 

In Chapter 2, the effects of deformation conditions on the microstructural 

evolution in a commercial purity aluminum during torsion defom1ation were 

systematically studied at wide ranges of strain, deformation temperature and strain rate. 

The microstructural evolution in the specimens torsion defonned under various 

deformation conditions was characterized by EBSD measurement and TEM. 

Microstructure observations revealed that the change in the grain size and 

misorientation angle in the commercial purity aluminum deformed by torsion showed 

similar trend with that deformed by ARB process. The grain size decreased and the 

fraction of high-angle grain boundary increased with increasing strain. The ultrafine 

grained structures with a mean grain size smaller than 1 11m having large amounts of 

high-angle grain boundaries were achieved after a strain of 5.27 On the other hand, the 

flow stress of the specimens defonned under various Z conditions (i.e. various strain 

rates and deformation temperatures) tended to decrease with decreasing Z value. A 

transition of the flow stress in the CFM-Z plot was observed at critical Z value (Zc) of 2.4 7 

x 1015 s-1. Microstructure observations revealed that the grain shape clearly transformed 

from elongated to equiaxed grains and the grain size significantly changed at the Zc 

value. 

Based on the results obtained in Chapter 2, it could be concluded that torsion 

defonnation worked as a kind of SPD process. The deformation conditions strongly 

influenced the microstructure evolution. The flow stress and microstructure results 

suggested that the transition of the flow stress trend in the ajw -Z plot could be attributed 

to the change in the mechanism from dynamic recovery governed by dislocation cross 
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slip to gram boundary migration accompanied with dislocation climb from high Z 

conditions to low Z conditions. 
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Chapter 3 Mechanical properties of bulk ultra fine grained aluminum 

fabricated by torsion deformation 

3.1 Introduction 

Ultrafine-grained (UFG) materials have become an interesting subject in the 

research of materials science because of their unique microstructures and excellent 

mechanical properties [1]. It was demonstrated in the previous chapter that torsion 

deformation could be one of the severe plastic deformation (SPD) processes to fabricate 

bulk UFG aluminum alloys. The torsion defonnation has an advantage in accurately 

controlling deformation conditions (i.e., temperature and strain rate) and also allows a 

continuous impose of large strain without intetmption, compared with other SPD 

processes [2]. However, the microstmcture and mechanical properties of the UFG 

materials fabricated by torsion deformation have not been fully clarified yet One 

reason is that the torsion deformation has been rarely used for producing bulk UFG 

materials, and another reason is the difficulty to fabricate mechanical testing samples 

from torsion defom1ed specimens. In Chapter 2, the microstructure evolution of the 

UFG aluminum fabricated through torsion deformation has been systematically studied, 

Although the mechanical properties of the UFG materials produced by torsion 

deformation have not been widely investigated, the ultrahigh strength could be expected 

for the UFG aluminum according to well-known Hall-Petch relationship [3,4], 

1 

a=a:+kd 2 
y 0 y 

(3.1) 

where (}Y is the yield stress, cr0 is the friction stress required to move dislocations in 

very coarse grains, kY is the Hall-Petch coefficient, and d is the average grain size. 
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The Hall-Petch relationship suggests that the yield stress should increase proportionally 

with decreasing the minus square root of the mean grain size, in other words, the yield 

stress of the UFG material can be estimated from the microstructural parameter (grain 

size) by extrapolating the Hall-Petch relation of coarse grained materials. Recently, it 

has been also reported that the Hall-Petch relationship is no longer valid for UFG and 

nanostructured materials in some cases [5-10]. For example, several researchers have 

reported that the UFG materials exhibit ultrahigh strength, which is higher than that 

predicted from the Hall-Petch relationship for coarse-grained materials [5-10]. On this 

background, it can be said that the strengthening mechanism of the UFG materials is 

quite complex and still unclear. Therefore, in the present chapter the author tries to 

clarify the following two issues. One objective of this work is to characterize the 

mechanical properties and microstructures of the UFG materials fabricated by torsion 

deformation at various temperatures and strain rates. The other aim of the present 

chapter is to clarify the strengthening mechanism of the UFG materials on the basis of 

the microstructural parameters. 

3.2 Experimental procedure 

3.2.1 Torsion deformation 

The material used in this chapter was a commercial purity aluminum (11 OOAl), 

which was the same material used in Chapter 2. The chemical composition of the 

material was listed in Table 2.1. The torsion specimens having a cylindrical gage part 4 

mm in length and 8 mm in diameter were machined from the as-received aluminum bars. 

The details about the dimension and the shape of the torsion specimens were given in 

Fig. 2.1. In order to study the mechanical properties of the UFG aluminum, the 
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specimens were deformed up to 1.1 rotations (corresponding to the max1mum 

equivalent strain of 4 at the surface) under five different Zener-Hollomon (Z) conditions 

(2.21 x 1026, 1.69 x 1015 , 1.28 x 1014, 1.67 x 1012 and 1.28 x 1010 s-1) by torsion 

deformation. The deformation procedure was illustrated in Fig. 2.2. 

3.2.2 Microstructural analysis 

The microstructures of the torsion deformed specimens were well characterized 

by electron back-scattering diffraction (EBSD) measurement in a field-emission 

scanning electron microscope (FE-SEM, Phillips FEI XL30S FEG) and transmission 

electron microscopy (TEM). The results of the microstructural examinations such as 

morphology of the grain, grain size and misorientation angle obtained by the EBSD 

measurement and TEM have been reported in Chapter 2 (Figs. 2.4, 2.12, 2.14 and 2.15). 

However, the dislocation densities in those torsion defonned specimens are not 

evaluated yet. Therefore, in this chapter, the dislocation densities in the torsion 

deformed specimens were determined by X-ray diffraction (XRD). The X-ray 

measurement was perfonned using Rigaku Smart-Lab X-ray diffractometer with 

Cu Ka radiation. 

3.2.3 Mechanical testing 

Mechanical properties of the torsion deformed specimens were characterized by 

tensile test at room temperature. The tensile test specimens were cut from near surface 

regions in the gage part of the torsion deformed specimens ( ~0.9R), as is illustrated in 

Fig. 3.1 (a). In the near surface region of the torsion specimens, a high shear strain 

could be obtained, and that was also the position of microstructural observations. The 
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sheet-type tensile test specimens had dimensions 2 mm in gage length and 1 mm in gage 

width. The cut specimens were mechanically polished down to a thickness of 0.4 mm. 

The tensile test specimen is illustrated in Fig. 3.1 (b). 

(a) , ~ ,---------- --:::::::::~-- • -ij- -·-------- -- -- =--=.:-=.:--...:-..:: ~-=-:.::.-=..-. =.:-=.:--..::tl~-=-:.::.:=..-=.:-. - - i . -
-- ----------------------- --------- --- ----------------------- ---------- --

------------- . 
I 

Unit: mm 

(b) 

7.0 

Fig. 3.1 (a) Illustration of the side and top view of the specimen deformed by torsion, 
showing the position where the tensile specimen was taken. (b) Dimension and shape 
of the tensile test specimen. 

Tensile test was carried out using an universal test machine Shimadzu model 

AG-I 100 kN at room temperature and an initial strain rate of 8.3 x 10-4 s-1. The tensile 

direction was perpendicular to the shear direction in torsion. A CCD camera was used 

to measure the precise elongation during the tensile test. The structural parameters (e.g., 

morphology of the grains, grain size and misorientation angle) of the torsion deformed 

specimens reported in Chapter 2, were also used for the discussion on the change in 

mechanical properties and strengthening mechanism of the UFG aluminum in this 

chapter. 
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3.3 Results and discussion 

3.3.1 Microstructures of torsion deformed specimens 

The microstructures of the starting material and the specimens deformed by 

torsion to an equivalent strain of 3.6 under a wide range of Z conditions from 1.28 x 

1010 s-1 to 2.21 x 1026 s-1 were characterized by EBSD measurement and TEM. The 

microstructures of the starting material and deformed specimens were shown in the 

previous chapter (Fig. 2.4, 2.12 and 2.14). The starting material had a fully 

recrystallized structure having an average grain size of 28 Jlm (Fig. 2.5 (a)). After 

deformation at Z = 2.21 x 1026 s-1, the microstructure consisted of a lamellar boundary 

structure nearly parallel to the shear direction (Fig. 2.12 (a)). The mean grain size 

(thickness) determined from high-angle boundaries (DHAGB) was 0.63 ~-tm. In the 

specimen defonned at Z = 1.69 x 1015 s-1, the microstructure mainly consisted of 

elongated grains, most of the grains were surrounded by high angle grain boundaries, 

and the mean grain size determined from high-angle boundaries increased to 1.16 ~-tm 

(Fig. 2.12 (b)). With decreasing Z value furthermore, the microstructure changed to 

more equiaxed grains surrounded by high angle boundaries (Fig. (d) - (f)). The 

mean grain size increased with decreasing the Z values. The mean grain sizes (DHAGB) 

of the specimens deformed at Z values from 1.28 x 1014 s-1 to 1.28 x 1010 s-1 were in a 

rage from 2.9 11m to 12A 11111. When the grain size was determined using all boundaries 

in the EBSD boundary maps (low-angle boundaries+ high-angle ones), the mean grain 

size (Dau) was naturally smaller than DHAGB, which is summarized in Table 3.1. 

In order to examine more details in the microstructures, TEM observations were 

also perfonned. TEM micrographs of the specimens deformed at various Z values were 

shown in Fig. 2.14. It was found that the microstmctures of the specimen defonned at 
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high Z values (Z ~ 1.69 x 1015 s-1) consisted of elongated grains having large amount of 

dislocations as shown in Fig. 2.14 (a) and (b). When the Z value decreased down to 

1.28 x 1014 s-1 and below, the microstructures consisted of equiaxed grains having low 

dislocation densities (Fig. 2.14 (c) and (d)). 

