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precipitados, endurecimento por solução solida, deformação plástica severa 
 

resumo 
 

 

Este trabalho foi dedicado à análise mecânica e microestrutural de uma liga 
Al–Zn submetida a um processo de deformação plástica severa (SPD) e ao 
desenvolvimento de modelos microestruturais para descrever os 
comportamentos observados. Foi investigada detalhadamente a evolução das 
propriedades mecânicas e da microestrutura da liga Al–30wt% Zn, após 
ensaios de torção a alta pressão (HPT), em função do grau de deformação. 
A SPD promoveu o refinamento gradual do grão e a decomposição da solução 
sólida de base Al sobressaturada. A microestrutura inicial da liga Al–30wt% Zn 

continha fases de Al e Zn com grãos de tamanhos 15 e 1 m, respetivamente. 
A deformação plástica até 0.25, em compressão, promoveu a diminuição 

gradual do tamanho dos grãos de Al e Zn até 4 m e 252 nm, respetivamente. 
Simultaneamente, o tamanho médio das partículas de Zn na rede cristalina de 
grãos de Al aumentou de 20 para 60 nm e, de forma idêntica, também 
aumentaram os precipitados de Zn na proximidade ou nos contornos de grão. 
Esta transformação microestrutural foi acompanhada, à escala macroscópica, 
por um forte amaciamento da liga. Os ensaios HPT foram conduzidos até uma 
deformação de corte de 314. Com esta SPD, as dimensões dos grãos de Al e 
Zn diminuiram até à nanoescala; para 370 nm e 170 nm, respetivamente. 
Como resultado do ensaio HPT, a solução sólida sobressaturada de Al rica em 
Zn decompôs–se completamente e atingiu o estado de equilíbrio à temperatura 
ambiente, com o consequente amaciamento do material. 
Foi criado um novo modelo, baseado na microestrutura do material, que 
permite descrever o processo de amaciamento que ocorre durante a forte 
compressão da liga Al–30wt% Zn. O fenómeno foi definido por uma nova lei 
que relaciona o caminho livre médio das deslocações com a deformação 
plástica. O modelo proposto permite prever muito bem o amaciamento do 
material durante o processo HPT, tendo em consideração os efeitos do 
endurecimento por solução sólida e sua decomposição, o mecanismo de 
Orowan e a evolução da densidade de deslocações. Em particular, ficou 
demonstrado que o processo de amaciamento que ocorre durante o ensaio 
HPT pode ser atribuído principalmente à decomposição da solução sólida 
sobressaturada e, em menor medida, à evolução do caminho livre médio das 
deslocações com a deformação plástica. 
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abstract 

 
In this work, the R&D work mainly focused on the mechanical and 
microstructural analysis of severe plastic deformation (SPD) of Al–Zn alloys 
and the development of microstructure–based models to explain the observed 
behaviors is presented. Evolution of the microstructure and mechanical 
properties of Al–30wt% Zn alloy after the SPD by the high–pressure torsion 
(HPT) has been investigated in detail regarding the increasing amount of 
deformation.  
SPD leads to the gradual grain refinement and decomposition of the Al–based 
supersaturated solid solution. The initial microstructure of the Al–30wt% Zn 
alloy contains Al and Zn phases with grains sizes respectively of 15 and 1 
micron. The SPD in compression leads to a gradual decrease of the Al and Zn 
phase grain sizes down to 4 microns and 252 nm, respectively, until a plastic 
strain of 0.25 is reached. At the same time, the average size of the Zn particles 
in the bulk of the Al grains increases from 20 to 60 nm and that of the Zn 
precipitates near or at the grain boundaries increases as well. This 
microstructure transformation is accompanied at the macroscopic scale by a 
marked softening of the alloy. The SPD produced by HPT is conducted up to a 
shear strain of 314. The final Al and Zn grains refine down to the nanoscale 
with sizes of 370 nm and 170 nm, respectively. As a result of HPT, the Zn–rich 
(Al) supersaturated solid solution decomposes completely and reaches the 
equilibrium state corresponding to room temperature and its leads to the 
material softening. 
A new microstructure–based model is proposed to describe the softening 
process occurring during the compression of the supersaturated Al–30wt% Zn 
alloy. The model successfully describes the above–mentioned phenomena 
based on a new evolution law expressing the dislocation mean free path as a 
function of the plastic strain. The softening of the material behavior during HPT 
process is captured very well by the proposed model that takes into 
consideration the effects of solid solution hardening and its decomposition, 
Orowan looping and dislocation density evolution. In particular, it is 
demonstrated that the softening process that occurs during HPT can be 
attributed mainly to the decomposition of the supersaturated solid solution and, 
in a lesser extent, to the evolution of the dislocation mean free path with plastic 
strain.  
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diffraction pattern 

  distance between Zn particles 

wf  
volume fractions of phase 

a lattice parameter 

M Taylor factor 

λAl material constant for Al–30wt% Zn alloy 

a(fε0) constant 

DAl initial grain size of Al grains 

d1 initial size of Zn precipitates 

d2 final size of Zn precipitates 

Dsat saturation value of grain size 

ζs saturation stress 

eff
 

effective grain boundary viscosity  

  grain boundary thickness 

  volume of Al atom  

BD  grain–boundary diffusion 

Df  final Al grain size  

L   dislocation mean free path 

ssτ
 

strengthening related with solid solution 

disτ
 

strengthening related with dislocation density  

ork
 

linear constant of Orowan mechanism 

ed
 

reference grain size corresponding to critical grain size at which enhanced 

dynamic recovery occurs 

m  balance parameters 

n  balance parameters 

ρGND dislocation density of the geometrically necessary dislocations 
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a0 value of thermal stress at 0K 

iω
 

initial Zn precipitate interspacing during HPT processes 

maxL
 

maximum Zn precipitate interspacing during HPT processes 

LK–M dislocation mean free path according to the Kocks and Mecking approach 

ic
 

integration constant 

0γ  
characteristic strain rate which is related to vibrational frequency of 

dislocations arrested at an obstacle or, alternatively, attempt frequency for overcoming an 

obstacle 

pτ  
Peierls stress 

Û  characteristic interaction energy between a single solute and a straight 

dislocation 

Λ  adjustable scaling factor 

0ω
 

characteristic range for interaction 

A   line tension energy per unit length of dislocation 

satc
 

equilibrium Zn concentration in Al grains 

K  number of forest dislocations a moving segment is able to cross before being 

trapped by obstacles 

0ρ  
initial dislocation density 

satρ
 

saturation dislocation density 

initialc  initial (Zn) concentration in Al grains 

0c  material constant for Al–30wt% Zn alloy 

1c  material constant for Al–30wt% Zn alloy 

2c  material constant for Al–30wt% Zn alloy 

3c
 

material constant for Al–30wt% Zn alloy 

4c
 

material constant for Al–30wt% Zn alloy 

ηapd plastic accommodation shear deformation 

ηgbs total shear stress for grain–boundary sliding mechanism 



 

   

 

 

 

 

 

 

 

 

 

 

Chapter 1 

Introduction 

 

 



Chapter 1. Introduction 

 1  

Production of the ultrafine–grained (UFG) materials by severe plastic deformation (SPD) 

has been widely studied as an effective tool to improve the properties of the various materials 

over the last two decades. SPD processing refers to various experimental procedures of metal 

forming that can apply very high strains on materials leading to exceptional grain refinement. A 

main feature of SPD processing is that the strain is imposed without any significant change in the 

overall dimensions of the workpiece. Therefore, it is possible to impose a large strain to the 

samples by repeating SPD processing.  

Nowadays, many SPD technologies have been developed, including equal–channel 

angular pressing (ECAP) (Segal et al., 1981), high–pressure torsion (HPT) (Bridgman, 1943; 

Zhilyaev and Langdon, 2008), accumulative roll bonding (ARB) (Saito et al., 1999) and other 

techniques (Galeyev et al., 1990; Beygelzimer et al., 2009). Extensive studies have been 

performed on microstructural evolution and mechanicals properties of the SPD–processed UFG 

materials. It has been found that UFG materials possess superior mechanical properties, 

including high strength (Gleiter, 1989; Valiev et al., 2000; Sabirov et al., 2013), enhanced 

fatigue property and excellent superplasticity (Horita et al., 2000; Sakai et al., 2005). However, 

there are only limited works reporting the microstructure–based models to explain the 

microstructure evolution and mechanical properties. This topic needs to receive more attention 

and additional investigations. 

In the study of this thesis, Al–30wt% Zn alloy has been processed by HPT. Compared to 

the results of all these previous studies, supersaturated Al–Zn alloys exhibit an ―unusual‖ 

behavior. During HPT a strong grain refinement occurs, but simultaneously, material softening 

appears as the main feature. In the work of Mazilkin et al. (2012), such anomalous behavior has 

been attributed to the decomposition of the Zn–containing (Al) supersaturated solid solution. 

Namely, in Al–Zn alloys the matrix is strengthened by metallic Zn precipitates (Mondolfo, 

1976). Such a material behavior is captured by a proposed model that takes into consideration 

the effects of solid solution hardening, Orowan looping and evolution of the dislocation density. 

Namely, the softening process occurred during HPT is attributed to decomposition of 

supersaturated solid solution and evolution of the dislocation mean free path with plastic strain. 

The main objectives of this research are as follows: 

 Processing of Al–30wt% Zn alloy using HPT, evaluate the change of microstructure and 

mechanical properties of Al–30wt% Zn alloy during SPD processing. 

 Investigate the physical mechanisms that are linked to the softening process of Al–

30wt% Zn alloy during HPT. 

 Develop a microstructure–based model to capture the mechanical response during HPT. 
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In this framework, the outlines of this thesis can be drawn on seven chapters, being the 

Introduction the first one. A Bibliography review, which builds the Chapter 2, presents a 

description of the industrial application of Al alloys, strengthening mechanisms and the details of 

the SPD processing. 

Chapter 3 characterizes the materials studied in the present work and the experimental 

techniques used in order to accomplish the proposed goal.  

Chapter 4 describes the results of the mechanical testing, X–ray diffraction (XRD) and 

transmission electron microscopy (TEM) analyses. 

In Chapter 5, microstructure–based model for describing the softening process during 

compression is discussed in detail.  

Chapter 6 describes the relative contribution of the main microstructure mechanisms to the 

observed softening process. In this case, a more refined microstructure–based model is 

presented. 

Chapter 7 investigates the transient negative strain hardening during severe plastic deformation 

of Al–30wt% Zn alloys.  

The Final conclusions compose the Chapter 8. 

Several journal papers published during the period of this PhD study are attached as an appendix 

at the end of this thesis. 

https://mailadfs.ua.pt/owa/redir.aspx?C=6uxdVz77506Z6YYZpHT23NzZzuda49AIyPVb6y4aJ0TU1nFW02Ez-F5jyvxu-g1a9ao1LaDfEhw.&URL=http%3a%2f%2fwww.scopus.com%2frecord%2fdisplay.url%3feid%3d2-s2.0-84880548120%26origin%3dresultslist%26sort%3dplf-f%26src%3ds%26st1%3dborodachenkova%2bM%26sid%3dF457BEF9959FA05C237AA5CF9476ABF9.fM4vPBipdL1BpirDq5Cw%253a20%26sot%3db%26sdt%3db%26sl%3d29%26s%3dAUTHOR-NAME%2528borodachenkova%2bM%2529%26relpos%3d1%26relpos%3d1%26citeCnt%3d0%26searchTerm%3dAUTHOR-NAME%2528borodachenkova%2bM%2529
https://mailadfs.ua.pt/owa/redir.aspx?C=6uxdVz77506Z6YYZpHT23NzZzuda49AIyPVb6y4aJ0TU1nFW02Ez-F5jyvxu-g1a9ao1LaDfEhw.&URL=http%3a%2f%2fwww.scopus.com%2frecord%2fdisplay.url%3feid%3d2-s2.0-84880548120%26origin%3dresultslist%26sort%3dplf-f%26src%3ds%26st1%3dborodachenkova%2bM%26sid%3dF457BEF9959FA05C237AA5CF9476ABF9.fM4vPBipdL1BpirDq5Cw%253a20%26sot%3db%26sdt%3db%26sl%3d29%26s%3dAUTHOR-NAME%2528borodachenkova%2bM%2529%26relpos%3d1%26relpos%3d1%26citeCnt%3d0%26searchTerm%3dAUTHOR-NAME%2528borodachenkova%2bM%2529
https://mailadfs.ua.pt/owa/redir.aspx?C=6uxdVz77506Z6YYZpHT23NzZzuda49AIyPVb6y4aJ0TU1nFW02Ez-F5jyvxu-g1a9ao1LaDfEhw.&URL=http%3a%2f%2fwww.scopus.com%2frecord%2fdisplay.url%3feid%3d2-s2.0-84880548120%26origin%3dresultslist%26sort%3dplf-f%26src%3ds%26st1%3dborodachenkova%2bM%26sid%3dF457BEF9959FA05C237AA5CF9476ABF9.fM4vPBipdL1BpirDq5Cw%253a20%26sot%3db%26sdt%3db%26sl%3d29%26s%3dAUTHOR-NAME%2528borodachenkova%2bM%2529%26relpos%3d1%26relpos%3d1%26citeCnt%3d0%26searchTerm%3dAUTHOR-NAME%2528borodachenkova%2bM%2529
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2.1. Aluminum alloys 

Aluminum alloys with their remarkable combination of mechanical and physical 

properties make them the preferred choice as structural materials for a wide range of applications 

in the aerospace, automotive, passenger railway and military industry (Fig. 2.1.1).  

 

Fig. 2.1.1. Domain of application of Al alloys in R&D and technological development 

Increased market demand for crash and impact resistant light weight structures is 

nowadays growing also due to the emerging need to protect transport systems against terrorism. 

The European automotive industry, in close co–operation with the European Aluminum industry, 

has developed and introduced numerous innovative light–weight solutions based on Aluminum 

alloys in order to reduce CO2
 

emissions. In general a 100 kg reduction of the mass of a car is 

equivalent to a reduction of 9 grams of CO2 per kilometer. Aluminum is easy to recycle and 

saves 95% of the energy necessary to produce primary Aluminum. The industry is working on 

reducing the cost of other Aluminum applications, in particular in the body structure and for 

chassis and suspension parts, presently used in sports and luxury cars, so that they can also find 

their place in smaller cars. As a long term vision, an ―Aluminum–maximized‖ small family car 

could be 30–35% lighter after primary and maximum secondary weight savings (European 

Aluminum Association, 2013). Aluminum made considerable progress in passenger railway cars, 

where, from trams to trains, many Aluminum components were introduced, like window frames 

and interior partition walls. For the high speed trains, the choice of Aluminum proved to be 

almost a must, as these trains needed to travel at more than 300 km/h on traditional railway 

APPLICATION OF 
Al-ALLOYS

AIRCRAFTING

AUTOMOTIVE

PACKAGING

BALLISTIC
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tracks. A good example of Aluminum's benefits in the public rail transport sector is the TGV–

Duplex, developed by Alstom by order of the SNCF (Société nationale des chemins de fer 

français), it weighs 12% less than the traditional TGV (Train à grande vitesse), transports 40% 

more passengers, and offers superior passive safety. Also in the military sector there is the 

growing necessity to improve the Aluminum alloys properties to ensure maximum ballistic 

protection against high velocity projectiles. The 5xxx series strain–hardenable alloys have been 

used in all Aluminum military vehicles produced to date. The 7xxx series heat treatable alloys 

provide improved protection at all angles. Because minimum weight for a given level of 

protection is essential to mobility, Aluminum armor, is used extensively in combat vehicles. The 

ultimate selection of armor material depends also on requirements other than ballistic criteria, 

like weld ability, water tightness, machinability, formability and extreme conditions of 

temperature (–62 to 74°C), movements through corrosive waters. Strength must be adequate to 

resist service stresses, including shocks encountered in airdrops and cross–country operation 

(Skillingberg, 2007). Additional advantages of Aluminum over steel are the freedom from low–

temperature embrittlement and greater rigidity, resulting from thicker sections, for equal 

protection. Increased rigidity, up to nine times that of steel, usually eliminates the need for 

secondary structural support. Production forms of Aluminum alloy armor are rolled plate, 

extrusions and forgings. The form of rolled plate is primarily used for alloys with ballistic 

properties developed by strain hardening. Heat treatable Aluminum alloys that can be welded 

effectively are being developed as weld able armor, making it possible to employ more forged 

and extruded armor components (Key to Metals AG, 2012).  

In summary Aluminum alloys are attractive due to their low density, capability to be 

strengthened by precipitation, good corrosion resistance, high thermal and electrical 

conductivity, and high damping capacity. The necessity of improving toughness, increased 

resistance to fatigue and corrosion resistance is driving the future development of advanced 

aluminum alloys. To clarify the advantages and disadvantages of aluminium alloys the short 

comparison of the mechanical and physical properties of aluminium alloys and steels is given in 

table 2.1.1. Aluminium is a very desirable metal because it is more malleable and light than steel. 

However, cost is always an essential factor to consider while making any product. The price of 

steel and aluminum is continually fluctuating based on global supply/demand, fuel costs and the 

price and availability of iron and bauxite ore. Generally, steel is cheaper (per pound) than 

aluminum.  
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Table 2.1.1. Comparison of properties of aluminium alloys and two common mild steels 

(Mazzolani, 1994) 

 Aluminium alloys Steel 

Elastic limit,  

ζy, MPa 

AlMg5Mn ~ 140 

AlMgSi ~ 260 

AlZnMg ~ 360 

Fe360 ~ 235 

Fe510 ~ 350 

Ultimate strength, 

ζUTS, MPa 

AlMg5Mn ~ 280 

AlMgSi ~ 320 

AlZnMg ~ 410 

Fe360 ~ 360 

Fe510 ~ 510 

Young´s modulus, 

E, GPa 
70 206 

Ductility, εt 
10-25% 25-30% 

Density, kg m
-3

 2700 7800 

2.1.1. Al–Zn system  

Aluminum zinc alloys have been studied intensively in the past few decades (Löffler, 

1995; Mazilkin et al., 2006; Straumal et al., 2008; Bai et al., 2009; Deschamps et al., 2009; 

García–Infanta et al., 2009; Ng et al., 2011). Al–Zn alloys are characterized by high heat 

resistance, high wear resistance and strength with the castability demanded for many industrial 

applications. Aluminum–zinc alloys are primarily used for electrolytic protection against 

corrosion. Superplasticity observed near the aluminum–zinc eutectoid offers the prospect for 

commercial application.  

The binary Al–Zn phase diagram is shown in Fig. 2.1.2. The peritectic transformation, 

liq Al ZnAl  occurs at 70% Zn at 443
o
 C; the eutectic transformation, liq Al ZnAl   at 

94.9% Zn at 380
o
 C (Pearson, 1967). The equilibrium HCP phase (β) has a negligible solubility 

of aluminum (smaller than 0.5 at%) at room temperature while the FCC phase (α) has a 

solubility of ~ 2 at% zinc at room temperature (Löffler, 1995). Above 276
o
 C, the solubility of 

zinc in the α phase rises rapidly, which allows for the dissolution of up to 67 at% zinc at 380
o
 C. 

This is obviously due to the fact that Zn and Al do not form intermetallic phases or, in other 

words, the interaction between Al and Zn atoms is fairly weak. The atomic radius of Al is 0.143 

nm, while the one of Zn is 0.134 nm, this difference of approximately 7% having a great 

influence on the microstructure of the Al–Zn and Zn–Al alloys.  
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Supersaturated α phase forms Guinier–Preston (GP) zones at room temperature (Löffler, 

1995). The GP zones have been measured in the range of 1–4 nm and further decompose into 

more stable phases. In slowly cooled Al–15at% Zn alloy, GP zones is formed and then directly 

transform into β zinc, the equilibrium phase at room temperature.  

 

Fig. 2.1.2. Aluminum–Zinc equilibrium diagram (Morgan, 1985). 

The zinc in addition to aluminum modifies the aluminum properties. The lattice parameters 

decrease almost linearly to 0.4018 nm at 57 wt% Zn. The increase in density is proportional to 

the atomic percentage of zinc. The thermal expansion coefficient increases with increasing zinc 

content. The resistivity of aluminum, hardness and tensile strength increase linearly (Mondolfo, 

1976). 