(a) 
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1.67 X 1012 

I 1.28x1014 
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_I 2.21 X 1026 
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Fig. 3.2 (a) X-ray diffraction patterns of the specimens after torsion deformation by 1.1 
rotations at various Z values. (b) X-ray diffraction peaks of (111) plane of the 
specimens defom1ed at various Z values: (I) 2.21 x 1026 s-1, (II) 1.69 x 1015 s-1, and (III) 
1.28 x 1014 s-1. 
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Figure 3.2 shows XRD results of the specimens after torsion deformation by 1.1 

rotations at various Z values. It was found that all the diffraction peaks were well 

matched with the diffraction pattern of aluminum with face-centered cubic (fee) 

structure and no other phases were observed in the XRD pattern as shown in Fig. 3.2 (a). 

For a careful exmnination of the changes in diffraction peaks with increasing the Z value 

in torsion deformation, the X -ray diffraction peak of (111) plane was selected and 

shown in Fig. 3.2 (b). It could be cleady seen that the intensity of the X-ray diffraction 

peak decreased and the peak was broadened with increasing Z value. Though the peak 

position seems to shift to lower angle side with decreasing the Z value, the accuracy and 

reason for that are unclear at this moment. Generally, broadening of the peak is caused 

by refinement of crystalline size and/or increasing dislocation density. The dislocation 

density (p) can be quantitatively estimated from the XRD pattern using Williamson-Hall 

method through following equations [ 11,12]: 

(3.2) 

where k and F are constant values (16.1 for FCC material 1, respectively), b is the 

magnitude of Burgers vector (0.286 nm for aluminum), t: is the lattice strain described 

by {(jkosB/J,)I(2sinB/2)}, j3 is the full-width at half maximum height (FWHM) of the 

peaks, 2 is the wave length ofX-ray and Bis the diffraction angle. 
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Fig. 3.3 Williamson-Hall analysis ofthe specimens torsion defom1ed at various Zvalues 

(a) 2.21 x 1026 s·\ (b) 1.69 x 1015 s· 1, (c) 1.28 x 1014 s·1, and (d) 1.67 x 1012 s-1. 

Figure 3.3 shows F: values obtained from plotting fJcos()/;t of all the eight XRD 

peaks versus 2sinB/ A, where the lattice strain, &, is also indicated. The lattice strain 

values evaluated from the XRD results were used for determining the dislocation 

density of all the specimens using Eq. 3.2. The dislocation density evaluated from the 

XRD results are summarized in Table 3.1. It is found that the dislocation density 

increases with increasing Z value, which qualitatively coincides with the TEM 

observations (Fig. 2.13). The dislocation densities evaluated from the XRD results are 

in the range from 7.81 x 1012 rn·2 to 9.56 x 1013 m-2. The dislocation density results 

shown in Table 3.1 are qualitatively in good agreement with the experimental data 

reported for aluminum severely defom1ed by ARB process under similar deformation 

conditions [13]. 
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Table 3.1 The structural parameters determined by EBSD measurement and XRD. In 
this table, Dau is the average (sub)grain size taking account of all boundaries having 

misorientation above 2°, DHABG is the mean grain size measured from high angle grain 

boundaries ( B :=:: 15°), pHAGB is the fraction of high angle grain boundaries, and p is the 

dislocation density. 

Zener-Hollomon parameter, Daft I J.Lm DHAGB I Jlill pH AGB plm-2 
Z I s-1 

Starting material 23.00 28.00 0.76 Not measured 

2.21 X 1026 0.38 0.63 0.60 9.56 X 1013 

1.69 X 1015 0.80 1.16 0.69 5.68 X 1013 

1.28 X 1014 2.02 2.92 0.69 4.88 X 1013 

1.67 X 1012 2.83 4.04 0.70 3.12 X 1013 

1.28 X 1010 8.56 12.40 0.69 7.81 X 1012 

3.3.2 Mechanical properties of torsion deformed specimens 

The room-temperature stress-strain curves of the specimens torsion deformed by 

1.1 rotations at various Z values are shown in Fig. 3.4. The stress-strain curve of the 

starting (undefonned) specimen is also included in this figure for comparison and the Z 

value and grain size are indicated in Fig. 3.4. Here, Dan is indicated as the grain size. 
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Fig. 3.4 Room-temperature stress-strain curves of the (a) llOOAl torsion deformed by 
1.1 rotations under various Z conditions, and (b) 11 OOAl ARB processed by 6 cycles 

(equivalent strain of 4.8) at RT and annealed at various temperatures for 1.8 ks [14]. 
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It was seen from Fig. 3.4 (a) that the ultrafine grained materials showed very 

high strength. For example, the yield stress (151 MPa) and ultimate tensile strength 

(195 MPa) ofthe specimen with the mean grain size of0.38 11m were almost three times 

higher than those of the starting material (27 MPa and 65 MPa, respectively). However, 

it was also found that the flow curves of the specimens with the mean grain sizes 

smaller than 1 !llTI reached the maximum stress at early stage of tensile test, resulting in 

a very limited unifonn elongation. Similar results have been found in the UFG 11 OOAl 

produced by ARB process and subsequent annealing [14]. For comparison, the stress­

strain curves of the 11 OOAl ARB processed by 6 cycles (equivalent strain of 4.8) at R.T. 

are shown in Fig. 3.4 (b). The mean grain size (Dau) [14] is also indicated in Fig. 3.4 

(b). It should be noted here that the UFG llOOAl fabricated by torsion defonnation 

exhibits different shapes of stress-strain curves from those of the UFG 11 OOAI produced 

by ARB and am1ealing. The ARB processed and annealed specimens having the mean 

grain sizes smaller than 3.7 11m show discontinuous yielding characterized by yield­

drop, while the UFG 11 OOAl produced by torsion defonnation does not show yield point 

phenomenon, 

The 0,2% proof stress (a02), ultimate tensile strength (aurs), unifonn tensile 

elongation (eu) and total tensile elongation (e1) were measured from all the stress-strain 

curves of the torsion defonned specimens and plotted as a function of Z value or 

average grain size (Dau) in Fig, 3S 
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Fig. 3.5 The 0.2% proof stress (o-02), tensile strength (ausr.), unifom1 elongation (eu), 

and total elongation ( e1) of the torsion deformed 1100 aluminum, plotted as a function of 
(a) Zparameter and (b) grain size (Dau). 

It is found that the strength increases with increasing Z value (Fig. 3.5 (a)), in 

other words, with decreasing the grain size (Fig. 3.5 (b)). The strength gradually 

increases with increasing Z, but it greatly increases at around Z = 1.69 x 1015 s·1 
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(corresponding to the grain size of about 0.80 ~-tm). This corresponds to the change in 

microstructures from more equiaxed morphologies to elongated lamellar morphologies, 

as was shown in Fig. 2.12. The tensile elongation significantly decreases when the 

grain size is smaller than 1 ~-tm. Similar results have been observed in various kinds of 

ultrafine grained metallic materials fabricated by severe plastic deformation and 

subsequent annealing, such as pure aluminum [10], aluminum alloys [6, 15] and IF steel 

[16]. Actually, sudden drop oftensile elongation below grain size of 1 11m is also found 

in the ARB processed and annealed 11 OOAl shown in Fig. 3.4 (b). The low tensile 

ductility, especially the limited uniform elongation, of ultrafine grained metallic 

materials is attributed to high yield strength and lack of work hardening, which causes 

plastic instability (necking in tensile defonnation) occun·ing at very early stage of the 

tensile test. This can be described by the Considere's criterion for plastic instability, as 

dO" 
- ~ (J" 

ds 
(3.3) 

where 0" is the true flow stress, t: is the true strain and dO"!dt: is the work hardening rate. 

UFG materials exhibit high flow stress (especially high yield strength) compared with 

those of the coarse grained materials. On the other hand, the work hardening is not 

enhanced by grain refinement. Therefore, the plastic instability condition expressed in 

Eq. (3.3) is achieved and necking starts at very low strain, which results in limited 

uniform elongation" 

The 0.2% proof stresses obtained from the tensile test of the torsion defonned 

specimens are also plotted as a function of minus square root of the grain size (Dau) in 

Fig. 3.6 (Hall-Petch plot). The 0.2% proof stresses of the same material reported by 

Kamikawa [14], i.e., the coarse grained specimens fabricated by conventional cold-

rolling and annealing processes, and the UFG specimens fabricated by ARB and 
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annealing processes (corresponding to Fig. 3.4 (b)), are also plotted in Fig. 3.6 for 

corn pan son. 
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Fig. 3.6 Hall-Petch plot of the 0.2% proof stress of the 11 OOAI torsion deformed under 

various Z conditions. The proof stress of coarse grained 11 OOAl cold rolled (CR) and 

annealed and that of 11 OOAI ARB processed and mmealed (in reference [ 14]) are also 

plotted. 

One can clearly see from this figure that the UFG aluminum processed by 

torsion deformation exhibits higher strength than that of the extrapolation of the Hall-

Petch relationship for coarse grained aluminum. In other words, the UFG aluminum 

exhibits extra-hardening. Extra-hardening has been reported in the UFG materials 

including llOOAl fabricated by ARB and mmealing processes [10,14], which is also 

shown in Fig. 3.6. However, it is found in Fig. 3.6 that the extra-hardening of the UFG 
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aluminum fabricated by torsion deformation is significantly different from that of the 

ARB processed and annealed specimens, which seems to correspond with the difference 

in the stress-strain behaviors between them show in Fig. 3.4. It has been clarified that 

the extra hardening of the UFG materials fabricated by SPD (ARB) and annealing 

processes is mainly attributed to the yield-point phenomena characteristically happening 

in UFG microstructures [17], and it is referred as dislocation source hardening [10]. It 

is, however, not the case for the present UFG aluminum fabricated by torsion 

deformation, since the torsion specimens do not show obvious yield-point phenomena 

as shown in Fig. 3.4. 