2.2. The strengthening mechanisms 

In the following section a general description of the various strengthening mechanisms of 

metals is given. The ability of a crystalline material to plastically deform largely depends on the 

dislocation ability to move within a material. Therefore, impeding the movement of dislocations 

will result in the strengthening of the material. There are a number of ways to impede dislocation 

movement, which include: 
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 controlling the grain size (reducing continuity of atomic planes) 

 strain hardening (creating and tangling dislocations) 

 alloying (introducing point defects and more grains to pin dislocation) 

 precipitation hardening (distribution of fine precipitates) 

2.2.1. Grain Size Reduction  

The grain size within a material also has an effect on the strength of the material. The 

boundary between grains acts as a barrier to the dislocation movement and the resulting slip, 

because adjacent grains have different orientations. When the atom alignment is different, slip 

planes are discontinuous between grains. The decrease of the grain size leads to the shorter 

distance where atoms can move along a particular slip plane (see Fig. 2.2.1). Therefore, smaller 

grains improve the strength of a material. The size and number of grains within a material is 

controlled by the rate of solidification from the liquid phase.  

A fine grained material is harder and stronger than coarse grained since greater amounts 

of grain boundaries in the fine grained material impede dislocation motion. The general 

relationship between the yield stress (tensile strength) and grain size has been proposed by Hall 

(1951) and Petch (1953): 

1/ 2

0y Hk D   
 

 (2.1) 

where ζy the yield stress, ζ0 the friction stress, kH the ‗locking parameter‘ or hardening 

contribution from grain boundary, D the grain size. Theoretically, a material can be made 

infinitely strong if the grains are made infinitely small.  

The grain size strengthening effect is very small in aluminum with respect to other 

materials. The Hall–Petch constants for pure aluminum, copper, titanium and Armco iron are 

listed in table 2.2.1 (Stawovy, 1998). 

The kH term is essentially a measure of the extent to which dislocations are piled up at the 

grain boundary. The constant ζ0 is a measure of the stress required to push dislocations against 

the resistance of impurities, particles and the Peierls force. One explanation for small Hall–Petch 

constant is that cross slip is easier in FCC materials such as aluminum and copper, thus allowing 

dislocations to easily bypass impurity particles and reduce piling up at grain boundaries 

(Thompson and Baskes, 1973). 
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Fig. 2.2.1. The motion of a dislocation as it encounters a grain boundary  

(Callister and Rethwisch, 2011) 

Table 2.2.1. Hall–Petch constants for several common metals (Stawovy, 1998) 

Metal ζ0 (MPa) kH (MPa·mm
0.5

) 

Aluminum 15.7 2.16 

Titanium 78.5 12.75 

Armco Iron 74.5 18.44 

Copper 25.5 3.53 

 

2.2.2. Strain hardening (work hardening) 

Strain hardening (also called work–hardening or cold–working) is the process of making 

a metal harder and stronger through plastic deformation. When a metal is plastically deformed, 

dislocations move and additional dislocations are generated. The more dislocations within a 

material, the more they will interact and become pinned or tangled. This will lead to a decrease 

in the mobility of the dislocations and a strengthening of the material. This type of strengthening 

is commonly called cold–working, because the plastic deformation must occur at a temperature 

low enough that atoms cannot rearrange themselves. When a metal is worked at higher 

temperatures (hot–working) the dislocations can rearrange and little strengthening is achieved. 

Work hardening is strongly correlated with increasing dislocation densities in the 

deformed metal or alloy. Dislocations densities can vary from about 10
12 

dislocation lines per m
2
 

to over 10
16

 in severely cold worked samples. The following relationship has been observed 

between flow stress η and dislocation density ρ:  

http://www.amazon.com/William-D.-Callister/e/B001H6P45M/ref=dp_byline_cont_book_1
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0 b    
 

(2.2) 

where α is a dislocation–dislocation interaction, b is the Burgers vector, μ is the shear modulus, 

η0 is the stress required to move a dislocation in the absence of dislocation interactions (Mecking 

et al., 1986).  

The evolution equation describing the development of the dislocation structure with strain 

ε can be described by the following form: 

h r

d d d

d d d

  

  

   
    
     

(2.3) 

The first term accounts the dislocation storage, while the second one represents the dislocation 

annihilation. Kocks (1966) has assumed that the dislocation mean free path is proportional to the 

average interspacing between dislocations. He has considered that an increase in the dislocation 

density with strain is due to dislocation storage and a decrease in the dislocation density is 

caused by annihilation of dislocations by cross slip. Then, the evolution equation for the 

dislocation density is written as: 

1d
f

d bL





 

 
(2.4) 

where L  is the dislocation mean free path and f  is the dynamic recovery term. 

2.2.3. Solid solution hardening 

The introduction of foreign atoms into a crystal lattice invariably increases the strength of 

the material. The solid solution hardening is a result of an interaction between the mobile 

dislocations and the solute atoms. There are two types of solid solutions. The first is a 

substitutional solution, in this case, atoms of the solute material replace atoms of the solvent 

material in the crystal lattice (see Fig. 2.2.2a). Since the solute and solvent atoms are different 

sizes, they interrupt the regularity of the crystal lattice. Dislocations cannot easily move around 

this interruption. It will take a much higher stress level or temperature to enable the dislocation 

to move again (see Fig. 2.2.3). The second type of solid solution is called an interstitial solution, 

such as carbon in steel. In this case, solute atoms are small enough to fit into spaces between the 

solvent atoms in the crystal lattice (see Fig. 2.2.2b). Once again, the alloying element catches the 

dislocation and prevents it from moving further. It then requires greater stress or thermal energy 
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for the dislocation to move around the impeding atom (see Fig. 2.2.4) (Newey and Weaver, 

1990).  

The degree of strength imparted by the alloying element depends on the relative 

difference in size between the solute and solvent. Fig. 2.2.5 shows a large difference in size 

creates more distortion of the crystalline lattice. This extra distortion further impedes the 

progress of dislocations, resulting in a higher strength.  

To calculate the contribution of the strengthening mechanism the different models and 

approaches have been developed (Chandrasekaran, 2001). Several authors have suggested the 

simple correlations between the flow stress and the alloy concentration: 

n

pure Hc  
 

(2.5) 

where 
pure  is the flow stress of a pure metal, c the alloy concentration, H and n are material 

constants (Dorn et al., 1950). 

A classical model for describing the increase in yield stress from atoms in solid solution 

has been presented by Fleischer (1963). In this model, the strengthening is due to a combined 

effect arising from the differences in size and shear modulus between solutes and matrix atoms. 

The interaction force between a solute and a dislocation of general character is given: 

2 3

4

1

3
a G b

a

F b xR
r

  


 

 

(2.6) 

where μ is the shear modulus, b the Burgers vector, x the distance between the solute and the 

dislocation along the slip plane, Ra the atomic radius and ra the nearest interaction distance. 

The constants, 
  and b  represent strains caused by the differences in modulus and size, 

α indicates the interaction between dislocations: 

1
b

db

b dc
 

 
(2.7) 

1 d

dc








 

(2.8) 

where c is the atomic fraction of the solute. 
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Fig. 2.2.2. The schematic illustration of a substitutional solution (a), an interstitial solution (b) 

 

 
 

Fig. 2.2.3. Representation of a dislocation stopped by a substitutional atom 

 

 

Fig. 2.2.4. Representation of a dislocation stopped by an interstitial atom
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Fig. 2.2.5. Effect of solute size 

Kocks et al. (1975) proposed an expression to generalize discrete–obstacle models. The 

activation energy, ΔG, to overcome a discrete obstacle is given as: 

0 1
ˆ

q
p

G F
  

       




 

(2.9) 

where p and q are the material parameters, ̂  the critical resolved shear stress to overcome the 

obstacle at 0 K, 0F  the activation energy needed at zero applied stress ( 0) . The critical 

resolved shear stress ̂  can be expressed as: 

3/2

0

2
ˆ

w

W
f

bL


 

(2.10) 

where W is the line tension and can be written as 
2

2

b
W


 , Lw the average inter–obstacle 

spacing, f0 is proportional to the strength of one obstacle i.e. proportional to the energy barrier of 

the obstacle.  

There is another type of the models, where dislocations are assumed to interact 

collectively with several atoms. A general feature of these models is that the dislocation line is 

locked by a number of solutes and that certain energy is required to break the dislocation free 

from the solutes. Kocks et al. (1975) introduced a model, where the dislocation line is assumed 

to be locked by a linear potential barrier in stable equilibrium. The activation area can be 

determined from the size of a bulge which is nucleated on the dislocation line, in order to break 

away from the barrier. The activation energy is given as: 

1/ 2

0
0

0

4
2 1

3

B
Kocks B

B

bF
G WF

b F

 


 

 
   

     

(2.11) 

The activation energy, G , is a function of the line tension. BF the binding energy of the 

dislocation line by solutes. 0  
the effective width of the linear barrier and the applied stress ζ. 
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0/BF b  can be identified as the critical resolved shear stress at 0 K, and expressing the line–

energy as 
2

2

b
W


  the activation energy can be rewritten as: 

 
1/23/2

3/21/2

0

ˆ4
1

ˆ3
KocksG b

 
   

 

 
 

 
   

(2.12) 

Following Arrhenius expression, the strain rate   can be expressed as a function of the activation 

energy, ΔG, and the temperature: 

0 exp
G

kT

 
  

 
                (2.13) 

where k the Boltzmann constant and T the temperature.  

In some Al–based alloys, the relationship between the strengthening contribution of a 

specific alloying element and the solute content has been represented as a linear relation. 

Alloying elements in solution with aluminum have different strengthening contributions, which 

are dependent on the solubility limits (table 2.2.2) (Burger et al., 1995; Kendig and Miracle, 

2002; Lloyd and Court, 2003; Wang et al., 2005). 

According to table 2.2.2, the strengthening effect when the element is in solid solution 

tends to increase with increasing difference in the atomic radii of the solvent (Al) and solute 

atoms. Hence, magnesium is the principal alloying element that used to strengthen aluminum by 

solid solution strengthening due to its large solubility limit, while zinc, copper and silicon 

strengthen aluminum by precipitation hardening (Davis, 1993). 

 

Table 2.2.2. The strengthening contribution of some alloying elements at room 

temperature (Davis, 1993) 

Element 
Difference in atomic 

radii, rs-rAl, % 

Yield strength addition 

MPa/wt% 

Tensile strength addition 

MPa/wt% 

Cu -10.7 ~13.8 43.1 

Mg +11.8 ~18.6 50.3 

Si -3.8 ~9.2 39.6 

Zn -6.0 ~2.9 15.2 

 

2.2.4. Precipitation hardening (Orowan mechanism) 

The addition of second–phase precipitates in a crystal matrix is a common method of 

improving the mechanical properties of materials (Nembach, 1996). A possible strengthening 

mechanism at the finer scales is the one firstly proposed by Orowan (1948), which comprises 

dislocation bowing out and overcoming undeformable particles, leaving a dislocation loop 
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around them. The dislocations bow out between two particles. Yielding occurs when the bowed–

out dislocation becomes semi–circular in shape. After the yielding, the dislocation leaves 

Orowan loops around the particles. The formation of the Orowan loops makes the dislocation 

motion more and more difficult (see Fig. 2.2.6).  

 

Fig. 2.2.6. Orowan mechanism  

The local shear stress, η, is roughly equal to the stress required to bend a dislocation to a 

semi–circle of radius, r, where L0 is the particle spacing: 

0

2W

bL
 

  
(2.14) 

where b the magnitude of the Burgers vector, W the line tension, assumed as the line energy of 

the dislocation E 

2

0

ln
4

screw

b
E

r

 




   

(2.15) 

2
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ln
4 (1 )

edge

b
E

r

 

 



    

(2.16) 

where ν the Poisson ratio, ξ and r0 the outer and inner cut–off radius of the dislocation, 

respectively.  

Ashby modified the model to incorporate the interaction between the dislocation dipoles 

on the either side of the particle. The energy of a dipole is given by Eqn (2.15), (2.16) with the 
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outer cutoff radius replaced by the dipole width, which in the case of the Orowan mechanism is 

2r, the particle diameter. In its revised form, the strengthening is described by the Orowan–

Ashby equation (Ashby, 1966; Ashby, 1968): 

2

0

0

ln
2 (1 )

Orowan

rb

L b




 
 

    

(2.17) 

where 
Orowan  is the critical resolved shear stress increment above the matrix value due to the 

Orowan mechanism and r0 is assumed as the inner cutoff radius of the dislocation. 

2.3. Severe plastic deformation techniques 

During the last two decades severe plastic deformation (SPD) is a widely known 

technique to produce the metals and alloys with sub–micrometer or nanometer grain size. 

Synthesis of ultrafine–grained (UFG) materials by SPD refers to various experimental 

procedures of metal forming that may be used to impose very high strains on materials leading to 

exceptional grain refinement. For production of bulk UFG materials with equiaxed 

microstructure and high angle grain boundary misorientation, accumulative roll bonding (ARB), 

equal channel angular pressing (ECAP), high pressure torsion (HPT), twist extrusion (TE), cyclic 

extrusion and compression (CEC) and multi–directional forging (MDF) are well known SPD 

methods. In this chapter a short review is given on these techniques in particular HPT which is 

the deformation process used in our work.  

2.3.1. Principle of severe plastic deformation (SPD) 

Producing ultrafine–grained (UFG) materials by severe plastic deformation (SPD) has 

been widely studied as an effective tool to improve properties of materials. Processing by SPD 

refers to various experimental procedures of metal forming that can apply very high strains on 

materials leading to exceptional grain refinement. A unique feature of SPD processing is that the 

strain is imposed without any significant change in the overall dimensions of the workpiece. 

Therefore, it is possible to impose a large strain to the samples by repeating SPD processing. 

Another feature is that the shape is retained by using special tool geometries that prevent free 

flow of the material and thereby produce a significant hydrostatic pressure. 

The mechanical and physical properties of crystalline materials are determined by many 

factors, and the average grain size of the material generally plays a very significant role. It is 

well known that the strength of crystalline materials can be improved by reducing the grain size. 

Materials with fine microstructure often possess extraordinary properties, including very high
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 strength, good toughness, long fatigue life (Meyers et al., 2006). For this reason, there is much 

current interest in producing metals with a very small grain size. 

In order to produce materials with ultra–fine grained structures and with superior 

mechanical properties, SPD has emerged as the fundamental process, as pointed out in review 

articles by Zhu et al. (2004) and Valiev et al. (2000). Numerous techniques for SPD processing 

are developed such as high pressure torsion (HPT), equal–channel angular pressing (ECAP), 

accumulative roll–bonding (ARB), twist extrusion (TE), cyclic extrusion and compression 

(CEC) and multi–directional forging (MDF) (see Fig. 2.3.1). The detailed descriptions of those 

techniques are given in the following sections.  

From the first studies of UFG microstructure formation during SPD, two processing 

methods have been investigated more intensively: equal channel angular pressing (ECAP) 

(Furukawa et al., 2001; Figueiredo et al., 2006; Valiev and Langdon, 2006; Zheng et al., 2006; 

Mani et al., 2011) and high pressure torsion (HPT) (Stolyarov et al., 1997; Wetscher et al., 2005; 

Yoon et al., 2008; Zhilyaev and Langdon, 2008; Kratochvıl et al., 2009; Draï and Aour, 2013; 

Srinivasarao et al., 2013). These methods have been applied for a wide range of materials: pure 

metals, alloys, composites and ceramics. Among these techniques, HPT is especially effective to 

introduce extremely large shear strain due to the occurrence of strong grain refinement (Valiev 

and Alexandrov, 1999; Zhilyaev et al., 2003; Zhilyaev and Langdon, 2008). 
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Fig. 2.3.1. Severe plastic deformation processes to produce ultra–fine grained structures 

Equal channel angular pressing High pressure torsion 

Cyclic extrusion and compression Twist extrusion 

Accumulative roll–bonding Multi–directional forging 
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2.3.2. Principle of HPT  

The fundamental principle of HPT was firstly proposed by Professor Bridgman in 1943 

(Bridgman, 1943). The concept of this method is illustrated in Fig. 2.3.2 where the two ends of 

the bar are held rigidly, the samples is subjected to longitudinal compression, the center piece is 

rotated with respect to the ends and two small machined sections with reduced radii experience a 

torsional strain (Bridgman, 1952). 

 

 

Fig. 2.3.2. General schematic of the apparatus used by Bridgman in which torsional straining is 

combined with longitudinal compression (Bridgman, 1952) 

 

The principle of the modern HPT process is illustrated schematically in Fig. 2.3.3 

(Zhilyaev et al., 2003). A specimen is held between plunger and support, strained in torsion 

under the applied pressure (P) of several GPa (1-10 GPa). A lower holder rotates and surface 

friction forces deform the specimen by shear. 

In practice, there are two main types of HPT processing depending on the shape of the 

anvils: the unconstrained HPT and constrained HPT. In unconstrained HPT, samples are placed 

between two anvils as shown in Fig. 2.3.4(a) and subjected to HPT processing. In such case, the 

material of sample is free to flow outwards when high pressure is applied, samples are mostly 

much thinner after HPT processing (Islamgaliev et al., 1997). In constrained HPT, samples are 

placed into a cavity of the lower anvil or both anvils, as shown in Fig. 2.3.4(b, c) (Zhilyaev et al., 

2007). This designing can prevent material flowing outwards, so that the HPT processed samples 

have slightly smaller thickness than before processing. Normally, the constrained HPT is more 



Chapter 2. Bibliographic review 

 22  

popular method for metal processing, as this designing conducts a more effective back–pressure 

to the samples (Figueiredo and Langdon, 2009; Krystian et al., 2010; Zhang et al., 2010). 

However, it is generally difficult to achieve an idealized constrained condition and experiments 

are often conducted under a quasi–constrained condition as shown in Fig. 2.3.4(c) where there is 

at least some limited outward flow between the upper and lower anvils. 

 

Fig. 2.3.3. Schematic illustration of HPT process 

 

 

 

 

 

 

 

 

Fig. 2.3.4. Schematic illustration for unconstrained HPT (a) and constrained HPT (b, c) 
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2.3.3. Definition of the strain imposed during HPT  

The sample, in the form of a disk, is located between two anvils where it is subjected to a 

compressive applied pressure, P, of several GPa and simultaneously it is subjected to a torsional 

strain which is imposed through rotation of the lower anvil. Surface frictional forces therefore 

deform the disk by shear so that deformation proceeds under a quasi–hydrostatic pressure. For an 

infinitely small rotation, dθ, and a displacement, dl, it follows from Fig. 2.3.5 that dl rd  where 

r is the radius of the disk, and the incremental shear strain, dγ, is then given by  

dl rd
d

h h


  

  
 (2.18) 

where h is the disk thickness. 

By further assuming that the thickness of the disk is independent of the rotation angle, θ, 

it follows from formal integration that, since 2 N  , the shear strain, γ, is given by 

2 Nr

h


 

   
(2.19) 

where N is the number of revolutions. The equivalent von Mises strain is calculated using the 

relationship: 

3


 

   

(2.20) 

 
 

Fig. 2.3.5. The parameters used to estimate the imposed strain in HPT 
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2.3.4. Variation inhomogeneity across the HPT disk 

The theoretical imposed strain during HPT is given by Eq. (2.19). As the results of this 

expression, the strain is equal to zero at the center and increases linearly to reach a maximum 

near the edges. Thus, the microstructure produced by HPT should be inhomogeneous. Some 

authors reported that the values of the microhardness along the diameter of disks processed by 

HPT vary significantly with low values in the center and high values near the edge of the disks. 

(Jiang et al., 2000; Vorhauer and Pippan, 2004; Yang and Welzel, 2005). 

In the work of Xu et al. (2007) high purity aluminum disks have been processed by HPT 

at room temperature under pressures of 1.25, 2.5 and 6 GPa for 1, 3 and 5 turns. As shown in 

Fig. 2.3.6, at the early stages of deformation, the hardness at the center of the disks under 

different pressures is higher than near the edge of the disk and with increasing the level of 

deformation the hardness becomes homogeneous along the diameter of the disk.  