Probably the difference in the extra hardening behaviors is caused by the 

difference in the microstructures of the UFG aluminum produced by torsion 

deformation and that by ARB process and annealing. It is known that the UFG 

aluminum fabricated by ARB process shows the lamellar morphology having 

characteristics of deformation structures, i.e., elongated grain shapes, high density of 

dislocations and large number of low angle boundaries [5]. When the ARB processed 

aluminum is annealed at relatively low temperatures, the elongated morphology is 

maintained but the dislocation density decreases by recovery process with increasing the 

mmealing temperature. Eventually, equiaxed grains free from dislocations inside can be 

obtained [5, 14]. Such microstructures are equivalent to fully recrystallized 

microstructures. On the other hand, the torsion deformed aluminum always maintains 

deformation characteristics, although the morphology of the ultrafine grains changes 

from elongated ones to more equiaxed ones with decreasing Z value (Figs. 2.12 and 

2.14). In fact, as shown Table 3.1, the specimen torsion deformed under the lowest Z 

condition (1.28 x 1010 s-1) still maintains the dislocation density of 7.81 x 1012 m-2, 
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which is significantly higher than that in fully recrystallized metallic materials (1 09 -

1010 m-2). Then, the extra hardening of the torsion deformed aluminum is discussed 

quantitatively on the basis of the substmctures hereafter. 

Now the strength of the UFO aluminum fabricated by torsion deformation is 

estimated by adding various strengthening mechanisms, in order to understand the extra 

hardening in the torsion specimens. In metallic materials, several kinds of strengthening 

mechanisms can be considered, which are dislocation strengthening (strain hardening), 

grain boundary strengthening, solution hardening and precipitation/dispersion hardening 

[18]. In the present commercial purity aluminum, contributions of solution hardening 

and precipitation/dispersion strengthening can be ignored, as the amount of solute atoms 

and precipitates are little. On the other hand, the EBSD, TEM and XRD results showed 

that the torsion defmmed aluminum contained fine-grained structure and high density of 

dislocations. Therefore, the yield strength (0.2% proof stress: a0.2) of the torsion 

defonned specimens is estimated from the microstructural parameters, assuming the 

additional strengthening law of the friction stress ( a-0), the contribution of grain 

boundary strengthening ( O"gb) and that of dislocation strengthening ((}d), i.e., 

(3.4) 

According to Hansen et al. [19], the contributions of grain boundary strengthening and 

dislocation strengthening in the UFO materials fabricated by SPD can be written as, 

I 

002 = 00 + ky £2. +M a G b .JP (3.5) 

where ky is the Hall-Petch slope, d is the mean grain size, M is Taylor factor (3.0) [20], 

a is a constant (0.24) [21], G is the shear modulus (26 OPa), b is the magnitude of 

Burgers vector (0.286 nm) and p is the dislocation density. The value of 22 MPa is used 
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as a0 [14]. As kv, the value of 28 MPa jlm0·5 obtained by Kamikawa [14] for coarse 

grained aluminum is used. DHAGB is used as the mean grain size (d) for the calculation, 

which was summarized in Table 3.1 together with the dislocation density (p ). 

In Figure 3.7, the 0.2% proof stresses of the torsion deformed specimens 

calculated according to Eq. 3.5 using experimentally obtained DHAGB and pare indicated 

as bars in the Hall-Petch plot. The results are plotted for two kinds of the mean grain 

sizes, (a) DHAGB and (b) Dall· The 0.2% proof stresses obtained from tensile testes are 

also plotted as closed circles in Fig. 3.7 for comparison. It can be seen that the 

calculated 0.2% proof stress shows a relatively good agreement with the experimental 

result, regardless of the kind of the mean grain size (DHAGB or Dau). The contribution of 

grain boundary strengthening ( agb) indicates the Hall-Petch relationship for coarse 

grained specimens. Therefore, it can be concluded that the extra hardening in the 

present UFG aluminum fabricated by torsion deformation can be understood mainly by 

strengthening owing to the substructures observed within the microstructures 

(dislocation strengthening: aJ). 
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Fig. 3.7 A comparison between the experimental and the calculated values ofthe 0.2% 

proof stress. Plotted for two kinds of mean grain sizes shown in Table 2: (a) DH4GB and 

(b) Dall· 
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3.4 Conclusions 

In the present chapter, mechanical properties and microstructures of the ultrafine 

grained aluminum fabricated by torsion deformation were systematically investigated. 

The strengthening mechanisms of the ultrafine grained aluminum were also discussed. 

The main results obtained are as follows: 

1. The various fine grain structures having mean grain sizes ranging from 0.38 ~-tm to 

8.6 !lm were obtained by torsion deformation under various Z conditions. The ultrafine 

grained microstructures involved high density of dislocations. The mean grain size 

decreased and the dislocation density increased with increasing the Z value. 

2. The strength of the torsion deformed specimens increased with increasing the Z value. 

The ultrafine grained aluminum having submicrometer grain sizes exhibited very high 

strength. On the other hand, the tensile ductility of the submicro-meter grained 

aluminum was limited due to early plastic instability. 

3. The 0.2 %proof stress of the ultrafine grained aluminum was much higher than that 

predicted by conventional Hall-Petch relationship of aluminum extrapolated from 

coarse grained regions. The extra hardening behavior of the torsion deformed 

aluminum was significantly different from that of the ARB processed and annealed 

aluminum. The 0.2% proof stress of the torsion specimens was evaluated from the 

microstructural parameters experimentally obtained, and compared with the 0.2% proof 

stress obtained by tensile test. It was concluded that the extra hardening in the torsion 

specimens was attributed mainly to the substructure strengthening. 
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Chapter 4 Effects of deformation conditions and precipitates on 

microstructure evolution in Al-2wt. 0/o Cu heavily deformed by torsion 

4.1 Introduction 

It has been shown in the previous chapters that torsion defonnation is one of the 

promising severe plastic deformation processes for producing bulk ultrafine grained 

materials. The torsion deformation has the advantage in accurate control of defonnation 

conditions and also allows a continuous impose of the strain without interruption, 

compared with other severe plastic defmmation (SPD) processes. It has been confi1med 

in Chapters 2 and 3 that the microstructure and mechanical properties of the 

commercial purity aluminurn are strongly dependent on the deformation conditions (i.e. 

strain, strain rate and deformation temperature). 

Recently, several researchers have reported that the gram refinement and 

mechanical properties of two phase materials defonned by SPD processes are greatly 

different from those of single phased materials [1, 2]. However, the influence of second 

phases (or precipitates) on grain refinement of alloys during SPD has not yet been 

fully studied. In the present chapter, the author systematically investigates the effect of 

precipitates on microstructural evolution in aluminum alloy deformed by torsion 

deformation under various conditions, i.e., equivalent strains, deformation temperatures 

and stain rates. The microstructure and mechanical properties of the commercial purity 

aluminum during torsion deformation reported in Chapter 2, were used as reference 

results for discussing the effects of chemical composition and precipitates on 

microstructure and mechanical properties of Al-2wt% Cu alloy studied in this chapter. 
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4.2 Experimental procedure 

4.2.1 Aging behavior of Al-2wt.% Cu alloy 

The material used in the present chapter was an Al-2wt.% Cu alloy. The 

chemical composition of the Al-2wt.% Cu alloy is listed in Table 4.1. 

Table 4.1 The chemical composition oftheAl-2wt.% Cu alloy (wt.%) 

Cu Fe Si Mn Zn Ti Mg AI 

1.935 0.022 0.004 0.001 0.001 0.000 0.001 Bal. 

The torsion specimens 8 mm in gage diameter and 4 mm in gage length were 

machined from as-received Al-2wt.% Cu alloy bars. The details of the dimension and 

shape of the torsion specimens were schematically shown in Fig. 2.1 (a). The torsion 

specimens were first solution-treated (ST) at 550 oc for 1 h, followed by water 

quenching, and then immediately aged in an oil baths at three different temperatures 

(150 °C, 170 °C, and 180 °C) for various periods up to 1080 ks (300 h). The 

temperatures of the oil bath were precisely controlled within ±1 oc for each agmg 

temperature. The aging procedure is schematically presented in Fig. 4.1. 

-600 
u 
0 
........... 500 
(I) 
;.... 

.3 400 ro 
;.... 

~ 300 
E 
~ 

a+liquid Solution treated at 550 °C for 1 h 
-------------------,.---, 

8" 

2 3 4 5 6 7 

Copper, wt% 

Fig. 4.1 Schematic illustration showing the aging procedure of the Al-2wt.% Cu alloy. 
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4.2.2 Effect of strain on microstructure evolution in Al-2 wt.% Cu alloy 

For preparation, the torsion specimens were first solution-treated (ST) at 550 oc 

for 1 h, followed by water quenching to room temperature. Some ST-specimens were 

immediately aged at 180 oc for 360 ks (100 h) to obtain 9' precipitates [3]. The aged 

condition was designed according to a preliminary experiment. Both ST and aged 

specimens were used as starting materials for clarifying the microstructural evolution 

during torsion defmmation of the Al-2%.wt Cu alloy. The ST and aged specimens were 

deformed by torsion at room temperature under a constant strain rate of 1 s-1 to various 

equivalent strains (0-4). The torsion deformation procedures for the ST and aged 

specimens are schematically illustrated in Fig. 4.2 (a) and (b), respectively. 