 

 

Fig. 2.3.6. The average microhardness versus distance from the center of the disk after HPT 

processing: (a) under pressure of 1.25 GPa, (b) under pressure of 6 GPa and (c) after five turns 

using different pressures (Xu et al., 2007) 
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Fig. 2.3.6. (continued)  

In the work of Kawasaki et al. (2011), processing by high–pressure torsion has been conducted 

through 1/4, 1 and 5 turns and detailed microhardness measurements have been recorded on 

high–purity (99.99%) aluminum. The hardness is initially high in the centers of the HPT disks, 

but decreases with torsional straining to become reasonably homogeneous as shown in Fig. 2.3.7.  
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Fig. 2.3.7. Color–coded hardness contour maps for high–purity (99.99%) aluminum after (a) 1/4, 

(b) 1 and (c) 5 turns (Kawasaki et al., 2011) 

2.4. Mechanical properties of metals and alloys produced by HPT 

The HPT process has been the subject of many investigations as a new method of 

processing for nanostructured materials due to its ability to develop homogeneous nanostructures 

with high–angle grain boundaries (An et al., 2010). The effect of HPT on the mechanical 

behavior and alterations of microstructural features have been investigated extensively for a wide 

range of pure and alloyed metals (Islamgaliev et al., 1997; Mishra et al., 1998; Zhilyaev et al., 

2001; Zhilyaev et al., 2003; Sakai et al., 2005; Zhilyaev et al., 2005; Lugo et al., 2008; Edalati et 

al., 2008, 2009; Todaka et al., 2008; Ito and Horita, 2009; Edalati et al., 2011; Edalati and 

Horita, 2011; Ni et al., 2011; Srinivasarao et al., 2013).  

2.4.1. Processing of Al and Al alloys 

The previous investigations have shown that the application of HPT to aluminum–based 

alloys leads to both a small grain size and a high level of microhardness (Wang et al., 1996; 

Stolyarov et al., 1997; Islamgaliev et al., 2001; Gubicza et al., 2007, Loucif et al., 2010; Valiev 

et al., 2010a; Zhang et al., 2010; Ghosh et al., 2012; Tugcu et al., 2012; Sabirov et al., 2013).  

In the work of Islamgaliev et al. (2001), the nanostructured commercial V96Z1 alloy (Al– 

7.5%Zn–2.7%–Mg–2.3%Cu–0.15%Zr) after HPT demonstrated tensile strengths (up to 800 

MPa, Fig. 2.4.1) and exceptionally small grain size less than 100 nm. In the paper Horita et al. 

(1996a), in the Al–3%Mg alloy after HPT the grain size is reported around 90 nm.  
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Fig. 2.4.1. Tensile engineering stress–engineering strain curves for the nanostructured V96Z1 

alloy tested at 120°C and strain rate of 10
–3

s
–1

. Pre–annealing temperature: (1) 120°C, (2) 160°C, 

(3) 180°C, (4) 200°C (Islamgaliev et al., 2001) 

Ito and Horita (2009) and Xu et al. (2007) have investigated the evolution of the 

mechanical behavior of pure aluminum during the HPT process. The results show that the 

hardness of pure Al initially increases with increasing strain, and then, after reaching a maximum 

value, decreases to a constant level (Fig. 2.4.2, Fig. 2.4.3). Based on the TEM observations the 

following explanation of the softening behavior has been suggested (Fig. 2.4.4). In the region 

where the hardness increases, the dislocation accumulation and the subgrain boundaries 

formation occur. The hardness increase is attributed to an increase in dislocation density which 

causes more chances of the mutual interaction of dislocations within grains and of blocking of 

dislocation motion by the presence of subgrain boundaries. The region, where the hardness 

decreases with strain, appears because the dislocation density decreases within grains. It is 

considered that the decrease in dislocation density occurs because dislocations are annihilated at 

subgrain boundaries and, at the same time, this annihilation leads to an increase in the 

misorientation angles. As the misorientation angle increases, dislocations are more likely to be 

absorbed at the boundaries (Ito and Horita, 2009). This is why the misorientation increases with 

straining and more grains are surrounded by higher angle boundaries. At the region where the 

hardness remains constant, the hardening due to an increase in dislocations is balanced with 

softening due to dislocation absorption at high angle boundaries. 
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Fig. 2.4.2. Vickers microhardness plotted against distance from centers of disk samples 

after HPT under pressure of 1 GPa for revolutions of 1/8, 1/4, 1/2 and 1 (Ito and Horita (2009))  

 

Fig. 2.4.3. Vickers microhardness plotted against equivalent strain for all data points shown in 

Fig. 2.4.2 (Ito and Horita, 2009) 
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Fig. 2.4.4. Schematic illustration of microstructural evolution with straining  

(Ito and Horita, 2009) 

Fig. 2.4.5 shows the microstructures of pure Al that are taken in the central region and at the 

edge of the disk after HPT processing for one turn with an applied pressure of 1.25 GPa. Near 

the center, in Fig. 2.4.5a, it is observed the highly deformed microstructure, while at the edge, in 

Fig. 2.4.5b, the microstructure is similar to a fully annealed condition after the occurrence of 

extensive recovery. Xu et al. (2007) attributed an unusual softening phenomenon at large strain 

to easy cross–slip and dynamic recovery due to large stacking fault energy (SFE) of Al.  

A lot of processed Al alloys exhibit many unique properties including high strength and 

superplastic behavior at elevated temperatures. The first report of superplasticity after HPT was 

an elongation of ~800% achieved in an Al–4%Cu–0.5%Zr alloy at 773 K (Valiev et al., 1988). 

More recently, there have been other reports of superplastic elongations after processing by HPT 

of Al–based alloys: these recorded elongations are ~500% in an Al–3%Mg–0.2%Sc alloy (Sakai 

et al., 2005), ~750% in an Al–1420 alloy (Mishra et al., 2001), ~570% in an Al–2024 alloy 

(Dobatkin et al., 2005), ~620% in an AZ61 alloy (Harai et al., 2008), ~810% in a Mg–9%Al 

alloy (Kai et al., 2008). Fig. 2.4.6 shows the specimen produced by HPT demonstrates the 

occurrence of superplastic flow and the elongation of 500% at a strain rate of 3.3×10
−2

 s
−1 

(Sakai 

et al., 2005). 
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Fig. 2.4.5. Representative microstructures recorded by TEM after HPT processing for one turn 

with a pressure of 1.25 GPa: (a) near the center of the disk and (b) near the edge of the disk  

(Xu et al., 2007) 

 

 

Fig. 2.4.6. The appearance of the HPT sample after pulling to failure at 673K with an initial 

strain rate of 3.3×10
−2

 s
−1

: the upper sample is undeformed (Sakai et al., 2005) 
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2.4.2. Modeling  

Despite the large quantity of studies that have been carried out on HPT, most of them are 

only dedicated to microstructural evolution and mechanical characterization (Zhilyaev and 

Langdon, 2008). However, in the past few years, many researchers have attempted to develop 

various dislocation models to describe microstructural evolutions under large imposed strains 

(Langlois and Berveiller, 2003; Khan et al., 2006; Khan and Farrokh, 2006; Beyerlein and Tomé, 

2007; Mayama et al., 2007; Farrokh and Khan, 2009; Groh et al., 2009; Starink et al., 2009; 

Austin and McDowell, 2011; Li and Soh, 2012; Ostapovets et al., 2012; Oppedal et al., 2012; 

Aoyagi et al., 2013; Bertin et al., 2013; Hansen et al., 2013).  

In the physically–based model developed by Starink et al. (2013), it has been possible to 

predict the increment of hardness and grain refinement of pure metals during the HPT process. 

This model takes into account dislocation and grain boundary strengthening by incorporating the 

volume–averaged thermally activated dislocation annihilation and the grain boundary formation. 

In this model, it is considered that dislocations are retained in the grains, subsumed in grain 

boundaries or annihilate within the grain. Total cumulative dislocation line length generated 

during the deformation processing is given as the following: 

    (2.21)  

where Lig is the total dislocation line length of dislocations stored in the grain and Lgb is the total 

dislocation line length of dislocations that have moved to grain boundaries and have become part 

of the grain boundary. Therefore, the total dislocation density within the grain: 

              (2.22) 

where V is the sample volume. The rate of dislocation annihilation is described by the following 

expression: 

              (2.23) 

where tp is the time available for the dislocation annihilation process, η1 is the time constant of 

the process.  

The increment of critical resolved shear stress due to dislocations, Δηdis, is given by: 

dis igb  
            (2.24)

 
In addition to dislocation hardening, grain size hardening can also occur. According to the Hall-

Petch relation, it is proportional to d
-1/2

 , i.e. 

              (2.25) 
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where the evolution of the grain size approximately is described by: 

              (2.26) 

C5 the material parameter. The total strength of the material is described by the appropriate 

superposition rule: 

              (2.27) 

The model is tested against a database containing all available reliable published data on HPT-

processed pure metals (Fig.2.4.7). It is found that, even though the model only considers volume-

averaged evolution, it accurately predicts the hardening and grain size of pure metals. However, 

this model takes into consideration only two hardening mechanism, namely strengthening due to 

grain boundaries and strengthening by dislocations, that make some difficulties to apply this 

model to various alloys. 

 

 

Fig. 2.4.7. ΔHV predicted by the physically based model compared with 

experimentally measured ΔHV (Starink et al., 2013) 

 

The most common models of grain refinement due to large strain, particularly under 

HPT, are usually based on the notion that the dislocation cell structure, which forms in the early 

stage of plastic deformation, gradually transforms to a fine grain structure. This type of models 

are based on the approach of Kocks and Mecking (2003), which describes the deformation  
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behavior of metals and alloys in terms of a single internal variable, namely, the total dislocation 

density. Estrin et al. (1998) has proposed a constitutive model that describes the hardening 

behavior of cell–forming crystalline materials at large strains. A dislocation structure that 

develops under torsion deformation can be described as cellular, with cell walls containing a 

high dislocation density separating cell interiors where the dislocation density is significantly 

lower. The volume fraction of the walls fw is calculated using the following expression: 

              (2.28) 

where w is the wall thickness, d is the cell size, which related to the average spacing between 

dislocations,                 . 

The total dislocation density is assumed to be equal: 

              (2.29) 

where ρc is the cell interior dislocation density, ρw the dislocation density in the cell walls. The 

evolution law for ρc is described as the following: 

    (2.30) 

where α
*
, β

*
 and k0 are material constants.  

The equation that determines the evolution kinetics of the dislocation density in the walls: 
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      (2.31) 

The macroscopic stress η is considered as the sum of the stresses related to the walls and cell 

interiors: 

              (2.32) 

To validate the model it has been applied to predict the torsion deformation of pure 

polycrystalline Cu. The values of parameter giving this fit are k0=4.6, α
*
=3×10

-2
 and 

β
*
=1.8×10

-3
. The predicted hardening curve are compared with experimental results on copper 

torsion and good agreement between theory and experiment has been found (Fig.2.4.8). Despite 

on the detailed prediction dislocation density evolution, this model consider only dislocation 

hardening mechanisms. 
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Fig. 2.4.8. Strain hardening curve for copper as predicted by the present model (solid line). 

(torsional shear rate: 2 110 s   ) (Estrin et al., 1998). 

 

Zhang et al. (2011) has developed a microstructural model that is based on the evolution 

of geometrically necessary dislocations and statistically stored dislocations that incorporate grain 

refinement. The total strength of commercially pure aluminium is given by expression: 

              (2.33) 

where ζ0 is the strength of annealed aluminium, Δηss is the contribution of the solid solution 

hardening, Δηdis is the strengthening due to dislocations, Δζgb is the contribution due to grain 

boundary strengthening. The dislocation hardening is given by: 

              (2.34) 

The total dislocation density is the sum of the GND (geometrically necessary dislocations) and 

SSD (statistically stored dislocations) densities:

 

              (2.35) 

At the centre of the disk the strain should be zero and hence ρSSD is expected to be zero. 

However, the strain gradient is substantialand hence GNDs will be created. The density of GNDs 

is dependent only on strain gradient and length of Burger´s vector, but not on alloying content. In 

an idealised geometry (considering cylindrical symmetry), the strain gradient in HPT has only a 

radial component and hence the total amount of GNDs generated per unit volume is given by: 

 0y gb dis ssM        
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              (2.36) 

The strengthening due to these GNDs is given by 

1/2
2

GND

Nb

h


 

 
   

 
           (2.37)

 

The total amount of SSDs generated per unit volume can be expressed by 
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                          (2.38)

 

where KA is an alloy-dependent factor. 

Grain boundary strengthening can be expressed by 

1
gb

b
d

 
 

  
 

            (2.39) 

where d is the average grain size. The mean grain sizes, d, can be predicted using the notion that 

the average grain boundary misorientation angle, θ, is determined by the total number of 

dislocations that are subsumed in the grain boundaries per area of grain boundary. This approach 

then provides the relation: 

              (2.40) 

where ρGB is the density of dislocation contributing to grain boundary refinement 

 
                 (2.41) 

Model predictions for Al-1050A alloy are given in table 2.4.1. The modeling results show an 

excellent correspondence between measured and predicted hardness at the centre of Al-1050A 

samples processed by m-HPT for different turns. A key element of this model is the assumption 

that, at the very high strains developed in HPT, the dislocation density reaches a saturation value. 

However, the existing models have not been able to connect the flow stress with the observed 

microstructure evolution. 

In a previous work (Mazilkin et al., 2012), it has been shown that HPT of Al–30wt% Zn 

alloy induces a strong grain refinement. Surprisingly, the corresponding material behavior 

consists in a continuous strain softening. Strain softening is usually found during hot working as 

a result of dynamic recovery and dynamic recrystallization. However, at room temperature, 

occurrences of softening have been recently reported in metals subjected to SPD and have been 

attributed to the occurrence of concomitant phenomena such as dynamic recovery, dynamic 
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recrystallization, high–angle grain boundary development and supersaturated solid solution 

decomposition (Mazilkin et al., 2012).  

Table 2.4.1. Measured hardness in the centre of disk compared with model predictions for HV 

and the different strengthening components (Zhang et al., 2011) 

Alloys Turns Δηdis (MPa) ζgb (MPa) ζmodel (MPa) 
HV model 

(MPa) 

HV exper 

(MPa) 

Al-1050A 

0 

0.5 

1 

3 

5 

10 

19 

28 

35 

45 

45 

45 

0.4 

0.4 

0.4 

4 

7 

10 

77 

101 

120 

148 

151 

154 

27 

35 

41 

51 

52 

53 

30 

36 

41 

49 

52 

54 

 

2.5. Other SPD techniques 

2.5.1. Equal channel angular pressing (ECAP) 

ECAP was first introduced by Segal and his co–workers in 1980s (Segal et al., 1981). 

Since 1990s, the ECAP technique has been intensively used, and it has been regarded as a 

prospective method to produce ultrafine–grained or nanostructured materials. As illustrated in 

Fig. 2.5.1, a rod or bar–shaped samples is pressed through a special L–shaped die constrained 

within a channel which is bent at an angle, Φ, of 90
o
 or higher. A shear strain is introduced when 

the billet passes through the point of intersection of the two parts of the channel (Valiev and 

Langdon, 2006). It is known that the strain imposed by ECAP each pass is determined by two 

angles of the die, Φ and Ψ, where Φ is the channel angle, Ψ is the angle of the arc of curvature. 

The equivalent strain, ε, after each pass of ECAP is 

1
2cot cosec

2 2 2 23


        
       

        

(2.42) 

Equal strain is imposed to the material by each pass ECAP, so the equivalent strain after N0 

passes, εN, is given by 

2cot cosec
2 2 2 23

N

N


        
       

        

(2.43) 
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Fig. 2.5.1. Schematic illustration of ECAP 

During repetitive pressings, the shear strain is accumulated in the billet, leading 

ultimately to a UFG structure. In practice, different slip systems may be introduced by rotating 

the billet about its longitudinal axis between each pass and this leads to four basic processing 

routes as shown in Fig. 2.5.2. This indicates that the sample is pressed without rotation (route A), 

the sample is rotated by 90° in alternate directions between consecutive passes (route BA), the 

sample is rotated by 90° in the same sense (either clockwise or counterclockwise) between each 

pass (route BC) and the sample is rotated by 180° between passes (route C). 

There are a lot of factors influencing on the microstructure developed during ECAP such 

as the variation of the channel angle, the temperature, the velocity of pressing and the applied 

backpressure. By now, ECAP has been successfully applied to various materials such as copper 

(Valiev et al., 2002); Al alloys (Horita et al., 2001a) and Ti alloys (Stolyarov et al., 2001), etc. 
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Fig. 2.5.2. Processing routes in ECAP 

2.5.2. Accumulative roll bonding (ARB) 

Fig. 2.5.3 shows the scheme of accumulative roll bonding (ARB) procedure. Two pieces 

of strip with clean and degreased surfaces are stacked together and rolled. The rolled sheet is 

then cut into two halves that are stacked together and rolled again. The whole cycle can be 

repeated practically without limits (Saito et al., 1999). 

Suppose the strip with initial thickness t0, rolled with 50% reduction in each cycle; the 

thickness tn of individual layer, after n cycles, can be calculated according to the formula: 

0

2
n n

t
t 

   
(2.44) 

The total reduction zn after n cycles is 

0

1
1 1

2
n n

t
z

t
   

   

(2.45) 

An equivalent plastic strain ε can be expressed by von Mises yield criterion and plane strain 

condition (Milner et al., 2013): 

2 1
ln

13 nz


  
   

      

(2.46) 
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Fig. 2.5.3. Schematic illustration of accumulative roll bonding (ARB) 

Thus, the total equivalent strain ε after N cycles of the 50% roll bonding is around 0.8 

(Saito et al., 1999). In practice, the UFG structure produced by ARB is not three–dimensionally 

equiaxed but rather there is a pancake–like structure which is elongated in the lateral direction. 

The method of ARB has been used to develop the fine–grained microstructure in a number of 

materials such as aluminum and its alloys (Tsuji et al., 2002; Huang et al., 2003), steels and etc. 

(Li et al., 2006). 

2.5.3. Multi–directional forging (MDF) 

Multi–directional forging has been applied to produce the UFG structures in bulk billets 

from the first half of the 1990s (Galeyev et al., 1990). This method is one of the easiest SPD 

methods without any specific device and has a great potential to produce the relativity large 

workpiece (Valiakhmetov et al., 1990). The principle of MDF is compression process with 

changing the direction of the applied strain at each step of compression. A schematic view of the 

changes in the sample dimension during multiple compression is shown in Fig 2.5.4.  

The dimension ratio of a rectangular sample is fixed during repeated compression, the 

total strain value after repeated number N of compression, when a pass strain   is constant is 

given as: 

N      (2.47) 
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Fig. 2.5.4. Schematic illustration of multidirectional forging (Valiakhmetov et al., 1990) 

Since the shape of the tested sample does not change during MDF conditions, large plastic strain 

can be introduced into material during repeated compression. The homogeneity of the strain 

produced by MDF is lower than in ECAP and HPT. The MDF method has been applied to obtain 

a microstructure refinement in a number pure materials and alloys, e.g. pure Ti and its alloys 

(Valiakhmetov et al., 1990), pure Cu (Belyakov et al., 2001), Al and its alloys (Sitdikov et al., 

2004), etc. 

2.5.4. Twist extrusion (TE) 

Twist extrusion is carried out via pressing out a workpiece through an extrusion die, the 

cross section of the sample maintains its shape and size while it is twisted with a designated 

angle around its longitudinal axis, as shown in Fig. 2.5.5 (Beygelzimer et al., 2009). As the 

specimen is pressed through the die, it undergoes severe deformation with two simple shear 

planes: one of them is perpendicular and the other is parallel to the specimen axis. At the same 

time, the cross–section of the workpiece keeps unchanged after one pass of extrusion which 

indicates that more deformation can also be introduced by repeating the same process for 

excellent grain refinement. In practice, the plastic strain is not uniform across the cross section 

but the plastic strain increases with the distance from the axis. This microstructural heterogeneity 

leads to inhomogeneous mechanical properties with the cross–sectional center having the lowest  
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strength. It is anticipated that the microstructural homogeneity may improve with increasing 

numbers of TE passes (Orlov et al., 2009).  