(a) 

lSoiution tre;,;;ted 
at 550 "C tor i 

(b) 

Soiution t.rE;ated 
at 550 ''C for 1 h 

Fig, 4.2 The torsion deformation procedures of(a) ST specimens and (b) aged 

specimens. 
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4.2.3 Effects of strain rate, defonnation temperature and pre-exiting precipitates (9') on 

microstructural evolution of Al-2wt.% Cu alloy 

In order to study the influence of strain rate, deformation temperature and pre­

existing 9' precipitates on microstructure evolution of the Al-2wt.% Cu alloy, the aged 

specimens were deformed at five different temperatures and three different strain rates 

to the equivalent strains of 4 to 36 as shown in Fig. 4.3. The aged specimens were 

firstly heated by an induction heating system in the torsion-type thermomechanical 

processing simulator at a heating rate of 10 oc s-1 to the various defonnation 

temperatures (1 00, 200, 300 and 400 °C), and held for 300 s before the torsion 

defom1ation to make the temperature in the specimens homogeneous. The holding time 

for 300 s at the deformation temperatures mentioned above were short enough to 

prevent the microstructure modifications. After holding for 300 s, the torsion 

defonnation was carried out at three different strain rates (10-2, 10° and 102 s-1) to 

equivalent strains of 4 and 36 at the gage surface ( conesponding to I .1 and 10 rotations, 

respectively), then the hot defonned specimens were immediately quenched by water, at 

a cooling rate of approximately 200 oc s-1. In addition, the aged specimens were also 

deformed at room temperature at various strain rates mentioned above to equivalent 

strains of 4 and 36. In this study, the stress and stain data were computed from the 

torque (moment) and angular displacement data recorded during the torsion deformation 

using the equations 2.3 and 2.4, respectively. 
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u Holding time 300 s 
0 -I-

Time, t Is 

Deformation parameter: 
Strain rates : 1 o-2 , 1 0° and 1 02 s-1 . 

Equivalent strains: 4 and 36 

Water quenching 

Fig. 4.3 Schematic illustration of the torsion deformation procedure used in this chapter. 

4.2.4 Microstructure observation 

In this study, microstructures of the ST and Aged specimens after torsion 

deformation were characterized by scanning electron microscopy (SEM) using field-

emission type SEM (Philips XL30S-FEG) equipped with electron backscatter 

diffraction (EBSD) system operated at 15 kV and by transmission electron microscopy 

(TEM, JEOL-2000EX) perfom1ed at 200 kV Microstructure observations were canied 

out on the sections parallel to the torsion axis and the shear direction and at a radial 

position of 0.9R (R: radius of the gage pa1i), as illustrated in Fig. 4.4. The sections for 

EBSD observation were polished mechanically and followed by electro-polishing at -30 

oc at a voltage of 12 V in a 300 ml HN03 + 700 ml CH30H solution. For TEM analysis, 

thin-foil specimens were prepared by twin-jet electo-polishing under the same 

conditions as those for the EBSD observation. 
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Torsion axis 

Fig. 4A Schematic illustration showing the section for microstructure observation. The 
parallel aiTows indicate the shear direction in torsion. 

4.2.5 Hardness test 

The hardness of the torsion defonned specimens was determined by Shimadzu 

micro-hardness tester equipped with Vickers indenter using 1 kgf load with dwell time 

of 10 s at room temperature. The hardness test was caiTied out at the same position with 

that for the microstructure observation (Fig. 4.4). 

4.3 Aging behaviors 

Firstly, the aging behaviors of the Al-2wt%Cu alloy were preliminarily 

examined before the torsion tests. 

4.3.1 Hardness changes during aging 

Figure 4.5 illustrates the hardness of the ST specimens of the Al-2wt.% Cu alloy 

as a function of aging time at 150 °C, 170 oc and 180 °C. The ST specimen had a 

relatively low hardness of 37 HV. In order to understand the aging behavior of the AI-

2wt.% Cu alloy at wide temperature ranges, the hardness data of the same material aged 

at 190 oc repmied by Tsuji et al. were also plotted in this figure [ 4], It is clearly seen 

from Fig. 4.5 that the hardness is strongly dependent on the aging temperature and time. 

At aging temperature of 150 °C, the change of the hardness with the aging time is fairly 
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slow and no significant change in hardness happens even after 360 ks (lOO h) aging. By 

increasing the aging temperature to 170 °C, the different hardness behavior is observed. 

That is, the hardness slightly increases with increasing aging time at the early stage of 

aging (t < 104 s), and then significantly increases with further increasing the aging 

period. However, it should be noted here that the hardness tends to increase continually 

even after long aging time (15 days). By further increase in aging temperature to 180 

°C, the hardness increases slowly at the early stage of aging, followed by a significant 

increases between 104 to 105 s, and reaches the maximum hardness of 65.95 HV at 360 

ks (100 h). Then the hardness decreases with further increase of aging time. The 

hardness reaches almost 1.7 times higher value than that of the as-ST specimen after 

180 oc aging. lt is also found that the maximum hardness decreases with increasing the 

aging temperature. Meanwhile, the time to reach the maximum hardness decreases with 

increasing the aging temperature. These results are well consistent with the previous 

reports of the similar material in the literatures [ 5]. The increase in hardness of the aged 

Al-2wt.% Cu alloy specimens is attributed to the fonnation of precipitates during the 

aging process [ 4-6]. Meanwhile, the decrease in hardness after the peak hardness is 

generally known as over aging [ 4-6]. Based on the experimental data, the specimens 

aged at 180 oc for 360 ks, which show the peak hardness of HV 65.95, are used as the 

Aged specimens for studying the influence of precipitate on the development of 

microstructure and mechanical properties during torsion deformation. 
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Fig. 4.5 Change in hardness of the Al-2wt.% Cu alloy aged at different temperatures. 

4.3.2 Change in microstructures during aging 

The EBSD grain boundary maps showing microstructures of the as-ST specimen 

and the specimen subsequently aged at 180 oc for 360 ks (100 h) are shown in Fig. 4.6 

(a) and (b), respectively. In the figures, the black and red lines represent high angle 

grain boundaries (8 ~ 15°, e: misorientation) and low angle grain boundaries (2 ~ e < 

15°), respectively. Boundaries having misorientation below 2° were removed because 

of the inaccuracy in EBSD measurement and analysis . It is found that the ST specimen 

had a fully recrystallized microstructure with a mean grain size of 323 J.lill and a fraction 

of high angle grain boundary of 0.84 as shown in Fig. 4.6 (a). The specimen aged at 

180 oc for 360 ks shows a similar microstructure to the as-ST specimen (Fig. 4.6 (b)). 

That is, the microstructure comprises of the equaixed grain structure having the mean 

again size of 332 J.lm. These results indicate that at this aging temperature (180 oq the 

matrix grain structure does not change significantly. 
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(a) 

-- 2•::;e < 15" 
--9:<:15° 

Fig. 4.6 EBSD grain boundary maps of (a) the as-ST specimen and (b) the specimen 

aged at 180 cc for 360 ks. 

In order to observe the precipitation microstructure of the specimen aged at 180 

cc for 360 ks at the peak hardness, TEM observation was carried out. The TEM image 

and corresponding selected area electron diffraction (SAED) of the specimen aged at 

180 oc for 360 ks are shown in Fig. 4.7 (a) and (b), respectively. It is found that the 

microstructure shows thin-plate precipitates aligned along particular directions. The 

SAED pattern in Fig. 4.7 (b) related to the area of Fig. 4.7 (a) was taken with the 

electron beam parallel to 110. The SAD pattern indicates that these precipitates are 8' in 

Al-Cu alloys, as the 110 8' diffraction spots are clearly seen in the SAD pattern [5]. The 

8' phase (AhCu) is a semi coherent precipitate in Al-Cu alloys, which has a body-

centered tetragonal structure [7]. The average sizes of the precipitates were 420 nm in 

length and 7 nm in width. The 8' plates were parallel to { 100} planes of AI matrix. 

These results indicate that the increase in hardness during 180 cc aging heat treatment 

of the present Al-2wt%Cu alloy results from the formation of the 8' precipitates. 
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Fig. 4.7 (a) A TEM micrograph and (b) corresponding selected area electron diffraction 

(SAED) pattern of the specimens aged at 180 oc for 360 ks. 

4.3.3 Summary 

The aging behavior of the Al-2wt.% Cu alloy has been investigated at the 

temperature range from 150 °C to 180 °C. The results are listed below: 

1. The hardness was strongly dependent on the aging temperature and time. The 

maximum hardness decreased and the time to reach the maximum hardness decreased 

with increasing the aging temperature. The maximum hardness of HV 65.95 was 

achieved after the aging at 180 oc for 360 ks. 