 

Fig. 2.5.5. Twist extrusion scheme. The numbers 1–4 show the position of the four deformation 

zones with the orientation of their respective shift planes. The markers in cross–sections A and B 

are placed on a grid to better illustrate the shift occurring in zone 3 

2.5.5. Cyclic extrusion and compression (CEC) 

The CEC combines extrusion and compression and these two processes alternate, as 

shown in Fig. 2.5.6. The cylindrical die has two chambers of equal diameter d0. The two 

chambers are connected by a smaller diameter dm. During CEC process, the sample is pushed 

from one cylindrical chamber of diameter do to another with equal dimensions through a die with 

diameter dm. Thus, the processing induces extrusion and the chambers provide compression, so 

that, during one cycle, the material is pushed to first experience compression, then extrusion, and 

 finally compression again. The true strain produced in one cycle is calculated as: 

04ln
m

d

d


 
  

     

(2.48) 

In the second cycle, the extrusion direction is reversed, leading to the same sequence of 

deformation modes. The process can be repeated N times by pushing the sample back and forth 

to give an accumulated true strain of (NΔε). 
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Fig. 2.5.6. A schematic drawing of CEC method; FA and FB are the applied force, the extrusion 

section is in the center with the compression chambers on both sides (Richert et al., 2003)  

2.5.6. Comparison the different SPD techniques 

From the experiments, it has been observed that HPT is more effective to produce 

exceptionally small grain size with respect to ECAP. In the work Horita et al. (1996b), Al–

3%Mg solid solution alloy achieved a grain size ~90 nm after HPT processing at room 

temperature, whereas a similar alloy processed by ECAP at room temperature shown a grain size 

~ 270 nm (Iwahashi et al., 1998). For Al–2%Fe alloy (Stolyarov et al., 2002), grain sizes after 

HPT ~150 nm and 600 nm after ECAP. Tables 2.5.1 and 2.5.3 show the comparison of the 

mechanical properties and grain size for the various Al alloys processed by SPD techniques. In 

table 2.5.2, the mechanical properties of various Al alloys without SPD processing are listed. 

The present observations indicates that the SPD processing leads to a improvement in the 

mechanical properties as compared to conventional processing. 

Table 2.5.1. Information on mechanical properties of AA7075 produced via different SPD 

techniques 

Processing 

method 
Grain size 

ζ0.2 

[MPa] 

ζUTS 

[MPa] 

εu 

[%] 

εf 

[%] 
References 

ECAP (RT) 0.2–0.3 μm 470 – – ~8 Horita et al., 2001b 

ECAP (130
o
 C) 0.16 μm 399 442 2.4 9.0 

Cepeda–Jimenez et al., 

2011 

HPT 22 nm 978 1010 5.0 9.0 Liddicoat et al., 2010 
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The various alternative procedures have been described briefly in the previous sections 

and they include equal–channel angular pressing, accumulative roll–bonding, multi–directional 

forging, cyclic extrusion and compression and twist extrusion. All of these procedures are 

capable of producing good grain refinement but to date the technique attracting the most 

attention is ECAP. 

Processing by ECAP has a distinct advantage over HPT because it can be scaled up fairly 

easily for the production of large bulk materials (Horita et al., 2001a; Stolyarov et al., 2005; 

Srinivasan et al., 2006). By contrast, a scaling up of the HPT process appears to be more 

difficult. For example, there are difficulties in extending the HPT technique to the processing of 

cylindrical specimens because of the introduction of gross microstructural inhomogeneities 

within the vertical sections of the cylinders. Alternatively, it is relatively easy to extend the HPT 

process to larger thin disks and an example has been presented where the disks have initial 

diameters of 20 mm. Nevertheless, there are potential applications for the small products 

available from processing by HPT and, in addition, HPT is a relatively simple and quick 

processing technique because it avoids many of the inherent problems associated with the 

processing of difficult–to–work alloys by ECAP. It is appropriate, therefore, to make a direct 

comparison between representative microstructures produced using HPT, ECAP and other 

processing techniques.  

Table.2.5.2. Mechanical properties of Al alloys at room temperature (Hatch, 1984) 

Al alloy Processing ζUTS [MPa] εu [%] 

AA6082 T6 340 11 

AA1050 O 80 42 

Pure Al (99.99%) - 45 50 

Pure Al (99.6%) O 70 43 

AA7075 T6 572 11 

 

It has been detected from the experiments that HPT is more effective than ECAP in 

producing exceptionally small grain sizes. The grain size comparison after HPT and ECAP 

processing for a wide range of materials is given in the table 2.5.4.  
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Table 2.5.3. Mechanical properties of Al alloys processed by SPD techniques  

Al alloy 
Processing 

Grain 

size [μm] 

Strain rate 

sensitivity  

ζUTS 

[MPa] 
εu [%] References 

AA6082 ECAP 0.2–0.4 0.03 ~450 

20 

(strain rate: 

1.1ˣ10
–5

 s
–1

) 

Sabirov et al., 

2008 

AA1050 ARB 0.35–0.5 
0.042–

0.069 
~220 

~10 

(strain rate: 

10
–5 

s
–1

) 

Boehner et al., 

2011 

AA1050 ECAP 0.35–0.5 
0.040–

0.068 
~200 

~20 

(strain rate: 

10
–5 

s
–1

) 

Boehner et al., 

2011 

Pure Al 

(99.5%) 
ECAP 

0.27–

0.43 
0.014 ~200 – May et al., 2005 

Pure Al 

(99.99%) 
ECAP 1.2 0.03 ~120 – 

Chinh et al., 

2006 

Al–

30%Zn 
HPT 0.38 0.09–0.24 100 

~160 (strain 

rate: 

10
–4 

s
–1

) 

Valiev et al., 

2010b 

Al–Ni–Y–

Co–Sc 

Extrusion/

forging 
0.25 

0.020–

0.028 

689 

(RT) 
11.5 

Dutta et al., 

2009 

Pure Al 

(99.5%) 
ECAP 0.7 0.022 116 

4 (strain rate: 

3.2 s
–1

) 

Miyamoto et al., 

2006 

AA1050A ARB 0.35–0.5 0.065   
Maier et al., 

2011 

Table 2.5.4. Grain size comparison after HPT and ECAP processing 

Material Grain size after HPT Grain size after ECAP 

Al–3%Mg solid 

solution alloy 
90 nm (Horita et al., 1996a) 270 nm (Iwahashi et al., 1998) 

Al–5wt%Fe alloy 150 nm (Stolyarov et al., 2002) 600 nm (Stolyarov et al., 2002) 

High purity Ni 170 nm (Zhilyaev et al., 2002) 350 nm (Zhilyaev et al., 2002) 

Commercially purity Ti 30 nm (Dutkiewicz et al., 2005) 250 nm (Dutkiewicz et al., 2005) 
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2.5.7. Applications of the materials after HPT processing 

The innovative potential of ultrafine grained materials produced by SPD techniques is 

very high with various advanced engineering and medical applications as shown in Fig. 2.5.7 

(Valiev et al., 2007).  

Based on the numerous experimental results reported about HPT processing, it is possible 

to identify several potential applications for HPT including the following: 

1) Processing by HPT is ideally suited for the production of the very small parts needed in 

Micro Electro Mechanical Systems (MEMS) applications. 

2) The high strength and excellent biocompatibility of several materials makes HPT 

processing an attractive route for the production of dental and medical implants and for 

the development of a wide range of mini–components (such as springs, mini–screws, 

staples) for use in biomedical applications. 

3) The HPT procedure is ideal for use in the consolidation of a wide range of powders and 

machining chips. This approach can be used for the development of materials for 

hydrogen storage and other functional applications (for example, with magnetic 

materials). 

 

Fig. 2.5.7. The anticipated innovation probability in various sectors versus the specific strength: 

the highest potential is anticipated in applications and products under extreme environments 

and/or requiring extreme specific strength (Valiev et al., 2007) 

 



Chapter 2. Bibliographic review 

 46  

References 

[An et al., 2010] An, X.H., Wu, S.D., Zhang, Z.F., Figueiredo, R.B., Gao, N., Langdon, T.G., 

2010. Evolution of microstructural homogeneity in copper processed by high–pressure torsion. 

Scripta Mater. 63, 560–563. 

[Aoyagi et al., 2013] Aoyagi, Y., Kobayashi, R., Kaji, Y., Shizawa, K., 2013. Modeling and 

simulation onultrafine–graining based on multiscale crystal plasticity considering dislocation 

patterning. Int. J. Plasticity 47, 13–28. 

[Ashby, 1966] Ashby, M.F., 1966. Results and consequences of a recalculation of the Frank–

Read and the Orowan stress. Acta Metall. 14, 679–681.  

[Ashby, 1968] Ashby, M. F., 1968. in Oxide Dispersion Strengthening , proceedings of the 

Second Bolton Landing Conference, Bolton Landing, New York, 1966, edited by G. S. Ansell, 

T. D. Cooper, and F. V. Lenel (Gordon and Breach, New York, 1968), 143. 

[Austin and McDowell, 2011] Austin, R. A., McDowell, D. L., 2011. A dislocation–based 

constitutive model for viscoplastic deformation of fcc metals at very high strain rates. Int. J. 

Plasticity 27, 1–24. 

[Bai et al., 2009] Bai, P., Hou, X., Zhang, X., Zhao, C., Xing, Y., 2009. Microstructure and 

mechanical properties of a large billet of spray formed Al–Zn–Mg–Cu alloy with high Zn 

content. Mater. Sci. Eng., 508, 23–27. 

[Belyakov et al., 2001] Belyakov, A., Sakai, T., Miura, H., Tsuzaki, K., 2001. Grain refinement 

in copper under large strain deformation. Phil. Mag. A 81, 2629–2643. 

[Bertin et al., 2013] Bertin, N., Capolungo, L., Beyerlein, I.J., 2013. Hybrid dislocation 

dynamics based strain hardening constitutive model. Int. J. Plasticity 49, 119–144. 

[Beyerlein and Tomé, 2007] Beyerlein, I.J., Tomé, C.N., 2007. Modeling transients in the 

mechanical response of copper due to strain path changes. Int. J. Plasticity 23, 640–664. 

[Beygelzimer et al., 2009] Beygelzimer, Y., Varyukhin, V., Synkov, S., Orlov, D., 2009. Useful 

properties of twist extrusion. Mater. Sci. Eng. 503, 14–17. 

[Boehner et al., 2011] Boehner, A., Maier, V., Durst, K., Hoeppel, H.W., Goeken, M., 2011. 

Macro– and nanomechanical properties and strain rate sensitivity of accumulative roll bonded 

and equal channel angular pressed ultrafine–grained materials. Adv. Eng. Mater. 13, 251–255. 

http://www.sciencedirect.com/science/article/pii/S092150930801383X
http://www.sciencedirect.com/science/article/pii/S092150930801383X
http://www.sciencedirect.com/science/article/pii/S092150930801383X
http://www.sciencedirect.com/science/article/pii/S092150930801383X


Chapter 2. Bibliographic review 

 47  

[Bridgman, 1943] Bridgman, P. W., 1943. On torsion combined with compression. J. Appl. 

Phys. 14, 273–283. 

[Bridgman, 1952] Bridgman, P.W., 1952. Studies in large plastic flow and fracture, with special 

emphasis on the effects of Hydrostatic pressure. New York, NY, USA: McGraw–Hill. 

[Burger et al., 1995] Burger, G. B., Gupta, A. K., Jeffrey, P. W., Lloyd, D. J., 1995. 

Microstructural control of aluminum sheet used in automotive applications. Mater. Character. 35, 

23–39. 

[Callister and Rethwisch, 2011] Callister and Rethwisch, 2011. Fundamentals of Materials 

Science and Engineering: An Integrated Approach, 4th Edition, Wiley. 

[Cepeda–Jimenez et al., 2011] Cepeda–Jimenez, C.M., Garcia–Infanta, J.M., Ruano, O.A., 

Carreno, F., 2011. Mechanical properties at room temperature of an Al–Zn–Mg–Cu alloy 

processed by equal channel angular pressing. J. Alloys Compd. 509, 8649–8656. 

[Chandrasekaran, 2001] Chandrasekaran, D., 2001. Solid solution hardening — a comparison of 

two models. Mater. Sci. Eng. A 309–310, 184–189. 

[Chinh et al., 2006] Chinh, N.Q., Szommer, P., Csanadi, T., Langdon, T.G., 2006. Flow 

processes at low temperatures in ultrafine–grained aluminum. Mater. Sci. Eng. A 434, 326–334.  

[Davis, 1993] Davis, J.R., 1993. ASM Specialty Handbook: Aluminum and Aluminum Alloys. 

ASM International. 

[Deschamps et al., 2009] Deschamps, A., Texier, G., Ringeval, S., Delfaut–Durut, L., 2009. 

Influence of cooling rate on the precipitation microstructure in a medium strength Al–Zn–Mg 

alloy. Mater. Sci. Eng. 501, 133–139. 

[Dobatkin et al., 2005] Dobatkin, S.V., Bastarache, E.N., Sakai, G., Fujita, T., Horita, Z., 

Langdon, T.G., 2005. Grain refinement and superplastic flow in an aluminum alloy processed by 

high–pressure torsion. Mater. Sci. Eng. A. 408, 141–146. 

[Dorn et al., 1950] Dorn, J.E., Pietrokowsky P., Tietz, T.E., 1950. The effect of alloying 

elements on plastic properties of aluminum alloys. Trans AIME, 188, 933–943. 

[Draï and Aour, 2013] Draï, A., Aour, B., 2013. Analysis of plastic deformation behavior of 

HDPE during high pressure torsion process. Eng. Struct. 46, 87–93.  

http://www.amazon.com/William-D.-Callister/e/B001H6P45M/ref=dp_byline_cont_book_1
http://www.amazon.com/William-D.-Callister/e/B001H6P45M/ref=dp_byline_cont_book_1
http://www.sciencedirect.com/science/article/pii/S0921509308011398
http://www.sciencedirect.com/science/article/pii/S0921509308011398


Chapter 2. Bibliographic review 

 48  

[Dutkiewicz et al., 2005] Dutkiewicz, J., Kuśnierz, J., Maziarz, W., Lejkowska, M., Garbacz, H., 

Lewandowska, M., Dobromyslov, A.V., Kurzydlowski, K.J., 2005. Microstructure and 

mechanical properties of nanocrystalline titanium and Ti–Ta–Nb alloy manufactured using 

various deformation methods. Phys Status Solidi (a), 202, 2309–2320. 

[Dutta et al., 2009] Dutta, A., De, P.S., Mishra, R.S., Watson, T.J., 2009. Deformation behavior 

of an ultrafine–grained Al–Ni–Y–Co–Sc alloy. Mater. Sci. Eng. A 513–514, 239–246. 

[Edalati et al., 2008] Edalati, K., Fujioka, T., Horita, Z., 2008. Microstructure and mechanical 

properties of pure Cu processed by high–pressure torsion. Mater. Sci. Eng. A 497, 168–173. 

[Edalati et al., 2009] Edalati, K., Horita, Z., Yagi, S., Matsubara, E., 2009. Allotropic phase 

transformation of pure zirconium by high–pressure torsion. Mater. Sci. Eng. A 523, 277–281. 

[Edalati et al., 2011] Edalati, K., Yamamoto, A., Horita, Z., Ishihara, T., 2011. High–pressure 

torsion of pure magnesium: Evolution of mechanical properties, microstructures and hydrogen 

storage capacity with equivalent strain. Scripta Mater. 64, 880–883. 

[Edalati and Horita, 2011] Edalati, K., Horita, Z., 2011. Significance of homologous temperature 

in softening behavior and grain size of pure metals processed by high–pressure torsion. Mater. 

Sci. Eng. A 528, 7514–7523. 

[Estrin et al., 1998] Estrin, Y., Tóth, L.S., Molinari, A., Bréchet, Y., 1998. A dislocation–based 

model for all hardening stages in large strain deformation. Acta Mater. 46, 5509–5522. 

[European Aluminum Association, 2013] European Aluminum Association. Aluminium in cars. 

Unlocking the light-weighting potential 2013. 1–26. 

[Farrokh and Khan, 2009] Farrokh, B., Khan, A.S., 2009. Grain size, strain rate, and temperature 

dependence of flow stress in ultra–fine grained and nanocrystalline Cu and Al: Synthesis, 

experiment, and constitutive modeling. Int. J. Plasticity 25, 715–732. 

[Figueiredo et al., 2006] Figueiredo, R.B., Pinheiro, I. P., Paulino Aguilar, M. T., Modenesi, P. 

J., Cetlin, P. R., 2006. The finite element analysis of equal channel angular pressing (ECAP) 

considering the strain path dependence of the work hardening of metals. J. Mater. Process. 

Technol. 180, 30–36. 

[Figueiredo and Langdon, 2009] Figueiredo, R.B., Langdon, T.G., 2009. Using severe plastic 

deformation for the processing of advanced engineering materials. Mater. Trans. 50, 1613–1619.   



Chapter 2. Bibliographic review 

 49  

[Fleischer, 1963] Fleischer, R.L., 1963. Substitutional solution hardening. Acta Metal. 11, 203–

209.  

[Furukawa et al., 2001] Furukawa, M., Horita, Z., Nemoto, M., Langdon, T. G., 2001. Review 

processing of metals by equal–channel angular pressing. J. Mater. Sci. 36, 2835–2843. 

[Galeyev et al., 1990] Galeyev, R.M., Valiakhmetov, O.R., Salishchev, G.A., 1990. Dynamic 

recrystallization of coarse–grained titanium alloy in the (Alpha+Beta) region. Russian Metall., 4, 

99–105. 

[García–Infanta et al., 2009] García–Infanta, J.M., Zhilyaev, A.P, Sharafutdinov, A., Ruano, 

O.A., Carreño, F., 2009. An evidence of high strain rate superplasticity at intermediate 

homologous temperatures in an Al–Zn–Mg–Cu alloy processed by high–pressure torsion. J. 

Alloys Compd. 473, 163–166.  

[Ghosh et al., 2012] Ghosh, K.S., Gao, N., Starink, M.J., 2012. Characterisation of high pressure 

torsion processed 7150 Al–Zn–Mg–Cu alloy. Mater. Sci. Eng A 552, 164–171. 

[Groh et al., 2009] Groh, S., Marin, E.B., Horstemeyer, M.F., Zbib, H.M., 2009. Multiscale 

modeling of the plasticity in an aluminum single crystal. Int. J. Plasticity 25, 1456–1473. 

[Gubicza et al., 2007] Gubicza, J., Schiller, I., Chinh, N.Q., Illy, J., Horita, Z., Langdon, T.G., 

2007. The effect of severe plastic deformation on precipitation in supersaturated Al–Zn–Mg 

alloys. Mater. Sci. Eng. A 460–461, 77–85. 

[Hall, 1951] Hall, E.O., 1951. The deformation and ageing of mild steel: III discussion of results. 

Proc. Phys. Soc. B., 64, 747–753.  

[Hansen et al., 2013] Hansen, B.L., Beyerlein, I.J., Bronkhorst, C.A., Cerreta, E.K., Dennis–

Koller, D., 2013. A dislocation–based multi–rate single crystal plasticity model. Int. J. Plasticity 

44, 129–146. 

[Harai et al., 2008] Harai, Y., Kai, M., Kaneko, K., Horita, Z., T.G. Langdon, 2008. 

Microstructural and mechanical characteristics of an AZ61 magnesium alloy processed by High–

pressure torsion. Mater. Trans. 49, 76–83. 

[Hatch, 1984] Hatch, J.E., 1984. Aluminum: properties and physical metallurgy. Ohio: American 

Society for Metals (ASM).  

 

http://www.sciencedirect.com/science/article/pii/S0925838808009390
http://www.sciencedirect.com/science/article/pii/S0925838808009390
http://www.sciencedirect.com/science/article/pii/S0925838808009390


Chapter 2. Bibliographic review 

 50  

[Horita et al., 1996a] Horita, Z., Smith, D.J., Furukawa, M., Nemoto, M., Valiev, R.Z., Langdon, 

T.G., 1996a. Evolution of grain boundary structure in submicrometer–grained Al–Mg alloy. 

Mater. Character. 37, 285–294. 