2. The nano sized 8' plate precipitates were observed in the specimen aged at 180 oc for 

360 ks. 
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4.4 Torsion deformation at RT 

4.4, 1 Microstructure evolution 

Figure 4.8 shows grain boundary maps of the ST specimens defonned to various 

equivalent strains by torsion at a strain rate of 1 s-1 at RT. Here, the grain boundaries are 

distinguished by two different colors according to the misorientation angle, e. The red 

and black lines indicate the low-angle grain boundary (2::::;; e < 15°) and high-angle grain 

boundary (8 ;:::: 15°), respectively. The microstructure of the ST specimen before torsion 

deformation is also shown in this figure. The initial ST specimen had a fully 

recrystallized structure having a mean gain size of 323 11m as shown in Fig. 4.8 (a). It 

is obviously demonstrated that the grain subdivision takes place with increasing 

imposed strain. After low equivalent strain of 0.2, the original grains are subdivided by 

some low angle grain boundaries (Fig. 4.8 (b)). After equivalent strain of 0.82, the 

large amount of low angle grain boundaries are observed (Fig. 4.8 (c)). By increasing 

the imposed equivalent strain to 1.63, the ultrafine grained structure with a mean 

(sub)grain size of about 0.53 11m is observed (Fig. 4.8 (d)). However, most of the 

(sub)grains are surrounded by low angle grain boundaries. In addition, microstructures 

of the specimens defonned to equivalent stain below 2 are inhomogeneous where some 

regions include relatively high density of low angle grain boundaries but the other 

regions show the remaining original grains with defonnation substructures. This may 

be due to the relatively coarse grain size (323 Jlm) in the starting specimen. With 

further increasing the equivalent strain to 3.6, the amount of fine grains with high angle 

grain boundaries significantly increases, and the microstructure becomes more 

homogeneous throughout the specimen (Fig. 4.8 (e)). The average grain size of this 

microstructure was 0.26 Jlm and the fraction of high-angle grain boundaries was 44%. 
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(b) -

- 2°:S8 < 15° 
-8?15° 

Shear direction 

Fig. 4.8 EBSD boundary maps of the ST specimens of Al-2wt.% Cu alloy torsion 

deformed to various equivalent strains (ceq) at RT: (a) undeformed material, (b) t'eq = 0.2, 

(c) t'eq = 0.82, (d) t'eq = 1.63 and (e) t'eq = 3.6. 

Figure 4.9 (a)-(e) show the grain boundary maps of the aged specimens torsion 

deformed to various equivalent strains at a strain rate of 1 s-1 at RT. Figure 4.9 (a) 

shows that the undeformed aged-specimen consists of equiaxed grains having an 

average grain size of 332 f.lm. After equivalent strain of 0.2, original grams are 

subdivided by relatively small amount of low angle grain boundaries (Fig. 4.9 (b)). 

With increasing the imposed strain to 0.82, the amount of low-angle grain boundaries 

increases significantly (Fig. 4.9 (c)). Also some ultrafine grains surrounded by high-

angle boundaries are observed, which are aligned along the initial grain boundaries. 

With further increase in the imposed strain, the fine and elongated grains were formed 
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(Fig. 4.9 (d)). However, most of the grams are surrounded by low angle gram 

boundaries. It is clearly seen from Fig. 4.9 (b)-(d) that the microstructures of the 

specimens deformed to equivalent strain below 2 are inhomogeneous. The ultrafine 

grained structure was observed after equivalent strain of 3.6 (Fig. 4.9 (e)). The amounts 

of fine grains having high angle boundaries increased but most of the observed 

boundaries are low-angle ones. The fraction of high-angle grain boundaries and the 

mean (sub)grain size in Fig.4.9(e) are 37% and 0.28 )liD, respectively. 

- 2°:0:8 < 15° 
-e~ 15° 

Shear direction ) 

Fig. 4.9 EBSD boundary maps of the aged specimens of Al-2wt.% Cu alloy torsion 

deformed to various equivalent strains (&eq) at RT: (a) undeformed material, (b) &eq = 0.2, 

(c) &eq = 0.82, (d) &eq = 1.63 and (e) &eq = 3.6. 

In order to clarify more detailed deformation microstructures, TEM observation 

was conducted to the aged specimens after torsion deformation. Figure 4.10 shows 

TEM micrographs of the aged specimens deformed to various equivalent strains at RT. 

The TEM micrograph of the undeformed specimen is also presented in this figure. The 
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microstructure of the undeformed specimen is composed of Er precipitates having plate 

morphologies 420 nm in average length and 7 run in average width (Fig. 4.10 (a)). The 

average inter-precipitates distance is 126 nm. After equivalent strain of 0.2, large 

amount of dislocations were accumulated nearby Er precipitates (Fig. 4.10 (b)). 

Increase in equivalent strain to 0.82 results in the increase in the amount of dislocations 

and the formation of fine lamellar structures (Fig. 4.10 (c)). Those fine lamellar 

structures are divided by e · precipitates. In addition, at this imposed strain, most of the 

8' plate precipitates were fragmented by shear deformation. After further increase in 

imposed strain to 3.26, the microstructure is composed of highly elongated lamellar 

boundary structures with straight morphologies. The structure is again subdivided by 

very thin 8 • plates. The mean interval of the lamellas measured in TEM images was 89 

nm. It was also seen that the lamellar size decreased with increasing imposed strain. 

Fig. 4.10 TEM microstmctures of the aged specimens torsion deformed to vanous 

equivalent strains (&eq) at RT: (a) undeformed material, (b) &eq = 0.2, (c) &eq = 0.82, (d) 

&eq = 1.63 and (e) fleq = 3.6. 
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The changes of the grain size (Dan) and the fraction of high angle grain boundary 

(FHAGB) with increasing imposed equivalent strain of the ST and aged Al-2wt.% Cu 

alloy defonned by torsion at RT are summarized in the Fig. 4.11 (a) and (b), 

respectively. In this plot, the mean grain size was measured from all grain boundaries 

having the misorientaion above 2 ° using line intercept method. The mean grain size and 

the fraction of high angle grain boundary of the 1100 commercial purity Al defonned 

under the same defonnation conditions, which were shown Chapter 2, were also 

plotted in Fig. 4.11 for comparison. It is apparent in Fig. 4.11 (a) that the mean grain 

size of the torsion deformed ST and aged Al-2wt.% Cu alloy specimens exhibit the 

similar trend to the torsion defom1ed 11 OOAl specimens. That is, the grain size rapidly 

decreases to below 1 ~nn at equivalent strain below 1, and then slightly decreases with 

increasing imposed strain. However, observing the change in Fig. 4.11 (a) carefully 

(see the insert), it is found that at similar equivalent strains the grain sizes of the STand 

aged Al-2wt.% Cu alloy specimens are finer than that of the llOOAl specimens. 

Meanwhile, it was found that the fraction of high angle grain boundaries in the aged Al-

2wt.% Cu alloy specimens are significantly lower than that of the llOOAl and ST Al-

2wt.% Cu alloy specimens deformed under the same equivalent strains. In addition, the 

fraction of high angle grain boundaries in the ST specimens is also lower than that of 

the llOOAl specimens. The average (sub)grain size and fraction of high angle 

boundaries obtained from the EBSD data are summarized in Table 4.2. 
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Fig. 4.11 (a) Average grain size (DAu) and (b) fraction of high angle boundaries (FHAGB) 

in the STand aged Al-2wt% Cu alloy specimens deformed by torsion at RT. Plotted as 

a function of equivalent strain. The data of the 1100 commercial purity Al obtained in 

Chapter 2 are also shown. 
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Table 4.2: Summary of the microstructural parameters of the STand aged A1-2wt.% Cu 
alloy specimens torsion deformed to various equivalent strains at RT, where DAu is the 
average (sub )grain size taking account of all boundaries having misorientation above 2 °, 

and DHAGB is the mean grain size obtained from high angle grain boundaries (8 2: 15°). 

The microstructure parameters of 11 OOAl specimens deformed under the similar 
defonnation conditions are also included in the table. 

Material Average grain size (~-tm) Fraction of high 
Equivalent strain 

(at 0.9R) 
DAu DHAGB angle boundaries, 

pHAGE 

0 323.00 338.00 0.86 

0.2 25.26 25.00 0.102 

ST Al-2wt.% Cu 0.82 0.98 12.80 0.25 

1.63 0.53 9.86 0.26 

3.27 0.26 5.24 0.44 

0 332.00 342.00 0.84 

0.2 16.30 66.66 0.08 

Aged Al-2wt.% Cu 0.82 0.71 56.67 0.10 

1.63 0.54 25.16 0.19 

3.27 0.28 7.56 0.37 

0 23.4 28.0 0.76 

0.82 1.94 6.29 0.18 

1.63 0.56 1.86 0.35 
llOOAl 

3.27 0.40 0.46 0.55 

4.90 0.35 0.36 0.67 

5.27 0.32 0.33 0.76 

Here, let's compare the microstructure evolution in the aged Al-2wt.% Cu alloy 

specimens with those in the ST Al-2wt.% Cu alloy specimens and 11 OOAl defonned 

under the similar deformation conditions by torsion deformation. It is found that the 

microstructures in the ST and aged Al-2wt.% Cu alloy specimens after torsion 

defom1ation were greatly different from that of the 11 OOAl specimen. That is, the grains 
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formed were fairly fine and elongated and most of the grains were surrounded by low 

angle grain boundaries in the Al-Cu alloy. Meanwhile the microstructure of the torsion 

deformed 11 OOAl was rather equixed and most of the grains were surrounded by high 

angle grain boundaries (Fig. 2.4). It was also found that the mean grain size of the ST 

Al-2wt.% Cu alloy specimen was finer than that of the 11 OOAl defom1ed under the same 

deformation conditions. These results suggest that the solute atoms (Cu) significantly 

influence the microstructure evolution during SPD process. The solute atoms inhibit the 

dynamic recovery during SPD. They might be effective to refine the grain size through 

grain subdivision. Similar results have been reported in Al-2wt.% Cu alloy in the 

literatures [4]. On the other hand, under the same deformation conditions, the aged 

specimen also showed different microstructures from the ST and 11 OOAl specimens. 

That is, the microstructure of the aged specimen was composed of highly elongated fine 

(sub)grains. It has been repmied in Al-Cu alloy that the presence of fine and plate­

shaped precipitates inhibits the development of high-angle grain boundaries and the 

formation of fine grain structures during SPD [2, 7], It is believed that the dispersion of 

fine plate-shaped precipitates homogenize the slip and inhibit the fommtion of shear 

bands during defonnation to retard the evolution of ultrafine grained stmctures 

sunounded by high angle grain boundary [2]. 

4.4.2 Hardness change during torsion 

Figure 4.12 illustrates the hardness of the ST and aged Al-2wt.% Cu alloy 

specimens plotted as a function of the equivalent strains imposed by torsion. The data 

of the 11 OOAl are also shown in the figure for comparison. It can be clearly seen from 

Fig. 4.12 that the initial hardness of the aged specimen is greatly higher than that of the 
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ST and llOOAl specimens. The higher hardness of the aged specimen is attributed to 

precipitation hardening. It is also found that the hardness of the ST specimen after 

equivalent stain of 0.2 is drastically enhanced to 68 HV, which is nearly two times 

higher than that of the non-deformed ST specimen. After equivalent strain of 0.2, the 

hardness gradually increases with increasing the equivalent strain. The aged and 

11 OOAI specimens show the similar results with the ST. That is, the hardness increases 

with increasing the equivalent strain. However, comparing the hardness of the aged 

specimens with that of the ST specimens and 11 OOAl defom1ed at the similar strains, it 

is found that the increasing rate of the hardness in the age specimens is greatly higher 

than that of the 11 OOAl specimens, but it is significantly lower than that of the ST 

specimens, especially at the early stage of plastic defonnation less than Eeq = 0.2. 

Similar results have been reported by Maya et al. [2] in Al-1.7 at.% Cu alloy defom1ed 

by ECAP process. It can be concluded, therefore, that the solute-atom enhances the 

work hardening rate in the Al-2wt.% Cu alloy rather than 9' precipitates. 
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Fig. 4.12 Hardness change in the Al-2wt.% Cu alloy as a function of equivalent strain 

imposed by torsion at RT. Results of the 1100 Al are also shown. 

96 



4.4.3 Summary 

The evolution of microstructures in the Al-2wt.% Cu alloy specimens during 

torsion deformation at room temperature has been investigated. The main results 

obtained are as follows: 

1. The grain size ofthe STand aged Al-2wt.% Cu alloy specimens tended to decrease 

with increasing equivalent strain in torsion deformation. However, the mean grain size 

of the Aged specimens after equivalent strain of 3.27 was finer than that of the 11 OOAl 

specimens, but slightly larger than the ST specimens. The fractions of high-angle grain 

boundaries in the aged specimens were significantly lower than that of the ST and 

llOOAl specimens defmmed under the similar conditions. The presence of fine El' 

precipitates with plate morphologies inhibited the development of high angle grain 

boundaries and the formation of the fine grain structure during SPD. 

2. The 8' plate precipitates was fragmented into the nano precipitates by localized shear, 

and fine and elongated lamellar structures divided by the 8' precipitates developed in the 

matrix. 

3. The hardness of the ST and aged Al-2wt.% Cu alloy specimens increased with 

increasing equivalent strain. The increasing rate of the hardness in the aged specimen 

was higher than the 11 OOAl, but significantly lower than the ST specimens. The solute­

atom enhanced work hardening rate in the Al-2wt.% Cu alloy than 8' precipitates. 
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4.5 Effect of deformation conditions on microstructure evolution inAl-2%Cu alloy 

The influence of the precipitate on the formation of ultrafine grained structure at 

RT in the Al-2wt.% Cu alloy is systematically studied in the section 4A. In this part, the 

effects of deformation temperature and strain rate on the evolution of microstructure and 

mechanical properties of the aged Al-2wt.% Cu alloy will be clarified. 

4.5.1 Stress-strain behaviors 

Figure 4.14 shows the stress-strain curves of the aged-specimens of Al-2wt. 

Cu alloy torsion deformed at three different strain rates (10-2 s-1 to 102 s-1) and five 

different deformation temperatures (RT to 400 °C). It is found that the flow stress 

increases with decreasing defom1ation temperature and increasing strain rate, which is 

generally observed in hot defonnation of metals including aluminum alloys. It is also 

observed that the total elongation increases with increasing defonnation temperature up 

to 100 °C, then significantly decreases at 200 °C, and after that gradually increases with 

further increasing defonnation temperature. This is significantly different from the 

llOOAl specimens deformed under the similar defonnation conditions (see Fig. 2.10 in 

Chapter 2). That is, in the 11 OOAl, the total elongation gradually increases with 

increasing deformation temperature. In addition, it was observed that the Al-2wt. Cu 

alloy specimens deformed under these deformation conditions showed two different 

types of stress-strain curves, depending on the deformation parameters. Firstly, the 

specimens deformed at low temperature (below 200 oq at all strain rates and those at 

200 oc at strain rates of 10° and 102 s-1 show simple work hardening. The flow stress 

increases with increasing strain until the maximum stress followed by fracture. 

Secondly, in the specimens torsion deformed at temperatures higher than 300°C, the 
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flow stress increases rapidly with increasing strain, then reaches to the maximum stress 

at relatively low strains, and thereafter dynamic softening is seen at high strains. In Fig. 

4.14, the steady state flow stress after dynamic softening was also observed in the 

specimens deformed at 400 °C. The results reveal that the flow stress and shape of the 

flow curves are strongly dependent on the deformation conditions. These results were 

similar to those of the 11 OOAl, reported in Chapter 2. However, compming the stress­

strain curves of the aged Al-2wt.% Cu alloy with those of the llOOAl, it is found that 

the shape of the stress-strain curves in the aged Al-2wt.%Cu alloy specimens are 

greatly different from those of 11 OOAl under the same deformation parameters, 

especially at high temperatures. That is, the softening of flow curves in the aged Al-

2wt.% Cu alloy specimens is clearer than that in the 11 OOAl specimens. The results 

indicate that the pre-exsiting e'precipitate has a strong effect on the stress-strain 

behaviors. The reason for the large drop of the flow stress will be discussed in the next 

section. 
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Fig. 4.14 The stress-strain curves of the aged-Al-2wt% Cu alloy specimens deformed at 

various defonnation temperatures from RT to 400 °C at various strain rates, (a) 10-2 s-1, 

(b) 10° s-1 and (c) 102 s-1. 

The relationship between flow stresses, defonnation temperature and strain rate 

could be presented by Zener-Hollomon (Z) parameter in the equations shown below 

[9]: 

(4.1) 

Z =A'· exp(f3·aM) n' (4.2) 

z =A If • [sinh( a·a;u) 1 n" (4.3) 

Z = E: • exp(RQrJ (4.4) 

where A, A ~ A ~~ a and j3 are the material constants, aM is the maximum stress, n, n 'and 

n "are the stress exponents, and Q is an apparent activation energy for high temperature 

defonnation, R is the gas constant and T is an absolute temperature. The power law, Eq. 

4.1, and the exponential law, Eq. 4.2, are suitable for the low stress and the high stress 
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cases, respectively. Meanwhile, the hyperbolic-sine equation, Eq. 4.3, is applicable to 

both cases. The activation energy Q for the present Al-2wt.% Cu was calculated using 

Eq. 4.1. It was found that the activation energy for high temperature torsion 

deformation of the aged specimens was 174 kJ mor1• As this value was close to the 

value of 156 kJ mor1 for pure Al reported by Jonas et al. [10] and used for calculating Z 

value in Chapter 2, 156 kJ mor1 was again used for calculating Z values in this chapter. 

Figure 4.15 (a) and (b) show log-log plots of the maximum stress ( a:M) 

obtained from the stress-strain curves in Fig, 4.14 and sinh(a·Oju) calculated by the 

hyperbolic-sine equation, as a function of Z parameter, respectively. The flow stress 

presented in Fig. 4.15 can be divided into two regions depending on high Z values 

(region I) and low Z values (region H). Such a trend was found the torsion deformed 

1100 AI in Chapter 2. The transition of the flow stress from region I to region II 

occurs at a critical Z value (Zc) of 3.21 x 1015 s-1. The Zc value observed in the aged Al-

2wt.% Cu alloy is slightly higher than that of 1 I OOAL 
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Fig. 4.15 The maximum flow stress plotted as a function of Zener-Hollomon parameters 

calculated by using (a) power law equation and (b) hyperbolic-sine law equation. 

102 



Then values evaluated in the regime I and II using Eq. (4.1) are shown in Fig. 4.15 

(a) and (b), respectively. These n values are used for re-calculating the Q values (apparent 

activation energies for hot deformation) in region I and II using Eq. 4.1. In order to 

evaluated Q value ln a were plotted as a function of 1/T. The Q values evaluated are 155 

and 174 kJ mor-1 in the region I and II, respectively. The reason of the difference in then 

and Q values will be discussed later, considering the microstructures. 
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Fig. 4.16 The evaluated nand Q values in (a), (b) region I, (c) and (d) region II. 

4.5.2 Microstructure evolution during torsion 

EBSD measurement and TEM were carried out for the microstructure 

observations of the Al-2wt.% Cu alloy spec1mens torsion deformed under various 

conditions. The EBSD grain boundary maps of the aged Al-2wt.% Cu alloy specimens 
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torsion deformed under various Z conditions to an equivalent strain of 3.6 are shown in 

Fig. 4.16. In boundary maps, the high-angle grain boundaries (15 s e, where e is the 

misorientation) are depicted by red lines and low-angle grain boundaries (2 se< 15) as 

black lines, respectively. The microstructures of the specimens deformed under high Z 

conditions (region I) are displayed in Fig. 4.16 (a)-(c). It is found that the 

microstructures consist of elongated fine grains aligned nearly parallel to the shear 

direction. Grain size increases slightly with decreasing Z value. Meanwhile, in the 

region II, the microstructures mainly consist of equiaxed grains (Fig. 4.16 (d)-( e)). The 

grain size increases significantly with decreasing Z parameter. These results indicated 

that the grain boundary migration occuned during high temperature torsion deformation. 