[Horita et al., 1996b] Horita, Z., Smith, D.J., Furukawa, M., Nemoto, M., Valiev, R.Z., Langdon, 

T.G., 1996b. An investigation of grain boundaries in submicrometer–grained Al–Mg solid 

solution alloys using high–resolution electron microscopy. J Mater Res. 11, 1880–1890. 

[Horita et al., 2001a] Horita, Z., Fujinami, T., Langdon, T.G., 2001a. The potential for scaling 

ECAP: effect of sample size on grain refinement and mechanical properties. Mater. Sci. Eng. A, 

318, 34–41. 

[Horita et al., 2001b] Horita, Z., Fujinami, T., Nemoto, M., Langdon, T.G., 2001b. Improvement 

of mechanical properties for Al alloys using equal–channel angular pressing. J. Mater. Proc. 

Tech. 117, 288–292.  

[Huang et al., 2003] Huang, X., Tsuji, N., Hansen, N., Minamino, Y., 2003. Microstructural 

evolution during accumulative roll–bonding of commercial purity aluminum. Mat. Sci. Eng. 340, 

265–271. 

[Islamgaliev et al., 1997] Islamgaliev, R.K., Chmelik, F., Kuzel, R., 1997. Thermal structure 

changes in copper and nickel processed by severe plastic deformation. Mater. Sci. Eng. A 234–

236, 335–338. 

[Islamgaliev et al., 2001] Islamgaliev, R.K., Yunusova, N.F., Sabirov, I.N., Sergueeva, A.V., 

Valiev, R.Z., 2001. Deformation behavior of nanostructured aluminum alloy processed by severe 

plastic deformation. Mater. Sci. Eng. A 319–321, 877–881. 

[Ito and Horita, 2009] Ito, Y., Horita, Z., 2009. Microstructural evolution in pure aluminum 

processed by high–pressure torsion. Mater. Sci. Eng. A 503, 32–36. 

[Iwahashi et al., 1998] Iwahashi, Y., Horita, Z., Nemoto, M., Langdon, T.G., 1998. Factors 

influencing the equilibrium grain size in equal–channel angular pressing: role of Mg additions to 

aluminum. Metall. Mater. Trans. A 29, 2503–2510. 

[Jiang et al., 2000] Jiang, H., Zhu, Y.T., Butt, D.P., Alexandrov, I.V., Lowe, T.C., 2000. 

Microstructural evolution, microhardness and thermal stability of HPT–processed Cu. Mater. 

Sci. Eng. 290, 128–138.  



Chapter 2. Bibliographic review 

 51  

[Kai et al., 2008] Kai, M., Horita, Z., Langdon, T.G., 2008. Developing grain refinement and 

superplasticity in a magnesium alloy processed by high–pressure torsion. Mater. Sci. Eng. A 

488, 117–124. 

[Kawasaki et al., 2011] Kawasaki, M., Alhajeri, S. N., Xu, C., Langdon, T. G., 2011. The 

development of hardness homogeneity in pure aluminum and aluminum alloy disks processed by 

high–pressure torsion. Mater. Sci. Eng. A 529, 345–351. 

[Kendig and Miracle, 2002] Kendig, K. L., Miracle, D. B., 2002. Strengthening mechanisms of 

an Al–Mg–Sc–Zr alloy. Acta Mater. 50, 4165–4175.  

[Key to Metals AG, 2012] Key to Metals AG., 2012. Aluminum alloys in military vehicles and 

equipment. http://www.keytometals.com/ 

[Khan and Farrokh, 2006] Khan, A.S., Farrokh, B., 2006. Thermo–mechanical response of nylon 

under uniaxial and multi–axial loadings: Part I, Experimental results over wide ranges of 

temperature and strain rates. Int. J. Plasticity 22, 1506–1529. 

[Khan et al., 2006] Khan, A.S., Suh, Y.S., Chen, X., Takacs, L., Zhang, H.Y., 2006. 

Nanocrystalline aluminum and iron: Mechanical behavior at quasi–static and high strain rates, 

and constitutive modeling. Int. J. Plasticity 22, 195–209. 

[Kocks, 1966] Kocks, U.F., 1966. A statistical theory of flow stress and work–hardening. Philos. 

Mag. 13, 541–566. 

[Kocks et al., 1975] Kocks, U.F., Argon, A.S., Ashby, M.F., 1975. Thermodynamics and kinetics 

of slip. Prog. Mater. Sci. 19, Pergamon Press, Oxford. 

[Kocks and Mecking, 2003] Kocks, U.F., Mecking, H., 2003. Physics and phenomenology of 

strain hardening: the FCC case. Prog. Mater. Sci. 48, 171–273. 

[Kratochvıl et al., 2009] Kratochvıl, J., Kruzık, M., Sedlacek, R., 2009. A model of ultrafine 

microstructure evolution in materials deformed by high–pressure torsion. Acta Mater. 57, 739–

748. 

[Krystian et al., 2010] Krystian. M., Setman, D., Mingler, B., Krexner, G., Zehetbauer, M.J., 

2010. Formation of superabundant vacancies in nano–Pd–H generated by high–pressure torsion. 

Scripta Mater. 62, 49–52. 

 

http://www.keytometals.com/


Chapter 2. Bibliographic review 

 52  

[Langlois and Berveiller, 2003] Langlois, L., Berveiller, M., 2003. Overall softening and 

anisotropy related with the formation and evolution of dislocation cell structures. Int. J. Plasticity 

19, 599–624.  

[Li et al., 2006] Li, B.L., Tsuji, N., Kamikawa, N., 2006. Microstructure homogeneity in various 

metallic materials heavily deformed by accumulative roll–bonding. Mat. Sci. Eng. 423, 331–342. 

[Li and Soh, 2012] Li, J., Soh, A.K., 2012. Modeling of the plastic deformation of 

nanostructured materials with grain size gradient. Int. J. Plasticity 39, 88–102. 

[Liddicoat et al., 2010] Liddicoat, P.V., Liao, X.Z., Zhao, Y.H., Zhu, Y.T., Murashkin, M.Y., 

Lavernia, E.J., Valiev, R.Z., Ringer, S.P., 2010. Nanostructural hierarchy increase the strength of 

aluminum alloys. Nat. Commun. 1, 63, 1–7. 

[Lloyd and Court, 2003] Lloyd, D. J., Court, S. A., 2003. Influence of grain size on tensile 

properties of Al–Mg alloys. Mater. Sci. Technol. 19, 1349–1354.  

[Löffler, 1995] Löffler, H., 1995. Structure and structure development in Al–Zn alloys. 

Akademie Verlag, Berlin.  

[Loucif et al., 2010] Loucif, A., Figueiredo, R. B., Baudin, T., Brisset, F., Langdon, T.G., 2010. 

Microstructural evolution in an Al–6061 alloy processed by high–pressure torsion. Mater. Sci. 

Eng. A 527, 4864–4869. 

[Lugo et al., 2008] Lugo, N., Llorca, N., Cabrera, J.M., Horita, Z., 2008. Microstructures and 

mechanical properties of pure copper deformed severely by equal–channel angular pressing and 

high pressure torsion. Mater. Sci. Eng. A 477, 366–371. 

[Maier et al., 2011] Maier, V., Durst, K., Mueller, J., Backes, B., Hoeppel, H.W., Goeken, M., 

2011. Nanoindentation strain–rate jump tests for determining the local strain–rate sensitivity in 

nanocrystalline Ni and ultrafine–grained Al. J. Mater. Res. 26, 1421–1430.  

[Mani et al., 2011] Mani, B., Jahedi, M., Paydar, M. H., 2011. A modification on ECAP process 

by incorporating torsional deformation. Mater. Sci. Eng. A 528, 4159–4165. 

[May et al., 2005] May, J., Hoeppel, H.W., Goeken, M., 2005. Strain rate sensitivity of ultrafine–

grained aluminum processed by severe plastic deformation. Scripta Mater. 53, 189–194.  

 



Chapter 2. Bibliographic review 

 53  

[Mayama et al., 2007] Mayama, T., Sasaki, K., Ishikawa, H., 2007. A constitutive model of 

cyclic viscoplasticity considering changes in subsequent viscoplastic deformation due to the 

evolution of dislocation structures. Int. J. Plasticity 23, 915–930.  

[Mazilkin et al., 2006] Mazilkin, A.A., Straumal, B.B., Rabkin, E., Baretzky, B., Enders, S., 

Protasova, S.G., Kogtenkova, O.A., Valiev, R.Z., 2006. Softening of nanostructured Al–Zn and 

Al–Mg alloys after severe plastic deformation. Acta Mater. 54, 3933–3939. 

[Mazilkin et al., 2012] Mazilkin, A.A., Straumal, B.B., Borodachenkova, M.V., Valiev, R.Z., 

Kogtenkova, O.A., Baretzky, B., 2012. Gradual softening of Al–Zn alloys during high pressure 

torsion. Mater. Letters. 84, 63–65.  

[Mazzolani, 1994] Mazzolani, 1994. Aluminium Alloy Structures, Second Edition. CRC Press. 

[Mecking et al., 1986] Mecking, H., Nicklas, B., Zarubova, N., Kocks, U.F., 1986. A ‗universal‘ 

temperature scale for plastic flow. Acta Metal. 34, 527–535. 

[Meyers et al., 2006] Meyers, M.A., Mishra, A., Benson, D.J., 2006. Mechanical properties of 

nanocrystalline materials. Prog. Mater. Sci. 51, 427–556. 

[Milner et al., 2013] Milner, J.L., Bunget, C., Abu–Farha, F., Kurfess, T., Hammond, V.H., 

2013. Modeling tensile strength of materials processed by accumulative roll bonding. J. Manuf. 

Process. 15, 219–226.  

[Mishra et al., 1998] Mishra, R.S., Valiev, R.Z., McFadden, S.X., Mukherjee, A.K., 1998. 

Tensile superplasticity in a nanocrystalline nickel aluminide. Mater. Sci. Eng. A 252, 174–178. 

[Mishra et al., 2001] Mishra, R.S., Valiev, R.Z., McFadden, S.X., Islamgaliev, R.K., Mukherjee, 

A.K., 2001. High strain–rate superplasticity from nanocrystalline Al alloy 1420 at low 

temperatures. Philos. Mag. A 81, 37–48. 

[Miyamoto et al., 2006] Miyamoto, H., Ota, K., Mimaki, T., 2006. Viscous nature of 

deformation of ultrafine aluminum processed by equal–channel angular pressing. Scr. Mater. 54, 

1721–1725. 

[Mondolfo, 1976] Mondolfo, A. L., 1976. Aluminum alloys: structure and properties. London: 

Butterworths. 

[Morgan, 1985] Morgan, S. W. K., 1985. Zinc and its alloys and compounds. E. Horwood; New 

York; Chichester; Brisbane.  



Chapter 2. Bibliographic review 

 54  

[Nembach, 1996] Nembach, E., 1996. Particle strengthening of metals and alloys. Wiley-

Interscience, New York, USA. 

[Newey and Weaver, 1990] Newey, C., Weaver, G., 1990. Materials Principles and Practice. 

Alden Press (London&Northampton) Ltd, London, England. 

[Ng et al., 2011] Ng, H.P., Bettles, C.J., Muddle, B.C., 2011. Some observations on 

deformation–related discontinuous precipitation in an Al–14.6at.%Zn alloy. J. Alloys Compd. 

509, 1582–1589. 

[Ni et al., 2011] Ni, S., Wang, Y.B., Liao, X.Z., Alhajeri, S.N., Li, H.Q., Zhao, Y.H., Lavernia, 

E.J., Ringer, S.P., Langdon, T.G., Zhu, Y.T., 2011. Strain hardening and softening in a 

nanocrystalline Ni-Fe alloy induced by severe plastic deformation. Mater. Sci. Eng. A 528, 

3398–3403. 

[Oppedal et al., 2012] Oppedal, A.L., El Kadiri, H., Tomé, C.N., Kaschner, G.C., Vogel, S. C., 

Baird, J.C., Horstemeyer, M.F., 2012. Effect of dislocation transmutation on modeling hardening 

mechanisms by twinning in magnesium. Int. J. Plasticity 30–31, 41–61. 

[Orlov et al., 2009] Orlov, D., Beygelzimer, Y., Synkov, S., Varyukhin, V., Tsuji, N., Horita, Z., 

2009. Plastic flow, structure and mechanical properties in pure Al deformed by twist extrusion. 

Mater. Sci. Eng. A 519, 105–111. 

[Orowan, 1948] Orowan, E., 1948. Discussion in symposium on internal stresses in metals and 

alloys. Monograph and pept. series 5, Institute of metals, London, 451. 

[Ostapovets et al., 2012] Ostapovets, A., Šedá, P., Jäger, A., Lejček, P., 2012. New 

misorientation scheme for a visco–plastic self–consistent model: Equal channel angular pressing 

of magnesium single crystals. Int. J. Plasticity 29, 1–12. 

[Pearson, 1967] Pearson, W. B., 1967. Handbook of lattice spacings and structures of metals and 

alloys. Pergamon Press, Oxford. 

[Petch, 1953] Petch, N.J., 1953. The cleavage strength of polycristals. J. Iron Steel Inst. 174, 25–

28. 

[Richert et al., 2003] Richert, M., Stuwe, H.P., Zehetbauer , M.J., Richert, J., Pippanb, R., Motz, 

Ch., Schafler, E., 2003. Work hardening and microstructure of AlMg5 after severe plastic 

deformation by cyclic extrusion and compression. Mater. Sci. Eng. A, 355, 180–185.  

http://www.sciencedirect.com/science/article/pii/S0925838810026976
http://www.sciencedirect.com/science/article/pii/S0925838810026976
http://www.sciencedirect.com/science/article/pii/S0925838810026976


Chapter 2. Bibliographic review 

 55  

[Sabirov et al., 2008] Sabirov, I.N., Estrin, Y., Barnett, M.R., Timokhina, I., Hodgson, P.D., 

2008. Tensile deformation of an ultrafine–grained aluminum alloy: Micro shear banding and 

grain boundary sliding. Acta Mater. 56, 2223–2230. 

[Sabirov et al., 2013] Sabirov, I., Murashkin, M.Yu., Valiev, R.Z., 2013. Nanostructured 

aluminum alloys produced by severe plastic deformation: New horizons in development. Mater. 

Sci. Eng. A 560, 1–24. 

[Saito et al., 1999] Saito, Y., Utsunomiya, H., Tsuji, N., Sakai, T., 1999. Novel ultra high 

straining process for bulk materials–development of the accumulative roll bonding (ARB) 

process. Acta Mater. 47, 579–583. 

[Sakai et al., 2005] Sakai, G., Horita, Z., Langdon, T.G., 2005. Grain refinement and 

superplasticity in an aluminum alloy processed by high–pressure torsion. Mater. Sci. Eng. A 393, 

344–351. 

[Segal et al., 1981] Segal, V.M., Reznikov, V.I., Drobyshevskiy, A.E., Kopylov, V.I., 1981. 

Plastic working of metals by simple shear. Russian Metallurgy, 99–105.  

[Sitdikov et al., 2004] Sitdikov, O., Sakai, T., Goloborodko, A., Miura, H., 2004. Grain 

fragmentation in a coarse–grained 7475 Al alloy during hot deformation. Scr. Mater. 51, 175–

179. 

[Skillingberg, 2007] Skillingberg, M., 2007. Aluminum applications in the rail industry. 1, 1–5. 

[Srinivasan et al., 2006] Srinivasan, R., Cherukuri, B., Chaudhury, P.K., 2006. Scaling up of 

equal channel angular pressing (ECAP) for the production of forging stock. Mater. Sci. Forum, 

503–504, 371–378. 

[Srinivasarao et al., 2013] Srinivasarao, B., Zhilyaev, A.P., Langdon, T.G., Perez–Prado, M.T., 

2013. On the relation between the microstructure and the mechanical behaviour of pure Zn 

processed by high pressure torsion. Mater. Sci. Eng. A 562, 196–202. 

[Starink et al., 2013] Starink, M. J., Cheng, X., Yang, S., 2013. Hardening of pure metals by high 

pressure torsion: A physically based model employing volume–averaged defect evolutions. Acta 

Mater. 61, 183–192. 

 

 



Chapter 2. Bibliographic review 

 56  

[Starink et al., 2009] Starink, M. J., Qiao, X. G., Zhang, J., Gao, N., 2009. Predicting grain 

refinement by cold severe plastic deformation in alloys using volume averaged dislocation 

generation. Acta Mater. 57, 5796–5811. 

[Stawovy, 1998] Stawovy, M.T., 1998. Processing of aluminum alloys containing displacement 

reaction products. Ph.D thesis, Virginia Polytechnic Institute and State University. 

[Stolyarov et al., 1997] Stolyarov, V.V., Latysh, V.V., Shundalov, V.A., Salimonenko, D.A., 

Islamgaliev, R.K., Valiev, R.Z., 1997. Influence of severe plastic deformation on aging effect of 

Al–Zn–Mg–Cu–Zr alloy. Mater. Sci. Eng. A 234–236, 339–342. 

[Stolyarov et al., 2001] Stolyarov, V.V., Zhu, Y.T., Alexandrov, I.V., Lowe, T.C., Valiev, R.Z., 

2001. Influence of ECAP routes on the microstructure and properties of pure Ti. Mater. Sci. Eng. 

A 299, 59–67. 

[Stolyarov et al., 2002] Stolyarov, V.V., Soshnikova, E. P., Brodova, I. G., Bashlykov, D. V.,  

Kil‘mametov, A. R., 2002. The aging effect in an ultrafine-grained Al-5% Fe alloy produced by 

severe plastic deformation. Phys. Met. Metallogr. 93, 567-574. 

[Stolyarov et al., 2005] Stolyarov, V.V., Zhu, Y.T., Raab, G.I., Zharikov, A.I., Valiev, R.Z., 

2005. Effect of initial microstructure on the microstructural evolution and mechanical properties 

of Ti during cold rolling. Mater. Sci. Eng. A 385, 309–313.  

[Straumal et al., 2008] Straumal, B.B., Valiev, R., Kogtenkova, O., Zieba, P., Czeppe, T., 

Bielanska, E., Faryna, M., 2008. Thermal evolution and grain boundary phase transformations in 

severely deformed nanograined Al–Zn alloys. Acta Mater. 56, 6123-6131. 

[Thompson and Baskes, 1973] Thompson, A.W., Baskes, M.I., 1973. The influence of grain size 

on the work hardening of Face–centered cubic polycrystals. Philos. Mag. 28, 301–308. 

[Todaka et al., 2008] Todaka, Y., Sasaki, J., Moto, T., Umemoto, M., 2008. Bulk 

submicrocrystalline ω–Ti produced by high–pressure torsion straining. Scr. Mater. 59, 615–618.  

[Tsuji et al., 2002] Tsuji, N., Ito, Y., Saito, Y., Minamino, Y., 2002. Strength and ductility of 

ultrafine grained aluminum and iron produced by ARB and annealing. Scr. Mater. 47, 893–899. 

[Tugcu et al., 2012] Tugcu, K., Sha, G., Liao, X.Z., Trimby, P., Xia, J.H., Murashkin, M.Y., Xie, 

Y., Valiev, R.Z., Ringer, S.P., 2012. Enhanced grain refinement of an Al–Mg–Si alloy by high 

pressure torsion processing at 100
o
C. Mater. Sci. Eng. A 552, 415–418.  



Chapter 2. Bibliographic review 

 57  

[Valiakhmetov et al., 1990] Valiakhmetov, O.R., Galeyev, R.M., Salishchev, G.A., 1990. 

Mechanical properties of the titanium alloy VT8 with submicrocrystalline structure. Phys. Met. 

Metall. 70, 198–208. 

[Valiev et al., 1988] Valiev, R.Z., Kaibyshev, O.A., Kuznetsov, R.I., Musalimov, R.Sh., Tsenev, 

N.K., 1988. Doklady Akad. Nauk SSSR 301, 864 (in Russian). 

[Valiev and Alexandrov, 1999] Valiev, R.Z., Alexandrov, I.V., 1999. Nanostructured materials 

from severe plastic deformation. Nanostruct. Mater. 12, 35–40. 

[Valiev et al., 2000] Valiev, R.Z., Islamgaliev, R.K., Alexandrov, I.V., 2000. Bulk 

nanostructured materials from severe plastic deformation. Prog. Mater. Sci. 45, 103–189. 

[Valiev et al., 2002] Valiev, R.Z., Alexandrov, I.V., Zhu, Y.T., Lowe, T.C., 2002. Paradox of 

strength and ductility in metals processed by severe plastic deformation. J. Mater. Res. 17, 5–8. 

[Valiev and Langdon, 2006] Valiev, R. Z., Langdon, T. G., 2006. Principles of equal–channel 

angular pressing as a processing tool for grain refinement. Prog. Mater. Sci. 51, 881–981.  

[Valiev et al., 2007] Valiev, R.Z., Zehetbauer, M. J., Estrin, Y., Höppel, H. W., Ivanisenko, Y., 

Hahn, H., Wilde, G., Roven, H.J., Sauvage, X., Langdon, T.G., 2007. The innovation potential of 

bulk nanostructured materials. Adv. Eng. Mater. 9, 527–533. 

[Valiev et al., 2010a] Valiev, R.Z., Enikeev, N.A., Murashkin, M.Yu., Kazykhanov, V.U., 

Sauvage, X., 2010. On the origin of the extremely high strength of ultrafine–grained Al alloys 

produced by severe plastic deformation. Scr. Mater. 63, 949–952.  

[Valiev et al., 2010b] Valiev, R.Z., Murashkin, M.Yu., Kilmametov, A., Straumal, B., Chinh, 

N.Q., Langdon, T.G., 2010. Unusual super–ductility at room temperature in an ultrafine–grained 

aluminum alloy. J. Mater. Sci. 45, 4718–4724.  

[Vorhauer and Pippan, 2004] Vorhauer, A., Pippan, R., 2004. On the homogeneity of 

deformation by high pressure torsion. Scr. Mater. 51, 921–925. 

[Wang et al., 1996] Wang, J., Iwahashi, Y., Horita, Z., Furukawa, M., Nemoto, M., Valiev, R.Z., 

Langdon, T.G., 1996. An investigation of microstructural stability in an Al–Mg alloy with 

submicrometer grain size. Acta Mater. 44, 2973–2982. 

  



Chapter 2. Bibliographic review 

 58  

[Wang et al., 2005] Wang, S.C., Zhu, Z., Starink, M. J., 2005. Estimation of dislocation densities 

in cold rolled Al–Mg–Cu–Mn alloys by combination of yield strength data, EBSD and strength 

models. J. Microsc. 217, 174–178. 

[Wetscher et al., 2005] Wetscher, F., Vorhauer, A., Pippan, R., 2005. Strain hardening during 

high pressure torsion deformation. Mater. Sci. Eng. A 410–411, 213–216.  

[Xu et al., 2007] Xu, C., Horita, Z., Langdon, T.G., 2007. The evolution of homogeneity in 

processing by high–pressure torsion. Acta Mater. 55, 203–212. 

[Yang and Welzel, 2005] Yang, Z., Welzel, U., 2005. Microstructure–microhardness relation of 

nanostructured Ni produced by high–pressure torsion. Mater Lett. 59, 3406–3409. 

[Yoon et al., 2008] Yoon, S.C., Horita, Z., Kim, H.S., 2008. Finite element analysis of plastic 

deformation behaviour during high pressure torsion processing. J. Mater. Process. Technol. 201, 

32–36. 

[Zhang et al., 2010] Zhang, J.W., Gao, N., Starink, M.J., 2010. Al–Mg–Cu based alloys and pure 

Al processed by high pressure torsion: The influence of alloying additions on strengthening. 

Mater. Sci. Eng. A 527, 3472–3479.  

[Zhang et al., 2011] Zhang, J., Gao, N., Starink, M. J., 2011. Microstructure development and 

hardening during high pressure torsion of commercially pure aluminum: strain reversal 

experiments and a dislocation based model. Mater. Sci. Eng. A 528, 2581–2591. 

[Zheng et al., 2006] Zheng, L.J., Li, H.X., Hashmi, M.F., Chen, C.Q., Zhang, Y., Zeng, M.G., 

2006. Evolution of microstructure and strengthening of 7050 Al alloy by ECAP combined with 

heat–treatment. J. Mater. Process. Technol. 171, 100–107.  

[Zhilyaev et al., 2001] Zhilyaev, A.P., Lee, S., Nurislamova, G.V., Valiev, R.Z., Langdon, T.G., 

2001. Microhardness and microstructural evolution in pure nickel during high–pressure torsion. 

Scr. Mater. 44, 2753–2758. 

[Zhilyaev et al., 2002] Zhilyaev, A.P., Kim, B–K., Nurislamova, G.V., Baro, M.D., Szpunar, 

J.A., Langdon, T.G., 2002. Orientation imaging microscopy of ultrafine–grained nickel. Scr. 

Mater. 46, 575–580. 

[Zhilyaev and Langdon, 2008] Zhilyaev, A.P., Langdon, T.G., 2008. Using high–pressure torsion 

for metal processing: Fundamentals and applications. Prog. Mater. Sci. 53, 893–979.  



Chapter 2. Bibliographic review 

 59  

[Zhilyaev et al., 2003] Zhilyaev, A.P., Nurislamova, G.V., Kim, B.–K., Baró, M.D., Szpunar, 

J.A., Langdon, T.G., 2003. Experimental parameters influencing grain refinement and 

microstructural evolution during high–pressure torsion. Acta Mater. 51, 753–765. 

[Zhilyaev et al., 2005] Zhilyaev, A.P., Oh–ishi, K., Langdon, T.G., McNelley, T.R., 2005. 

Microstructural evolution in commercial purity aluminum during high–pressure torsion. Mater. 

Sci. Eng. A 410–411, 277–280.  

[Zhilyaev et al., 2007] Zhilyaev, A.P., McNelley, T.R., Langdon, T.G., 2007. Evolution of 

microstructure and microtexture in fcc metals during high–pressure torsion. J. Mater. Sci. 42, 

1517–1528.  

 

[Zhu et al., 2004] Zhu, Y.T., Lowe, T.C., Langdon, T.G., 2004. Performance and applications of 

nanostructured materials produced by severe plastic deformation. Scr. Mater. 51, 825–830. 

 



 

   

 

 

 

 

 

 

 

 

 

 

Chapter 3 

 Materials and experimental methods  

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 3. Materials and experimental methods 

 61  

In this chapter, details of the materials, SPD processing, analysis methods and 

experimental procedures are introduced. The main procedures of the study are as follows: First, 

processing of the materials by using the HPT technique with different strains; Second, 

characterization of the microstructure (grain size, dislocation density, lattice parameters, etc.) 

and mechanical properties of each sample. 

3.1. Material fabrication 

Al–30wt% Zn alloy was prepared by induction melting in vacuum from high purity 

elements (5N Al and 5N5 Zn). After melting, the alloy was poured in vacuum into a water–

cooled copper crucible with an internal diameter of 10 mm. The cylinders of 50 mm length and 

10 mm diameter were melted. Samples of the alloy were cut by spark machining in the disks 

with a thickness of about 1 mm and diameter of 10 mm, and then polished mechanically to a 

thickness of 0.38 mm.  

3.2. Mechanical characterization 

3.2.1. High pressure torsion  

The principle of HPT is described in several articles (Vorhauer and Pippan, 2004; Horita 

and Langdon, 2005; Zhilyaev et al., 2005). Fig. 3.2.1 shows the photo of HPT die–set in the Ufa 

State Aviation Technical University, Russia. This tool has been used for HPT processing. The 

HPT process was conducted under quasi–constrained conditions. Fig. 3.2.2 illustrates the 

schematic of quasi–constrained HPT, where the outer flow of the disk–shaped sample nearby its 

peripheries is limited. A disk–shaped sample placed in the depression between massive anvils 

and is subjected to torsional straining under a high hydrostatic pressure of the order of several 

GPa. The flat bottom of depression is roughened to increase the frictional force between the disk 

and the anvil. A lubricant containing MoS2 is applied to around the depression periphery of the 

lower anvil to decrease the frictional force between the anvils. The HPT process has been 

performed at room temperature and conducted under an applied pressure, P, of 6.0 GPa for 0.2, 

0.5, 0.7, 1 and 5 anvil revolutions at a constant angular velocity of 1 rpm. The five samples have 

been produced for each condition. During the processing, the main volume of the material is 

deformed in conditions of quasi–hydrostatic compression. As a result, in spite of the large strain 

values, the deformed sample is not destroyed. 
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Fig. 3.2.1. The photo of HPT die–set. Pmax=6 GPa 

The HPT equipment allows the direct measurement of the applied torque (Zehetbauer and 

Zhu, 2009). The shear strain is calculated according to Eq. (2.19). The shear stress is calculated 

using the following relation: 

3

1 3

2

Q

M r






     

(3.1) 

where Q  is the measured torque and r  is the radius of the sample. M  is the Taylor factor for 

torsion whose value is suggested to be 1.65 for FCC metals (Zehetbauer et al., 2004).  
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Fig. 3.2.2. Schematic illustration of quasi–constrained HPT setup used in tests 

3.2.2. Hardness measurements 

Hardness measurements have been performed also at 2.5 mm from the center, using a 

nanoindenter (MTS Nano Instruments, Inc., Oak Ridge, TN). The system has load and 

displacement resolutions of 50 nN and 0.01 nm, respectively. 

3.3. Material characterization 

3.3.1. Specimen preparation for Transmission Electron Microscopy (TEM) 

The samples to be investigated by transmission electron microscopy (TEM) have to be 

prepared in such a way that the finished TEM sample should contain electron transparent 

regions. For this purpose, a combination of several different thinning methods is applied. All 

samples for structural investigations were cut from the deformed disks at a distance of 2.5 mm 

from the sample center. The TEM samples were prepared by electrochemical polishing. Foils for 

the TEM were ground to a thickness of 90 µm using 1200 grit paper. The samples were then 

punched to produce disks 3 mm in diameter. The TEM foils were then electrojet polished in a 

Tenupol–5 machine using a 75% methanol + 25% nitric acid solution at a temperature –30
o
C and 

voltage 20V. 
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3.3.2. Transmission electron microscopy (TEM) 

Transmission electron microscopy (TEM) investigations have been carried out using a 

JEM–4000FX microscope operating at 400 kV. Fig. 3.3.1 illustrates a simplified path of 

electrons through the sample and a lens to form an image in the image plane. Notice that all rays 

that are scattered at a certain angle by the sample gather in a single focal point in the focal plane. 

This feature is used to obtain different modes which offer various kinds of information about the 

sample. An aperture that is inserted in the focal plane so that only the center focal point is let 

through creates an image from only the unscattered electrons from the sample. This mode is 

called bright field. Bright field imaging gives the highest intensity for the thinnest part of the 

sample and material that does not reflect the electrons. If the aperture instead blocks all the focal 

points except one on the side of the center point, dark field mode is obtained. The image is now 

created by all the electrons that have been scattered in the sample at a certain angle. Thinner 

parts of the sample and holes will now be dark instead of bright. Dark field is a complement to 

bright field and can reveal dislocations, etc. In diffraction mode, the image plane is moved up to 

the focal plane where the diffracted focal points can be investigated. The intensity and pattern of 

the diffraction points give information about the crystal structure and its orientation. 

 

Fig. 3.3.1. Illustration of the path of the electron beam in a transmission electron 

microscope 
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The geometry of an electron diffraction experiment is shown in Fig. 3.3.2. 

 

 

Fig. 3.3.2. The geometry of electron diffraction 

 

By indexing the diffraction pattern, a phase composition can be identified using the following 

equations. The Bragg law for small angles:  

 0 0 02sin 2 2
hkl

tg
d


    

   

(3.2)

 

where dhkl is the interplanar spacing, θ0 the scattering angle, λ the wave length. From the scheme 

of electron diffraction the following equation can be obtained: 

02 d

T

r
tg

L
 

  

(3.3)
 

where LT is the TEM camera length used to record the image, rd refers to the radius of each ring 

or the distance of a diffraction spot from the direct beam spot on the diffraction pattern. 

According to the previous equations, the interplanar spacing of the phase is equal: 

d hkl Tr d L  
  

(3.4) 

and the value of LTλ is referred to as the ‗camera constant‘ of the microscope and it varies with 

the lens settings in the microscope, for example, when LT=60 cm  

LTλ=2,2Å·сm
–1

. 
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3.3.3. X–ray diffraction analysis 

X–ray diffraction analysis (XRDA) is used to investigate the phase composition using a 

SIEMENS D500 diffractometer with CuKα1 radiation (λ=0.154059 nm). The diffraction patterns 

have been recorded in the step scan mode at 0.5
o
 steps and at a measurement rate of 32 s/step.  

In this study, the Bragg–Brentano (θ/2θ) geometry is utilized on samples. The resultant 

XRD spectrum is in the form of the scattered X–ray intensity (counts) versus 2θ (degrees). The 

XRD data have been evaluated to obtain accurate peak positions and to find lattice parameter 

using the available software (X‘Pert HighScore and PeakFit v 4.11).  

The basic geometry of Bragg–Brentano XRD is illustrated in Fig. 3.3.3. In this 

configuration, both the sample and the detector move step by step during the measurement. The 

X–ray tube is fixed in the experiment while the sample and the detector are rotated through a 

goniometer. The sample moves by the angle θ while the detector simultaneously moves by the 

angle 2θ. During the experiment, since the incident and diffracted X–rays make the same angle 

to the sample surface, structural information is obtained from only (hkl) planes parallel to the 

surface, not the others.  

 

Fig. 3.3.3. Basic geometry of Bragg–Brentano method 

When there is constructive interference from X–rays scattered by the atomic planes in a 

crystal, a diffraction peak is observed. A diffraction pattern is obtained by measuring the 

intensity of scattered X–ray beam as a function of scattering angle.  

To identify the phase composition, the standard method has been used. When X–ray 

scatters on a crystalline material, high intensity peaks evolve in specific directions (θ) with 

respect to the incoming beam. These specific directions are determined by the structure of the 

crystalline material, its lattice parameter a and the wavelength of the radiation (λ) and according 

to the Bragg–equation,  
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2 sinhkld n 
  

(3.5)
 

where n is an integer, dhkl is determined as the distance between the adjacent lattice planes with 

hkl Miller indices (Sólyom, 2007). For cubic lattice, 
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Bragg‘s law becomes: 
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then 
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3.3.4. Lattice parameter determination from X–ray diffraction 

The lattice parameter of a cubic lattice is determined from Eq. (3.7). Due to the 

systematic errors (e.g. the uncertainty of the sample alignment) the dhkl values determined from 

different hkl reflections usually do not give the same lattice constant. The systematic error 

decreases with increasing the Bragg–angle ( 2 ), therefore it is plausible to use the reflections 

having high 2  to determine the lattice parameter. However, due to the angle dependence of the 

atomic scattering factor, as 2  increases the intensity decreases, and the reflections with high 

2  have worst statistics, therefore the Bragg angle has larger error. 

The precision X–ray reflection angle in a range of 2θ>100
o
 is used to determine the 

lattice parameters of the alloys by the Nelson–Riley procedure (Nelson and Riley, 1945). The 

Nelson–Riley procedure consists of plotting the lattice constant determined for each angle a() 

versus 2 1 1
    + cos

sin


 

 
 
 

 (Barrett and Massalski, 1980). This formula is empirical in character 

and is supposed to yield an accurate value of a at 2θ=180
o
. The lattice parameter is determined 

by extrapolating the dhkl values to θ=90
o
 using the following formula: 

0
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 cos   + hkla a ctg


  



 
   

    

(3.9) 

where δ is a constant depending on the different systematic errors. Plotting the ahkl values against 

cos
cos   + ctg


 



 
 
 

, the intercept gives the lattice parameter (a0). 
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The precise centroid position of the profile has been determined by an approximation 

procedure with a Lorentz function. 

The dislocation density has been measured using X–ray diffraction line profile analysis. 

The conventional Multiple Whole Profile (MWP) fitting procedure, which is described in detail 

in the work of Ungár et al. (2001), is used to evaluate the diffraction peak profiles. The 

procedure has been used to estimate the density of dislocations (ρ). 

3.3.5. Scanning Electron Microscopy (SEM) 

For Scanning Electron Microscopy (SEM) observations, ZEISS Supra 50 VP SEM 

operated at an accelerating voltage of 10 kV has been used. SEM samples have been prepared 

with the mechanical polishing, followed by the etching polishing. The samples have been grinded 

with 1000, 2500 and 4000 grit SiC papers. Afterwards, they have been polished using 6, 3, 1 μm 

diamond paste. The etching has been carried out in a mixture of 2ml HF (48%) + 3ml HCl + 5ml 

HNO3 + 190ml H2O during 20 seconds. 

3.3.6. Grain size determination 

The average grain size is measured from the SEM and TEM micrographs by the program 

IMAGE PRO from Media Cybernetics. This software determines the area of the grains and the 

mean–root–square error.  
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4.1. Results of mechanical testing 

4.1.1. Compression test 

The samples have been deformed simply by applying a high static pressure (6 GPa) 

without any anvil rotation. As a result, the initial thickness of the sample is decreased from 0.36 

mm to 0.285 mm (ε=0.25). After the samples have been deformed under static pressure until 

different strain levels, compression tests have been carried out to determine yield stress of the 

alloy. An yield stress-strain dependence for this alloy obtained in compression tests is shown in 

Fig. 4.1.1. The experimental stress values have been compared with hardness measurements 

carried out at different strain levels. The material shows a softening behavior.  

 

Fig. 4.1.1. The yield stress-strain dependence for the Al–30wt% Zn alloy subjected to uniaxial 

compression 

4.1.2. HPT processing 

The typical experimental shear stress–shear strain curve of the Al–30wt% Zn alloy 

measured during the HPT processes is illustrated in Fig. 4.1.2. After a short positive strain 

hardening regime (up to 1.3), strain softening has been detected until 26 plastic shear strain, after 

which a steady state is observed. After an initial stage of gradual softening, the material hardens 

again after a shear strain of 60. A total plastic deformation of 314 has been obtained (it is equal 

to 5 rotations of anvil). The experimental shear stress values have been compared with hardness 

measurements (Fig. 4.1.3) carried out at different strain levels and a good qualitative agreement 

has been observed. The initial thickness of the sample of 0.38 mm, during further rotation of the 
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anvil, the out–flow of the material from the die continues and the sample thickness decreases. It 

is about 0.250 mm after 5 rotations.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.1.2. Typical experimental shear stress–shear strain curve of the Al–30wt% Zn alloy 

measured during the HPT processes 

 

Fig. 4.1.3. Average hardness measurements and scatter range at different strain level
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4.2. Results of X–Ray diffraction measurements 

XRDA of the studied samples showed that the alloy Al–30wt% Zn in the as–cast state 

contains two phases, namely (Al) and (Zn) solid solutions. Fig. 4.2.4 shows the X–ray diffraction 

pattern of the alloy in the as–cast condition. The `theoretical´ positions of the peaks of (Al) and 

(Zn) phases taken from International Center for Diffraction Data (ICDD) database are indicated 

by the red and blue lines respectively. The peak positions of the both phases are shifted with 

respect to the `theoretical´ peak positions due to the formation of the supersaturated solid 

solution. 

 

Fig. 4.2.4. The X–ray diffraction pattern of the Al–30wt% Zn alloy in the as–cast condition 

The X–ray diffraction pattern of the Al–30wt% Zn pattern after the deformation (γ=314) 

is shown in Fig. 4.2.5. HPT does not change the phase composition of the alloy, but the lattice 

parameter of the (Al) phase. Based on the XRD data, the lattice parameters of (Al) have been 

quantitatively calculated. The dependence of the lattice parameter of the Al–based solid solution 

on the deformation degree is listed in table 4.2.1. The dependence shows that the lattice 

parameter of (Al) for the studied Al–30wt% Zn alloy gradually increases with the increasing 

deformation degree. It is known that the atoms of Zn in Al form a substitution solid solution, and 

the lattice parameter of (Al) solid solution is decreased with the increase of the zinc content 

(Pearson, 1958). In our case, the lattice parameter increases up to a value close to the lattice 
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parameter of pure aluminum, which could be mainly attributed to the loss of alloying element in 

solid solution, leading to lattice relaxation. Therefore, it follows from the obtained results that 

the deformation leads to gradual decomposition of the (Al) supersaturated solid solution.  