Figure 4.17 shows TEM micrographs of the specimens deformed under various 

Z conditions. In the region I, the microstructures are composed of highly elongated 

lamellar boundary structures, which are nearly parallel to the shear direction. Most of 

the grains are sandwiched by very thin 9' precipitates (Fig. 4.17 (a)). The decrease in Z 

value results in the increase in the grain size, the decrease in the amount of dislocations, 

and the formation of clear subgrain stmctures. In addition, as mentioned in the previous 

section, the precipitates are fragmented after torsion defom1ation to an equivalent strain 

of 1.63 at room temperature (high Z value). The similar results were also observed in 

the specimen defonned under the defonnation conditions corresponding to the region I. 

In Fig. 4.17 (a)-(c), on the other hand, the size of the precipitates having particle 

morphologies increases with decreasing Z value, in other words, with increasing 

deformation temperature and decreasing strain rate (increasing defmmation time). For 

example, at Z = 4.68 x 1017 s-1, the coarse and spherical precipitates were clearly 

observed at grain boundaries (Fig. 4.17 (c)). With further decrease Z value below Zc, 
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the matrix structure completely changed from the lamellar structures to more equixed 

grain structures with low dislocation density and large amount of coarse and spherical 

precipitates. Those precipitates are located in the grain interior. The results revealed 

that the grain boundary migration and precipitation coarsening happened in this 

deformation condition. 

-2°~8 < 15 
-9 :2:15° 

Shear direction 

Fig. 4.17 EBSD boundary maps of the Al-2wt.% Cu alloy specimens torsion deformed 
to an equivalent strain of 3.6 under various Z conditions: (a) Z = 2.55 x 1024 s-1 (Region 
I), (b) Z = 2.55 x 1022 s-1 (Region I), (c) Z = 4.68 x 1017 s-1 (Region I), (d) Z = 2.62 x 
1014 s-1 (Region II) and (e) Z = 2.62 x 1010 s-1 (Region II). 
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Fig. 4.16 TEM micrographs of the Al-2wt.% Cu alloy specimens torsion deformed to 
an equivalent strain of 3.6 under various Z conditions: (a) Z = 2.55 x 1024 s· 1 (Region I), 
(b) Z = 2.55 x 1022 s·1 (Region I), (c) Z = 4.68 x 1017 s·1 (Region I), and (d) Z = 2.62 
x1010 s-1 (Region II). 

4.5.3 Effect of Z parameter on grain size 

Figure 4.18 (a) and (b) show the grain size and fraction of high angle grain 

boundary measured from the grain boundary maps presented in Fig. 4.16, which are 

plotted as a function of Z parameter in the log-log scales, respectively. The grain size 

and fraction of high angle grain boundary of the 11 OOAl deformed under the similar 

deformation conditions by torsion were also plotted in the figures for comparison. It is 

obvious Fig. 4.18 (a) that the mean grain size of the aged Al-2wt.% Cu alloy 

specimens torsion deformed exhibits the similar trend to the 11 OOAI specimens. That is, 
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the grain size rapidly decreases with increasing Z value up to Zc, and then slightly 

decreases with further increase in Z value. Meanwhile, the fraction of high angle grain 

boundaries increases slightly with increasing Z value up to Zc. In contrast, above Zc, 

the fraction of high-grain boundaries decreases with increasing Z value as shown in Fig. 

4.18 (b). It is also found that in the region I the grain size of the Al-2wt.% Cu alloy is 

significantly finer than that of the 11 OOAI, while the fraction of high angle grain 

boundary is significantly lower than that of the 11 OOAI. The results indicate that the 8' 

plate precipitates inhibit the formulation of high angle grain boundary. 
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4.5.4 Discussion 

The stress-strain results indicated that the flow stress and the shape of the stress­

strain curves are significantly dependent on the deformation conditions, i.e. strain rate 

and deformation temperature, in other words, Z parameter. The flow stress tended to 

decrease with decreasing the Z parameter. Two different regions were observed in the 

plot of the maximum flow stress ( crM) versus Z parameter. The differences between 

these two regions are discussed in tenns of microstructure evolution mechanism. 

In the region I, the stress-strain curves of the specimens deformed under high Z 

conditions (Z ~ Zc) exhibited work hardening type. The n and Q values evaluated from 

the stress-strain results are 24 and 155 kJ mor1, respectively. This n value is quite high, 

which is two times higher than that of llOOAl (n = 12, in Chapter 2). The high n value 

may be caused by the presence of the 8' precipitates [ 11]. Meanwhile, the evaluated Q 

value is slightly higher than the activation energy for self-diffusion of aluminum (142 kJ 

mor1) [12], the activation energy for diffusion of copper in aluminum (138 kJ mor1) 

[13], and the activation energy for hot defommtion of the llOOAl defon11ed under the 

similar deformation conditions by torsion defonnation (128 kJ mor1) (Chapter 2). The 

increase in the activation energy may be due to the existence of the 8' precipitates and 

must reflect the difference in the microstructural evolution during deformation. In the 

1 OOAl, the TEM micrographs showed that the microstructure consisted of elongated 

grains, grains were subdivided by mainly high angle grain boundary, and the subgrain 

structures were fmmed in the grain interiors, which caused by the rearrangement and 

annihilation of the dislocations (Fig. 2.15 (b), Chapter 2). Meanwhile, the 

microstructure of the aged Al-2wt.% Cu alloy specimens composed of the highly 

elongated grains sandwiched by very thin e' precipitates and most of the grains had 
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high density of the dislocations (Fig. 4.17 (a)). The amount of dislocations decreased 

with decreasing Z value (Fig. 4.17 (b)), which was attlibuted to the dislocation 

annihilation during the deformation process due to dynamic recovery. In addition, the 

density of dislocations in the aged Al-2wt.% Cu alloy was higher than that of llOOAI. 

This may be due to the decrease in dynamic recovery rate and the restriction of 

dislocation motion by precipitates. It can be concluded that grain subdivision and 

dynamic recovery of dislocations are the main microstructural evolution mechanism in 

the high Z value. 

In the region II, the specimens exhibited sharp drop of the flow stress and steady 

state. Then and Q values are 8 and 174 kJ mor1, respectively. This Q value was closed 

to the activation energy for the grain boundary migration in pure aluminum ( 172 kJ mor1 ). 

These n and Q values are higher than those of the 11 OOAl deformed under the same 

defonnation parameters (Chapter 2: 4.5 and 164 kJ mor1). The difference inn and Q 

value may be due to the different stress-strain behavior and microstructure evolution 

during torsion defonnation. That is, the stress-strain curves of the aged Al-2wt.% Cu 

showed large drop of the flow stress. It has been claimed that the softening of the flow 

stress in the aluminum alloy was caused by the coarsening of precipitates during hot 

deformation [ 14-17] and grain boundary migration, The microstructures qualitatively 

support this interpretation. That is, the microstructures composed of the equiaxed grains 

containing low density of dislocations and coarse spherical precipitates. 
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4.5.5 Summary 

The effects of deformation conditions on the stress-strain behavior and 

microstructure evolution in the pre-aged Al-2wt% Cu alloy were investigated. The 

following conclusions can be made. 

1. The flow stress and the shapes of the stress-strain curves were strongly dependent on 

the deformation conditions. At low temperature (T < 300 °C), the specimens exhibited 

a stress-strain curves of work hardening type. The large drop of the flow stress and 

steady state flow stress were observed in the specimen deformed at high temperature (T 

~ 300 °C). The aged Al-2wt.% Cu alloy exhibited the different shape of the stress-strain 

curve from those of the 11 OOAl deformed under the same deformation conditions, 

especially, at high deformation temperatures. The drop of the flow stress in the aged 

Al-2wt.% Cu alloy was clearer than that of the 11 OOAl. The flow softening in the Al-

2wt.% Cu alloy was attributed to the coarsening of precipitates and grain boundary 

migration occuned during hot deformation. 

2. The dependence of flow stress on the deformation conditions was fitted to a power 

law relationship using the Zener-Hollomon (Z) parameter. The two different regions 

were observed the a-Z plot The changes of the slope occuned at a critical Z value of 

3.21 x 1015 s-1. The activation energies (Q) were 155 and 174 kJ mor1 and the stress 

exponents (n) were 24 and 8 for the high Z and low Z regions (regions I and II), 

respectively. The Q and n values observed in the aged Al-2wt% Cu alloy were 

significantly higher than those of the llOOAl deformed under the same defonnation 
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conditions. The difference in the Q and n values was attributed to the presence of the 8' 

precipitates and reflected the microstructure evolution mechanism. 

3. The main microstructure evolution mechanism in the region I was found to be grain 

subdivision and dynamic recovery of dislocations. Meanwhile, grain boundary migration 

and coarsening of precipitates were found to be the main microstructure evolution 

mechanism operated in the region II. 

4. The grain size decreased and fraction of high-angle grain boundary increased with 

decreasing Z parameter. The grain size of the Al-2wt.% Cu alloy was finer than that of the 

llOOAl deformed under the similar deformation conditions. However, the fraction of high­

angle grain boundaty in the Al-2wt.% Cu alloy was significantly lower than llOOAl. The 

results indicate that the 8' plate precipitates significantly inhibited the formulation of 

high angle grain boundary. 
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4.6 Conclusions 

In Chapter 4, the effect of pre-existing 8' precipitates on the fom1ation of UFG 

structures in the Al-2wt.% Cu alloy was systematically investigated. The solution 

treated and aged Al-2wt.% Cu alloy specimens were deformed to various equivalent 

strains at room temperature under a constant strain rate of 1 s-1. The grain size of the 

solution treated and aged Al-2wt.% Cu alloy tended to decrease with increasing 

equivalent strain. However, the mean grain size and fraction of high-angle grain 

boundary of the solution treated specimens after strain of 3.27 was finer and higher than 

that of the aged Al-2wt.% Cu alloy specimen. The results indicated that the presence of 

fine 8' plate precipitates inhibited the development of high angle grain boundaries and 

the formation of fine grain structures. 