 

Fig. 4.2.5. The X–ray diffraction pattern of the deformed Al–30wt% Zn alloy (γ=314) 

Table 4.2.1. Lattice parameter of Al–30wt% Zn alloy for different shear strains during HPT 

shear strain lattice parameter, nm 

initial 0.40437±0.000023 

10.5 0.40471±0.00003 

26 0.40485±0.00003 

36.5 0.40485±0.00003 

52 0.40485±0.00003 

314 0.4049±0.00003 

 

For Al–Zn system, it exists the dependence of the lattice parameter of (Al) on the Zn 

concentration in the solid solution (Al) that shown in Fig. 4.2.6 (Ellwood, 1952). It is clear that 

with increasing Zn concentration the lattice parameter of (Al) decreases linearly. Using this 

dependence, the Zn concentration in (Al) has been determined and shown in Fig. 4.2.7. 

According to the equilibrium phase diagram (Fig. 2.1.2), the Al–Zn alloys contain two phases at 

room temperature: (Al) solid solution with Zn content less than 0.5 wt% and (Zn) solid solution 

with Al content less than 0.1 wt%. Due to the intensive occurrence of precipitation during HPT,  
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the lattice parameter of Al should also increase during the process. In our case, the 

supersaturated solid solution with an initial concentration of 17 wt% decomposes completely 

after shear strain of 26. 

 

Fig. 4.2.6. The dependence of the lattice parameter of (Al) on the Zn concentration in the solid 

solution (Al) 
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Fig. 4.2.7. Average and scatter range of the experimental evolution of Zn concentration in 

Al grains with shear strain 

4.3. Dislocation density measurements 

The dislocation density has been measured using X–ray diffraction line profile analysis. 

The results of the experimental measurements are shown in the Fig. 4.3.1. It can be seen that the 

dislocation density keeps a low steady value around 10
12 

m
–2

. 
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Fig. 4.3.1. Average and scatter range of the experimental measurements of the dislocation 

density during HPT process 

4.4. TEM observation results 

4.4.1. Initial microstructure 

The microstructure of the supersaturated solid solution (SSSS) alloy is shown in Fig. 

4.4.1. It contains Al and Zn grains with the average grain sizes respectively of 15 and 1 micron 

as shown in Fig. 4.4.1a. The red lines indicate the (Al) grain boundaries. The Zn grains decorate 

the grain boundaries and present an ellipsoidal shape. The average size of Zn particles in the bulk 

of Al grains is around 20 nm (Fig. 4.4.1b). 
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Fig. 4.4.1. The microstructure of the initial state of Al–30wt% Zn alloy (a) SEM micrograph 

(b) TEM micrograph  

 

a 

b 
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4.4.2. Microstructure evolution during compression 

The microstructure of the material after compression up to 0.05 strain is shown in Fig. 

4.4.2b. The most prominent feature consists in a strong precipitation of Zn–rich particles in the 

bulk and at the Al grain boundaries. Moreover, tangles of dislocations were observed between 

precipitates. With increasing strain the dislocations become pinned at Zn particles, and start 

forming regular arrays in the grains as shown in Fig. 4.4.2c. Interestingly, in different 

grains/precipitates of Zn different deformation mechanisms operate. Specifically, it is observed 

that while dislocation activity dominates in some grains, twinning takes place predominantly in 

other Zn grains. This is expected, and in agreement with previous observations (Risebrough, 

1965). After compression up to 0.25 (Fig. 4.4.2d) the grain sizes of Al and Zn decrease. Other 

important characteristics of the microstructure for this strain amount are: (i) increase of the 

average size of Zn particles in the bulk of Al grains (from 20 to 60 nm); (ii) decrease of the 

concentration of Zn particles in the material bulk and increase of Zn precipitates near or at grain 

boundaries. 
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Microstructure Operating mechanism 
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Fig. 4.4.2. Evolution of the microstructure of Al–30wt% Zn during compression
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Microstructure Operating mechanism 
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Fig. 4.4.2. (continued)
  

 

4.4.3. Microstructure evolution during HPT processing 

In the first stage of deformation (until the shear strain of 10.5), a strong precipitation of 

Zn occurs in the bulk and at the Al grain boundaries. In addition, the pinned dislocation self–

organized structures give rise to highly misoriented grain boundaries (new grains) (Fig. 4.4.3). 

With increasing strain, the Zn precipitates grow in size (from about 20 to 60 nm) and the Zn 

atoms diffuse and reform grain boundary precipitates (Fig 4.4.4, 4.4.5). At a shear strain of 52 

(Fig. 4.4.6), the bulk of Al grains is almost free of precipitates and dislocations, which indicates 

that intensive recovery has occurred. After a shear strain of 314, Al and Zn grains further refine 

(Fig. 4.4.8) and the microstructure in the bulk of the grains is almost free of Zn particles. 

d ε=0.25 
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Fig. 4.4.3.The microstructure of Al–30wt% Zn during HPT at 10.5γ   
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Fig. 4.4.4. The microstructure of Al–30wt% Zn during HPT at 26γ   

 

 

Fig. 4.4.5. The microstructure of Al–30wt% Zn during HPT at 36.5γ   

(Zn) precipitates 
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Fig. 4.4.6. The microstructure of Al–30wt% Zn during HPT at 52γ   

 

In Fig. 4.4.7, the diffraction pattern of Al–30wt% Zn alloy at 52γ   is shown. The 

positions of diffraction reflections of Al and Zn are indicated by white lines. The radius vectors 

of the reflections have been measured to determine hkl Miller indices of the planes. According to 

Eq. (3.5), the interplanar spacings have been calculated. The obtained results are listed in the 

tables 4.4.1 and 4.4.2.  

 

(Al) grains 

(Zn) grains 



Chapter 4. Experimental results 

 85  

 

Fig. 4.4.7. The diffraction pattern of Al–30wt% Zn alloy at 52γ   

Table 4.4.1. Interplanar spacings and indices for Al 

Number of 

reflections 
Radius vectors, rd cm Interplanar spacings, dhkl, Å 

Miller indices 

hkl 

1 0.91 2.03 (002) 

2 0.79 2.34 (111) 

3 0.8 2.31 (111) 

4 1.52 1.22 (113) 

5 1.58 1.17 (222) 
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Table 4.4.2. Interplanar spacings and indices for Zn 

Number of 

reflections 
Radius vectors, rd cm Interplanar spacings, dhkl, Å 

Miller indices 

hkl 

6 0.75 2.47 (002) 

7 0.88 2.10 (101) 

8 0.80 2.31 (100) 

9 1.11 1.67 (102) 

10 1.77 1.05 (202) 

  

Fig. 4.4.8. The microstructure of Al–30wt% Zn during HPT at 314γ   

4.5. Grain size evolution 

During HPT, strong grain refinement of both Al and Zn grains takes place. The evolution 

of the grain size with shear strain for Al and Zn grains is illustrated in Fig. 4.5.1. After shear 

strain up to 10.5, the grain sizes of Al and Zn decrease, respectively to 1.2 μm and 0.43 μm. 

Further deformation resulted in grain refinement down to 0.55 μm after shear strain of 36.5 and 

final grain sizes for Al and Zn are 0.37 μm and 0.17 μm, respectively.  
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Fig. 4.5.1. The evolution of the grain size with shear strain 
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A microstructure–based model for describing softening process 
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5.1. Modeling 

According to the TEM observations, the dislocations in the bulk of Al grains serve as 

nucleation sites for Zn precipitates. Zn also precipitates at grain boundaries. With increasing 

deformation the dislocations rearrange and self–organize in new grain boundaries which become 

heavily enriched in Zn. The pinned dislocations mediate Zn redistribution between the pinning 

particles by pipe diffusion. In addition, the intense pinning produces an effective division of the 

grains in sub–grains. These sub–grain boundaries contribute to speeding up solute diffusion 

towards growing precipitates. The grain boundary and pipe diffusion is much faster than the bulk 

diffusion of solute. In the present analysis, we consider that microstructure evolves during 

compression according to the schematic view represented in Fig. 5.1.1. The results presented in 

this chapter can be found in the papers of Borodachenkova et al. (2013b), Borodachenkova et al. 

(2013c).  

The plastic deformation of Al is strongly controlled by slip system activity. An effective 

critical shear η is necessary for activating dislocations, which increases as a function of the 

accumulated shear γ in the grain, and is the same for every system of every grain. It should be 

noted that not all slip systems are activated during plastic deformation. η and γ are related to the 

macroscopic flow stress and the strain increment through the average Taylor factor M (the 

average Taylor factor for polycrystal with randomly oriented grains is equal to 3) (Gubicza et al., 

2007), as: 

 M  (5.1)  

 Mdd   (5.2) 

According to the previous observation, the global yield stress is computed as the sum of 

the stress associated with the deformation of Al and Zn grains, weighted by the respective 

volume fractions: 

. . .(1 )y total w y Al w y Znf f    
  (5.3) 

In our model we consider, for simplicity, the contribution of the Zn grains to the yield stress to 

be identical to the yield stress of pure zinc, it is about 80 MPa (Kubásek et al., 2014). In this 

way, the total yield stress of the Al grains is describes as follows: 

. 0y Al Orowan dis ss       
            (5.4)

 

where ζ0 is the friction stress of pure Al, it is taken as 20 MPa based on direct measurements 

recorded for pure Al (Chinh et al., 2004). ζOrowan , ζdis and ζss   are the hardening stresses related 

to the Orowan mechanism, dislocation density and solid solution, respectively. 
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.  

Fig. 5.1.1. Schematic view of microstructure evolution during compression. In this sketch the 

large black ellipses indicate Zn particles/grains located at the grain boundaries, while the smaller 

black circles indicate Zn precipitates within the grain. The dashed lines indicate dislocations 

pinned by precipitates and forming regular arrays in the grains, while the dotted lines indicate 

free dislocations which act as nucleation sites for new Zn precipitates.
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The microstructural analysis reveals that during the first steps of compression, Al grains 

are covered by high population of small precipitated Zn particles which impede the movement of 

dislocations. Under these circumstances a term related to the precipitation hardening should be 

considered for accounting of the Orowan mechanism which in turn should be dependent on both 

the distance between Zn particles ( ) and the size of Zn particles (d) (Kocks, 1966; Estrin, 

1996; Gubicza et al., 2007): 

0.85 ln( )

2 ( )
orowan

d
b

bM
d




 



      (5.5)

 

 

The shear stress is assumed to depend on the average dislocation density through the 

usual Taylor law
 

b  
  (5.6) 

where b is the length of the Burgers vector of dislocations, α is a constant describing dislocation–

dislocation interaction, μ is a shear modulus, ρ is dislocation density (approximately 10
12 

m
–2

). 

By considering a homogeneous dislocation distribution, the evolution of the average 

dislocation density (ρ) with strain (γ) can be described by (Mecking and Kocks, 1981; Nes et al., 

2005):
 

d d d

d d d
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 are the dislocation storage and annihilation terms, respectively.  

In the approach by Kocks and Mecking (2003), the annihilation process is thermally 

activated and governed by the glide of dislocations at low and medium temperatures. They 

obtain the following equation for the dislocation density evolution: 
  

1d
f

d bL





 

     

(5.8) 

where L is the dislocation mean free path and f  is the dynamic recovery term.  

With increasing strain several concomitant phenomena should be considered: the size of 

Al grains decrease from 15 to 4 micron and the Zn particles in the bulk of Al grains increase in 

size and move to grain boundaries (Fig. 5.1.1). Therefore, after a certain amount of plastic 

deformation, it appears necessary to use both the dislocation density and a size parameter, the 

mean free path of dislocations, to model the mechanical behavior. At the very beginning of 

plastic deformation when intensive precipitation of Zn particles occurs, it is reasonable to 
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assume the mean free path (L) to be approximately proportional to the mean distance between 

precipitates ( ). However, we speculate here that after a few percent of deformation (0.05) the 

mean free path increases with increasing strain and saturates towards the value of the grain size. 

These two effects can be considered simultaneously by modifying the previous equation 

proposed by Grácio et al. (1989) to: 

Al

Al

L
 

 



      (5.9)

 

where λAl is a material constant equal to 0.5 for this case. 

In Eq. (5.9) L is not anymore a variable dependent on the square root of the dislocation 

density, but rather an independent state variable that increases as a function of strain, as observed 

experimentally. Such evolution leads to a double effect of L on the softening process (see Eqs 

(5.4), (5.5) and (5.6)). On one hand, when Zn particles move to grain boundaries, the movement 

of most of the dislocations is facilitated leading to enhanced recovery. On the other hand, when L 

increases the Orowan strengthening is strongly attenuated according to the right term of Eq. 

(5.5). The TEM analysis has shown that uniaxial compression produces a strong grain refinement 

of Zn grains. Namely, after a plastic deformation of 0.25, the Zn grains size decreases to 252 nm. 

Our microstructural analysis indicates that the occurrence of slip and twinning is drastically 

reduced as the grain size decreases. This is in agreement with previous works which indicated 

that the Hall–Petch slope for pure Zn with a grain size between 10
−8

 − 10
−6 

m is much smaller 

than that for Zn with a grain size in the range 3 × 10
−5

 − 4 × 10
−4 

m (Conrad and Narayan, 

2002).  

In order to describe the solid solution hardening, Kocks and Mecking (2003) proposed a 

model based on a thermally activated stress component. In the present work, a modified version 

of this approach is introduced which is dependent on the Zn atom concentration in Al and a 

thermal component as proposed in the original version. 

0) ln

2 3

ss 0

kT
M a ( c 1

ΔG






  
    

   




          (5.10) 

where k  is the Boltzmann constant, T  the temperature, G  the activation energy for 

deformation. 0  is the characteristic strain rate which is related to the vibrational frequency of 

dislocations arrested at an obstacle or, alternatively, the attempt frequency for overcoming an 

obstacle (Kocks et al., 1975). 0a  is the value of thermal stress at 0 K dependent on the Zn 

concentration in Al grains ( c ). An expression of 0a  is proposed based on the analysis of Zaiser 

(2002) and Olmsted et al. (2006): 
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(5.11) 

where 
pτ  is the Peierls stress, Û  the characteristic interaction energy between a single solute 

and a straight dislocation, Λ  an adjustable scaling factor, 0ω  the characteristic range for the 

interaction, and A  the line tension energy per unit length of dislocation which can be expressed 

as (Soare and Curtin, 2008): 

 

23μb
A=

4π 1-ν
  (5.12) 

here ν  is the Poisson ratio.  

In those equations, the Peierls stress is suggested to be MPa3pτ  (Soare and Curtin, 

2008). In the analysis of Olmsted et al. (2006) for Al–Mg alloys, the value of Û  and Λ  have 

been determined to be around 0.1 eV and 2, respectively, and 0  belongs to the range between 



A20~10 . In the present work, the value of Û  and 0  are adapted for Al–Zn alloys by a 

calibrating process, and all the parameters in Eqs. (5.11–5.12) are listed in table 5.2.1. 

Based on the lattice parameter measurements, the initial Zn concentration in (Al) grains is 

about 17 wt%. During compression, the supersaturated solid solution intensively decomposes 

and at plastic strain ε=0.25, Zn concentration in (Al) grains is about 9 wt% (3.8 at%) (Fig. 4.2.6). 

The concentration evolution during compression has been described as a linear function: 

0 initialc=-c ε+c
 

 (5.13) 

where 0c  is modeling parameter. The calculations have been performed by using MATLAB 

software (MATLAB R2010a). 
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5.2. Discussion 

Fig. 5.2.1 compares the experimental and calculated results (according to Eq. 5.3) of the 

approach. At the first steps of deformation the model fits well the experimental curve. The 

theoretical curve predicts a smaller flow stress in the strain softening range. This discrepancy 

should be due to the omission of the Hall–Petch effect in Zn grains. 

 

Fig. 5.2.1. Comparison of the experimental and calculated yield stress–strain dependence during 

compression of Al–30wt% Zn alloy 

The above model allows evaluating the separate contributions of the different strengthening 

mechanisms for the evolution of the yield stress during compression of supersaturated Al–

30wt% Zn (Fig. 5.2.2). The calculations have demonstrated that the softening process is mostly 

associated with a strong decrease of Zn concentration in the (Al) grains, in other words, 

decomposition of the solid solution. In Hall-Petch effect, the grain boundaries are regarded as 

dislocation barriers limiting the dislocation mean free path. However, in our case, due to the 

occurrence of intense precipitations, the dislocation mean free path path is mainly controlled by 

the distance between precipitates. Therefore, a new approach is proposed to describe the 

dislocation mean free path in our model. The Hall-Petch is indirectly considered in the 

dislocation and Orowan hardening mechanisms. 

The parameters of the model are listed in table 5.2.1.   
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Fig. 5.2.2. The contribution of the different hardening mechanisms on the yield stress during 

compression of Al-30wt% Zn 

Table 5.2.1. Parameters of the model (compression) 

 Al–Zn 

µ (elastic shear modulus) 26 GPa 

b (Burgers vector) 0.287 nm 

α (dislocation–dislocation interaction) 0.33 

ζ0 (friction stress of pure Al) 20 MPa 

ω (initial distance between Zn precipitates) 300 nm 

d1 (initial radius of Zn precipitates) 20 nm 

d2 (final radius of Zn precipitates) 60 nm 

DAl (initial grain size of Al grains) 15 μm 

M (average Taylor factor)
 

3 

λAl (material constant) 0.5 

c0 (modeling parameters)
 

0.32 

cinitial (initial (Zn) concentration in Al grains) 0.17 

G (activation energy for dislocations interactions with the solute 

structures) 
2 eV 

T (temperature)  298 K 

k (Boltzmann constant) 1.38×10
–23

 J/K 

ηp (Peierls stress) 3 MPa 

Λ  (adjustable scaling factor) 2 
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Table 5.2.1. (continued)
 

Û (characteristic interaction energy between a single solute and  

a straight dislocation) 
0.162 eV 

ω0  (characteristic range for interaction)
 

10 Å 

ν (Poisson ratio) 0.347 

0
  (characteristic strain rate) 10

7
 s

–1
 

  (strain rate) 0.01 s
–1

 

f (dynamic recovery term) 6330 

 

5.3. Summary 

In the present section, a new microstructure–based model for describing the softening 

process occurring during compression of supersaturated Al–30wt% Zn alloy has been presented. 

The model describes well the above–mentioned phenomenon based on a new evolution law 

relating to the dislocation mean free path (L) with plastic strain and strain induced diffusivity of 

Zn in Al grains. Namely L plays a double role in the softening process: on one hand, promotes 

dislocation annihilation and decreasing dislocation density and on the other hand, promotes 

stress relaxation in the bulk of the grains with increasing plastic deformation. The predicted yield 

stress is almost contributed by the solid solution hardening. This leads to the conclusion that the 

decomposition of supersaturated solid solution plays the main role in the softening process 

during compression of Al–30wt% Zn alloy. 
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6.1. Microstructure–based model (MBWG) 

TEM observations suggest that dislocations in the bulk of Al and grain boundaries serve 

as nucleation sites for Zn precipitates. Before the deformation, the concentration of Zn atoms 

inside the solid solution is very high. With increasing deformation, the dislocations rearrange and 

self–organize to form new grain boundaries which become heavily enriched in Zn. The 

dislocations pinned at precipitates contribute to Zn redistribution by pipe diffusion. In addition, 

the intense pinning produces an effective division of the grains leading to sub–grain boundaries, 

which contribute to an even higher rate of solute diffusion towards the growing precipitates. In 

this way, Zn concentration in Al decreases due to dislocation motion into the sub–grain 

boundaries, which controls the softening process. It is well known that the grain boundary and 

pipe diffusions are much faster than the bulk diffusion for solute. The schematic view of the 

grain refinement for Al–Zn alloys during HPT processes is presented in Fig. 6.1.1. The results 

presented in this chapter can be found in the work of Borodachenkova et al. (2014). 

According to the previous observation, it is assumed that the total strength of Al–Zn alloy 

is expressed as  

Orowandisss τττ-τ        (6.1) 

where ssτ , disτ  and Orowanτ  are the strengthening related with solid solution, dislocation density 

and Orowan mechanism, respectively. 
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Fig. 6.1.1. Schematic view of grain refinement of Al–Zn alloys during HPT process. In this 

sketch the large black ellipses indicate Zn grains located at the grain boundaries, while the 

smaller black circles indicate Zn precipitates within the grain. The black dash lines indicate 

dislocations pinned by precipitates and forming regular arrays in the grains, while the gray lines 

in Fig. 6.1.1c illustrate the division of grains into sub–grains. The continous lines in Fig. 6.1.1d 

demonstrate the new grains after refinement. 

6.1.1. Precipitation hardening 

The importance of Orowanτ  has been well illustrated by the microstructural analysis 

revealing that during the first steps of plastic deformation (until shear strain of 10.5), Al grains 

contain a population of small Zn–rich precipitates, which have been assumed to impede the 

motion of dislocations. In the present approach, Orowanτ  is supposed to depend on both the Zn 

precipitate inter–spacing (ω ) and their size ( d ) according to the following expression (Kocks, 

1966; Gubicza et al., 2007): 

 

0.85

2
Orowan or

d
μbln

b
τ k

π ω d

 
 
 


      (6.2) 
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According to the experimental measurement, the Zn precipitates grow in size (from about 20 to 

60 nm); the distance between precipitates also evolves between 300 nm and 600 nm. 
ork  is 

introduced in Eq. (6.2) to describe approximately 
Orowanτ  evolution for the initial step of the 

deformation and to eliminate its contribution after the shear strain of 10.5. In fact, the strong Zn 

precipitation only occurs in the bulk of Al grains at the beginning of the plastic deformation. In 

this work, 
ork  is imposed to be increased linearly from 0 to 1 until the shear strain of 1.3, and 

then decreased linearly to 0 until the shear strain of 10.5. 

6.1.2. Dislocation hardening 

 The contribution of dislocation hardening is assumed to depend on the average 

dislocation density (the same in every grain) through the usual Taylor law: 

ραμbτdis        (6.3) 

where α  is a dislocation–dislocation interaction coefficient, μ  the elastic shear modulus, b  the 

Burgers vector and ρ the dislocation density. 

In the approach proposed by Kocks and Mecking (2003), the annihilation process is 

thermally activated and governed by the glide of dislocations at low and medium temperature 

regimes. Thus, the evolution of the dislocation density with shear strain is given by: 

1
e

d
f k

d bL
  


 


      (6.4) 

where 2( / )e ek d D  as defined by Li and Soh (2012). ed  is a reference grain size 

corresponding to the critical grain size at which enhanced dynamic recovery occurs, and D  is the 

grain size. The critical grain size for Al alloy is around 1 μm (Hariprasad et al., 1996). L  is the 

dislocation mean free path and f  a recovery term.  

In the present formulation, L  is considered as an independent state variable that evolves 

with shear deformation as shown in Eq. (6.5):  

nγmγ eded
dγ

dL   rsat
      (6.5) 

where satd  is the saturation grain size. m  and n  are the balance parameters. rd  identifies the 

representative distance between Zn precipitates during the HPT processes which is 
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approximately calculated by 
2

max i
r

L ω
d


  in this work. 

iω  and maxL  are respectively the initial 

and maximum Zn precipitate interspacing during the HPT processes. 

Unlike in the Kocks–Mecking original approach, here the mean free path is first assumed 

to be determined by the precipitate interspacing and, after some amount of plastic deformation, 

by the refined grain size. Indeed, as discussed in the next section, L  should be significantly 

lower than the mean free path of the original Kocks–Mecking model, which is controlled by 

dislocation interspacing and grain size. The two terms on the right side of Eq. (6.5) characterize 

two of the main physical processes involved in the plastic deformation process: Orowan looping 

controlled by the distance between precipitates and the saturation grain size. Integration of Eq. 

(6.5) leads to the following expression for L : 

i

γmγnγmγ ce
n

d
e

m

d
eded

dγ

dL
L  


nrsat

rsat
      (6.6) 

where ic  is an integration constant. According to the microstructural observations, it is clear that 

when γ , satdL  , and therefore sati dc  . Under this circumstance we obtain:  

sat

γmγ de
n

d
e

m

d
L   nrsat       (6.7) 

6.1.3. Solid solution hardening 

It is well–known that solid solution strengthening is related with the interactions of 

gliding dislocations with solute atoms and is highly sensitivity to the temperature. In order to 

describe such an effect, Kocks and Mecking (2003) proposed a model based on a thermally 

activated stress component. In the present work, a modified version of this approach is 

introduced which is dependent on the Zn atom concentration in Al and a thermal component as 

proposed in the original version. 
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ln)(       (6.8) 

where 0τ  is the friction stress, k  the Boltzmann constant, T  the temperature, G  the activation 

energy for deformation. 0γ  is the characteristic strain rate which is related to the vibrational 

frequency of dislocations arrested at an obstacle or, alternatively, the attempt frequency for 
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overcoming an obstacle (Kocks et al., 1975). 1k  is introduced in Eq. (6.8) to approximately 

describe the evolution of ssτ  for the initial step of deformation. This parameter is imposed to be 

linear increasing from 0 to 1 at the beginning of the deformation, and remain to be 1 during the 

softening process. 0a  is the value of thermal stress at 0 K dependent on the Zn concentration in 

Al grains ( c ). An expression of 0a  is proposed based on the analysis of Zaiser (2002) and 

Olmsted et al. (2006) and given by Eqs. (5.11-5.12). 

Based on the lattice parameter measurements and the relationship between this parameter 

and Zn concentration in Al grain investigated in the work of Ellwood (1952), the intensity of 

solid solution decomposition has been evaluated by determining the evolution of Zn 

concentration in Al during HPT. The concentration evolution has been described as: 

   1 2 3 4 satc=c exp -c γ -c exp -c γ +c
 

    (6.9) 

where 1c , 2c , 3c  and 4c  are modeling parameters, and satc  is the equilibrium Zn concentration in 

Al grains. The calculations have been performed by using MATLAB software (MATLAB 

R2010a). 

6.2. Discussion 

 In order to calculate the dislocation mean free path L , the coefficients m  and n  in Eq. 

(6.6) need to be determined. For that, several boundary conditions should be introduced. First, 

based on TEM observations (Fig. 4.4.3), it was possible to verify that the value of L  obtained 

for 5.10 1γγ is about 600 nm ( maxL ). Such a condition can be expressed by: 

maxsat

nγrmγsat Lde
n

d
e

m

d
      (6.10) 

Second, when 0  , Eq. (6.6) becomes: 

sat r
isat

d d
d

m n
         (6.11) 

Eqs. (6.10, 6.11) enable the calculation of the parameters m  and n  in Eq. (6.6) which are listed 

in table 6.2.1. Then, the evolution of L  with plastic strain is shown in Fig. 6.2.1. By considering 

the evolution of L  and integrating Eq. (6.5), the dislocation density is obtained as a function of 

the plastic strain (see Fig. 6.2.2). It can be seen that the dislocation density increases at the 
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beginning of the plastic deformation, then decreases dramatically until a shear strain around 10.5 

and finally keeps a steady value. Due to the intense annihilation process verified at the beginning 

of HPT, an unusual high recovery parameter f  of 6330 has to be considered to get a good 

approximation between model and experiment. 

As mentioned in section 6.1.2, the Kocks–Mecking model suppose that L  is determined 

by the dislocation interspacing and the grain size, whereas the MBWG model assumes that the 

evolution of L  is due to the precipitate interspacing, and the refined grain size after certain 

plastic deformation. In this case, the L  calculated by the MBWG model should be much lower 

than the one of Kocks–Mecking model. To validate this point, we propose a comparison of L  

determined by both models. According to the Kocks and Mecking approach, the dislocation 

mean free path is dependent on the square–root of the dislocation density and the grain size: 

1 1

K M AlL K D





      (6.12) 

with K  the number of forest dislocations a moving segment is able to cross before being trapped 

by the obstacles. 
AlD  is the initial grain size of Al. In the present work, the exact value of K  for 

Al–30wt% Zn alloy cannot be obtained. Therefore, we select several values of K  between the 

minimum value (K=1) and the value of 30K  which is suggested for AA 6022–T4 by literature 

(Rauch et al., 2007). The calculated mean free paths with Eqs. (6.6) and (6.12) are shown in Fig. 

6.2.3. However, we can notice that, for all the K  values, the mean free path calculated with the 

Kocks–Mecking approach is much larger than that obtained with the MBWG model. This 

suggests that during HPT of Al–Zn alloys, the dislocation mean free path is mainly controlled by 

the density of precipitates, and then, by the refined grain size. In contrast, the dislocation density 

has a minor effect on the mean free path. 
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Fig. 6.2.1. The calculated evolution of the dislocation mean free path with shear strain 

 

Fig. 6.2.2. The experimental and calculated evolutions of the dislocation density with shear strain 
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The evolution of disτ  with shear strain shown in Fig. 6.2.4 is calculated according to Eq. 

(6.3). It can be seen that such a low dislocation density produces a maximum disτ  around 3 MPa. 

This means that the dislocation density strengthening mechanism does not play a significant role 

during HPT process of Al–Zn alloy. 

 

Fig. 6.2.3. The comparison of the evolution of dislocation mean free path with shear strain 

calculated by the approach of Kocks and Mecking (Eq. 6.14) and MBWG model (Eq. 6.6) 

In the calculation of Zn concentration in Al, the parameters in Eq. (6.11), which are listed in 

table 6.2.1, are adjusted according to experimental results. The simulated and experimental Zn 

concentrations are shown in Fig. 6.2.5. Based on this, the evolution of the solid solution stress 

can be calculated by Eqs. (5.11-5.12, 6.8–6.9). The calculated evolution of ssτ  is presented in 

Fig. 6.2.6. Comparison of the contribution of the hardening mechanisms is presented in Fig. 

6.2.7. We should note that the values of ssτ  are much higher than disτ  and Orowanτ
.  
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Fig. 6.2.4. The calculated evolution of the disτ  shear stress with shear strain 

On the basis of the previous analysis, it is possible to calculate the stress–strain curves 

using Eq. (6.1). The curve predicted by the MBWG model is presented and compared with 

experimental result in Fig. 6.2.8. It can be seen that the MBWG model describes well both the 

softening and saturation processes during HPT. Moreover, the calculation indicates that the 

softening process is mostly associated with a strong decrease of ssτ  due to the depletion of Zn 

atom solutes in the Al grains.  
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Fig. 6.2.5. The evolution of Zn concentration in Al grains with shear strain 

 

Fig. 6.2.6. The calculated evolution of ssτ  shear stress with shear strain
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Fig. 6.2.7. The comparison of the contribution of different hardening mechanisms 

 

Fig. 6.2.8. Comparison between the predicted and experimental shear strain–shear stress curves
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Table 6.2.1. The parameters of the model (MBWG) 

 
Al–30wt% Zn 

μ (elastic shear modulus) 26 GPa 

b (Burgers vector)  0.287 nm 

α (dislocation–dislocation interaction) 0.33 

0τ  (friction stress) 65 MPa 

iω  (initial distance between Zn precipitates) 300 nm 

maxL  (maximum distance between Zn precipitates) 600 nm 

id  (initial size of Zn precipitates) 20 nm 

f (dynamic recovery term) 6330 

0ρ  (initial dislocation density) 0 

satρ  (saturation dislocation density) 10
12

 m
–2

 

1c  (constant) 1.15 

2c  (constant) 0.242 

3c  (constant) 1.005 

4c  (constant)
 0.2964 

satc  (equilibrium Zn concentration in Al grains)
 0.014 

m  (constant) 0.189 

n  (constant) 0.169 

ed  (critical grain size) 1 μm 

satd  (saturation grain size) 550 nm 

sat  26 

G (activation energy for dislocations interactions with the solute 

structures) 
2 eV 

0γ  (characteristic strain rate) 10
7
 s

–1 

γ  (shear strain rate) 0.867 s
–1 

T (temperature) 298 K 

k (Boltzmann constant)  1.38×10
–23

 J/K 

pτ  (Peierls stress) 3 MPa 

Λ  (adjustable scaling factor) 2 

Û (characteristic interaction energy between a single solute and a straight 

dislocation) 
0.162 eV 

0ω  (characteristic range for the interaction) 10 Å 

ν  (Poisson ratio) 0.347 



Chapter 6. Relative contribution of microstructure mechanisms to the mechanical behavior  

of Al–30wt% Zn alloys during High Pressure Torsion 

 

113 

 

6.3. Summary 

In the present section, the relative contribution of microstructure mechanisms to the 

mechanical behavior of Al–30wt% Zn alloys during HPT has been studied. It has been shown 

that HPT leads to a strong softening process at the beginning of plastic deformation. The 

material properties have been compared with the microstructural evolution. It has been shown 

that the fundamental phenomena of the process are solid solution decomposition, Orowan 

looping and dislocation density, respectively. The material properties are dictated at the 

beginning of plastic deformation by the decomposition of supersaturated solid solution and after 

saturation strain by saturation grain size. 

The softening process has been well captured with a new model called MBWG that is 

based on strain induced diffusivity of Zn in Al grains and the evolution of the dislocation mean 

free path with plastic strain. The model considers the material properties to be determined by the 

gradual increase in the mean free path of dislocations resulting from precipitation and diffusion 

of Zn atoms towards the grain boundaries. 

The calculated results by MBWG model present a good agreement with experiment. This 

model shows the capability to describe both the softening and saturation processes. The 

calculated shear stress evolution is mostly contributed by the solid solution shear stress. This 

suggests that the decomposition of a supersaturated solid solution plays the dominated role in the 

material properties of Al–30wt% Zn alloy. The MBWG model allows evaluate the contribution 

of the different strengthening mechanisms during the deformation and it can be adapted to other 

softening processes during plastic deformation. 
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7.1. Modeling 

 

Fig. 7.1.1. Shear stress – shear strain curve of Al–30wt% Zn alloy measured during HPT 

process 

In the present model, the transition stage (see Fig. 7.1.1) is considered to be the strain 

after which plastic deformation starts to be controlled by grain boundary shearing (Fig. 7.1.2). 

During this transition, complete decomposition of the SSSS is expected to occur along with 

complete dynamic recovery. At the end of the transition regime, both Al and Zn grains refined to 

nanoscale as shown in Fig. 4.4.7. After a shear strain of 314, Al and Zn grains further refined 

(Fig. 4.4.8) and the microstructure in the bulk of the grains was almost free of Zn particles. The 

results presented in this chapter can be found in the work of Borodachenkova et al. (2013a). 
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Fig. 7.1.2. Schematic representation of grain–boundary sliding in polycrystal 

Due to the achieved super–plastic regime, the theory proposed by Raj and Ashby, which 

considers that the effective plastic strain results from a gliding/plastic deformation neighbor 

exchange (Raj and Ashby, 1971), has been adopted. Under these circumstances, the total shear 

stress,

 
gbs , depends both on the effective grain boundary viscosity 

 
and the plastic 

accommodation shear deformation, 
apd , by the expression: 

gbs apd eff     
    

 (7.1) 

Relationship between the grain size and the strain rate has been determined as a function of the 

diffusion–driven grain–boundary sliding, namely (Meyers et al., 2006): 

3

64
eff

B

kTD

D






     (7.2)

 

In Eq. (7.2) k  is the Boltzmann constant, T is the temperature, D  is the grain size,  is the grain 

boundary thickness,   volume of Al atom and BD is the grain–boundary diffusion coefficient. 

The corresponding parameters for the model are listed in table 7.1.1.

efff



Chapter 7. Transient negative strain hardening during severe plastic deformation  

of Al–30wt% Zn alloy 

 118  

Fig. 7.1.3. shows a values of strain rate  , calculated from the diffusional Raj and Ashby 

equations (Eq. 7.1) as a function of grain size. From Fig. 7.1.3, it can be seen that the increase in 

shear stress from 156 MPa ( 56  ) to 204 MPa ( 314  ) implies an increase in strain rate 

from 11 11.81 10 s   to 11 16.53 10 s  . 

Table 7.1.1. Parameters of the model for stage III 

Stage III Al–Zn 

δ (GB thickness) 0.856 nm 

k (Boltzmann constant) 1.38·10
–23 

J/K 

Ω (volume of Al atom) 0.012 nm
3
 

DB (grain–boundary diffusion coefficient) 10
–22

 m
2
/s 

T (temperature) 298 K 

D (grain size Al, γ=56) 520 nm 

Df  (grain size Al, γ=314) 370 nm 

 

 

Fig. 7.1.3. Calculated strain rates from diffusionally–driven grain–boundary sliding as a 

function of grain size (Al–30wt% Zn deformed at room temperature) 

7.2. Summary 

In the present section, further grain refinement to nanoscale size promoted a dramatic 

increase in strain rate due to diffusion–driven grain–boundary sliding. The theory proposed by 

Raj and Ashby has been adopted to describe the effect of grain boundary sliding. 
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In the present work, a supersaturated solid solution (SSSS) Al–30wt% Zn alloy with 

initial (Al) and (Zn) grain sizes of about 15 μm and 1 μm, respectively, has been processed by 

severe plastic deformation (SPD). The alloy, in the form of a thin disk, has been successfully 

deformed at room temperature by high pressure torsion (HPT) under a pressure of 6 GPa simply 

by applying a high static pressure (6 GPa) without any anvil rotation up to plastic strain of 0.25 

and with a rotation speed of 1 rpm up to shear strain of 314. Transmission electron microscopy 

(TEM) and X–ray diffraction have been used to collect microstructural information at increasing 

levels of torsional deformation. Based on the mechanical test results and statistical 

microstructure data, several conclusions have been reached: 

1) The HPT of the Al–30wt% Zn alloy is accompanied by a softening of the material and, 

simultaneously, by grain refinement and decomposition of the supersaturated solid solution of Zn 

in Al. The structure refinement begins already under the compressive strain without shear. After 

compression until a plastic strain of 0.25, the size of (Al) grains are about 4 µm. The HPT of Al–

Zn alloys decreases drastically the size of (Al) and (Zn) grains and, at a shear strain of 314, leads 

to the formation of nanostructures with (Al) grain size of 370 nm and (Zn) grain size of 170 nm. 

2) During HPT, the Zn–rich supersaturated solid solution (Al) decomposes completely 

and reaches the equilibrium corresponding to room temperature. The steady state of Zn–

concentration in (Al) grains and grain size is already reached at 26  . 

3) XRDA of the studied samples has shown that the alloy Al–30wt% Zn in the as–cast 

state contains two phases, namely (Al) and (Zn) solid solutions. HPT has not change the phase 

composition of the alloy. The phases formed after HPT can be found in the equilibrium phase 

diagram below 200
o
C. This indicates that the HPT effective temperature is close to room 

temperature. 

4) TEM observations show that both (Al) and (Zn) grains are almost dislocation free with 

dislocation density of about 10
12

 m
–2

. In the initial state, a strong precipitation of Zn–rich 

particles in the bulk and at Al grain boundaries is observed. With increasing strain, the Zn 

precipitates grow in size (from about 20 to 60 nm) and, at a shear strain of 52, the bulk of Al 

grains is almost free of precipitates and dislocations, which indicates that intensive recovery has 

occurred. 

Based on the experimental results, a combined approach has been proposed to describe 

the transient softening and steady state observed during compression of Al–30wt% Zn alloy. The 

model considers the mechanical behavior to be dictated by the gradual increase in the mean free 

path of dislocations resulting from precipitation and diffusion of Zn particles towards the grain 

boundaries.  



Chapter 8. Final conclusions 

 

122 

 

The material response during HPT has been well captured with a MBWG model based on 

the Zn diffusion in Al grains and the evolution of the dislocation mean free path with plastic 

strain. The proposed model takes into consideration the effects of solid solution hardening, 

Orowan looping and evolution of the dislocation density. The calculated shear stress evolution is 

mostly influence by the decomposition of the solid solution shear stress. Further grain refinement 

at the nanoscale promotes the saturation of the dislocation mean free path and the transition to a 

grain boundary shearing dominant mechanism. 

For further research in this area, the following directions are suggested: 

1) Finite element modeling of HPT with a mapping solution method by the FE code 

Abaqus should be established and used to investigate the plastic deformation during the HPT 

process, the stress and equivalent strain distribution, and evolution along the radius and axial 

directions. 

2) The extension of the MBWG model to various metals and alloys processed by SPD. 
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