The effects of defom1ation conditions on the stress-strain behavior and 

microstructure evolution in the pre-aged Al-2wt.% Cu alloy were also investigated. 

Comparing the stress-strain curves of the aged Al-2wt% Cu alloy with those of llOOAI, 

it was found that the shape of the stress- strain curves in the aged 2wt.% Cu alloy 

specimens were greatly different from those in the 11 OOAl defom1ed under the same 

deformation parameters, especially at high temperatures (above 200 °C). The flow 

softening in the aged Al-2wt.% Cu alloy specimens was clearer than that in the llOOAI 

specimens. These results indicated that the pre-existing 8' precipitates strongly affected 

the stress-strain behavior in heavy (torsion) defonnation of the aluminum alloy. 

Microstmcture observations indicated that the flow softening in the aged Al-2wt.% Cu 

alloy was caused by coarsening of precipitates and grain boundary migration occurred 

during high temperature defonnation. The flow stress of the aged Al-2wt.% Cu alloy 

was also strongly dependent on the Z parameter. The maximum stress decreased with 
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decreasing Z values. The change in the slope of a-Z plot occurred at a critical Z value 

(Zc) of 3.21 >< 1015 s-1. Microstructure observations showed that the structure obviously 

changed at Zc from elongated grain sandwiched by thin 8' precipitates to equiaxed 

grains containing coarse precipitates. The grain size and the fraction of high-angle grain 

boundary of the aged Al-2wt.% Cu alloy showed the similar trend with that of the 

llOOAl, i.e., the gram size tended to decrease with increasing Z parameters. The 

fraction of high-angle grain boundary increased slightly with increasing Z value up to 

Zc, then decreased significantly with further increasing Z value. At high Z region, the 

fraction of high-angle grain boundary in the aged Al-2wt.% Cu alloy was significantly 

lower than that of the 11 OOAl deformed under the similar defonnation conditions. 

Based on the results in Chapter 4, it could be concluded that the 8' precipitates 

and defom1ation conditions strongly affected the microstructure evolution in the 

aluminum alloys. The presence of fine 8' plate precipitates inhibited the development 

of fine grain structures composed of high angle grain boundaries. The stress-strain 

curve analysis and microstructure results revealed that the grain subdivision and 

dynamic recovery were the main microstructure evolution mechanism operated in the high 

Z region (region I). Meanwhile, at low Z region (region II), the grain boundmy migration 

and coarsening of precipitates were the main microstructure evolution mechanism. 
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Chapter 5 Summary and conclusions 

In the present dissertation, the effects of deformation conditions and precipitate 

on the changes in the microstructure and mechanical properties of aluminum alloys 

heavily defonned by torsion defom1ation have been clarified. Commercial purity 

aluminum (llOOAl) and Al-2wt.% Cu alloy were used as the investigation materials. In 

order to study the influences of deformation parameters on the microstructure evolution 

in aluminum, the 11 OOAl specimens were defonned in torsion to various strains at five 

different temperatures and four different strain rates. The microstructures of the torsion 

deformed 11 OOAl specimens were characterized by EBSD measurement and TEM. 

Meanwhile, the mechanical properties of those defmmed specimens were examined by 

tensile test at room temperature. On the other hand, the influence of pre-existing 

precipitate on the microstructural evolution in aluminum was also researched in the 

present work. For this study, the Al-2wt.% Cu alloy specimens were firstly solution 

treated at 550 oc for 1 h and then aged at 180 oc for 3600 ks (1 00 h) to obtain e· 

precipitates having thin plate morphologies. Then the aged specimens were defonned to 

various strains at three different strain rates and tluee different deformation 

temperatures. Microstructure and hardness of the deformed spec1mens were 

characterized by TEM, EBSD measurement and micro-hardness test. 

The main results achieved in the present dissertation can be summarized as 

follows: 

In Chapter 1, the background and purpose of the present work were elucidated. 

In Chapter 2, the evolution of microstructures in the 11 OOAl heavily defmmed 

by torsion defonnation was systematically studied. Microstructure observations 

revealed that the change in the grain size and misorientation angle of the commercial 

116 



purity aluminum deformed by torsion showed similar trend with that deformed by ARB 

process. That is, the grain size decreased and the fraction of high angle grain boundary 

increased with increasing strain. The ultrafine grained structure with a mean grain size 

of 0.32 Jlffi having large amounts of high angle grain boundaries (76 %) were achieved 

by torsion after a strain of 5.27. The results indicated that torsion deformation worked 

as a kind of severe plastic deformation. 

The influences of deformation temperature and strain rate on the microstructural 

evolution in 11 OOAI during torsion deformation were also systematically studied at wide 

ranges of strain, deformation temperature and strain rate. The strain rate and 

defom1ation temperature were combined into a single parameter, i.e., Zener-Hollomon 

(Z) parameter. The flow stress of the specimens deformed under various Z conditions 

(various strain rates and deformation temperatures) tended to decrease with decreasing 

Z value. A transition of flow stress in the a-Z plot was observed at a critical Z value of 

2.47 x 1015 s-1. The flow stress and microstructure indicated that the transition in the a­

Z plot could be attributed to the change in the mechanism of microstructure evolution 

from dynamic recovery governed by dislocation cross slip to grain boundary migration 

accompanied with dislocation climb at grain interior. 

In Chapter 3, the mechanical properties of the ultrafine grained (UFG) 

aluminum fabricated by torsion defonnation at various Z values were systematically 

investigated by tensile test at room temperature. The strengthening mechanisms of the 

UFG materials were also clarified. The strength of the UFG aluminum increased with 

increasing Z values, i.e., with decreasing the grain size. Meanwhile, the tensile ductility 

decreased gradually with decreasing the grain size. These results were similar with 

those of the UFG aluminum fabricated by ARB process and subsequent annealing at 
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various temperatures. However, at the grain sizes below 1 jlm, the yield strength of the 

torsion deformed specimens was significantly lower than that of the ARB processed and 

annealed specimens. This was caused by the difference in the microstructures of the 

UFG aluminum produced by torsion deformation and that by ARB and annealing. In 

addition, the yield stress obtained from the UFG aluminum produced by torsion 

defom1ation was significantly higher than that predicted from the Hall-Petch 

relationship for the coarse grain aluminum cold-rolled and annealed. The extra 

hardening in the torsion specimens was attributed mainly to the substructure 

strengthening 

In Chapter 4, the effect of pre-existing 8' on the formation of UFG structure in 

the Al-2wt % Cu alloy was systematically investigated. The solution treated and aged 

Al-2wt.% Cu alloy specimens were heavily deformed by torsion deformation at room 

temperature under a constant strain rate of 1 s-1• The grain size of the solution treated 

and aged Al-2wt.% Cu alloy tended to decrease with increasing equivalent strain. 

However, the mean grain size of the solution treated specimens after imposed strain of 

3.6 was finer than that of the aged Al-2wt.% Cu alloy specimen. The results indicated 

that the presence of fine 8' plate precipitates inhibited the development of high angle 

grain boundaries and the fonnation of fine grain structures. 

The effects of deformation conditions on the stress-strain behavior and 

microstructure evolution in the pre-aged Al-2wt.% Cu alloy were also investigated. 

Comparing the stress-strain curves of the aged Al-2wt.% Cu alloy with those of 11 OOAl, 

it was found that the shape of the stress-strain curves in the aged Al-2wt.% Cu alloy 

specimens were greatly different from those in the 11 OOAl defom1ed under the same 

deformation parameters, especially at high temperature deformation (above 200 °C). 

118 



The flow softening in the aged Al-2wt.% Cu alloy specimens was clearer than that in 

the 11 OOAl specimens. These results indicated that the pre-existing El' precipitates 

strongly affected the stress-strain behavior in heavy (torsion) defonnation of the 

aluminum alloy. Microstructure observations indicated that the flow softening in the 

aged Al-2wt.% Cu alloy was caused by coarsening of precipitates during hot 

deformation. The flow stress of the aged Al-2wt.% Cu alloy was also strongly 

dependent on the Z parameter. The maximum stress decreased with decreasing Z values. 

The change in the slope of (Y-Z plot occuiTed at a critical Z value (Zc) of 2.1 x 1018 s-1. 

Microstructure observations showed that the structure obvious changed from the 

elongated grain sandwiched by the thin 9' precipitates to the equiaxed grains contained 

of the coarse precipitates at Zc. The grain size and the fraction of high-angle grain 

boundary of the aged Al-2wt.% Cu alloy showed the similar trend with that of the 

11 OOAl, grain size tended to decrease with increasing the Z parameters. The fraction of 

high-angle grain boundary increased slightly with increasing Z value up to Zc, then 

decreased significantly with further increasing Z value. At high Z condition, the 

fraction of high-angle grain boundary of the aged Al-2wt.% Cu alloy was significantly 

lower than that of the 11 OOAl deformed under the similar defonnation conditions. 

The results in this chapter indicated that the 8' precipitates and deformation 

conditions strongly affected on the microstructure evolution the aluminum alloys. 

The presence of fine 8' plate precipitates inhibited the development of fine grain 

structures surrounded by high angle grain boundaries. The stress-strain curve analysis 

and microstructure results revealed that grain subdivision and dynamic recovery 

governed by dislocation cross-slip were the main microstructure evolution mechanism 

operated in the high Z conditions (region Meanwhile, at low Z conditions (region II), 
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the gram boundary migration and coarsemng of precipitates were the mam 

microstructure evolution mechanism, 
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