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The article presents the results of stress state analysis for workpieces from 

aluminium alloy 6063 cold-formed in a closed die. Mathematical methods of 

computer modelling (finite element method) and slip lines (slip-line field 

method) are used for the analysis. The experimental procedure for repeated 

cold deformation in a closed matrix (in several passes and/or cycles), the 

mechanisms of grain grinding and material hardening under the influence of 

grain-dislocation factors are described. The results of the stress state study 

of the material during cold deformation (at room temperature) show that the 

volume of the workpiece is mainly compressive stresses, the values of which 

are in the range from −273 MPa to −533 MPa. As found, due to the hydrostat-
ic stress from the side of the punches and the side walls of the semi-dies, the 

workpiece is subjected to triaxial compression, which makes it possible to ob-
tain volumetric spherical workpieces with ultrafine-grained nanostructure 

in a closed die with minimal processing cycles. 

Key words: slip-line field method, finite element method, stress state, closed 

die, compressive stresses, triaxial compression. 

У роботі представлено результати аналізу напруженого стану заготівок з 

алюмінієвого стопу 6063, холоднодеформованих у закритій матриці. Для 

аналізу використано методи комп’ютерного моделювання та ліній ков-
зання. Дано опис експериментальної процедури для багаторазового холо-
дного деформування у закритій матриці (за кілька проходів та/або цик-
лів), механізмів подрібнення зерен і зміцнення матеріалу під впливом зе-
рен-дислокаційних факторів. Результати дослідження напруженого ста-
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ну матеріалу у разі деформації у холодному стані (за кімнатної темпера-
тури) показали, що в об’ємі заготівки діють переважно стискувальні на-
пруження, значення яких знаходяться в інтервалі від −273 МПа до −533 

МПа. Виявлено, що внаслідок гідростатичного тиску з боку пуансонів і 
бічних стінок напівматриць заготівка піддається всебічному стисканню, 
що уможливлює одержання у закритій матриці об’ємних кулястих заго-
тівок з ультрадрібнозернистою наноструктурою за мінімальних циклів 

обробки. 

Ключові слова: метод ліній ковзання, метод кінцевих елементів, напру-
жений стан, закрита матриця, стискувальні напруження, всебічне стис-
кання. 
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1. INTRODUCTION 

There are increased requirements for physical and mechanical proper-
ties of bulk workpieces made of aluminium alloys, which are used for 

the production of parts operating under high cyclic bending and con-
tact loads, impact and wear and used in mechanical engineering, aero-
space, transport equipment, as well as for the production of workpieces 

with optimal electrical and thermal properties for heat power engi-
neering and electrical engineering, the main of them are the optimal 
combination of mechanical properties—plasticity and strength, the 

required level of heat resistance, durability, fatigue strength, hard-
ness, wear resistance, corrosion resistance, electrical resistance. Cur-
rently, to obtain bulk aluminium workpieces for various industries 

that meet the above requirements for physical and mechanical proper-
ties, three methods are mainly used: a) metallurgical methods—
methods of modifying the chemical composition of the material by al-
loying with various modifiers [1–3]; b) heating methods—methods of 

heat treatment and thermomechanical treatment [4, 5]; c) methods of 

severe plastic deformation (SPD) [6–10]. The first two methods are 

considered traditional and have a number of problems and drawbacks: 

a) due to the use of often expensive alloying additives (for example, 

rare earth elements such as scandium, cerium, etc.), as well as due to 

the complication of requirements for casting and carrying out subse-
quent heat and thermomechanical processing increases the cost of the 

resulting blanks; b) an increase in mechanical properties is usually on-
ly 15–25%, while an increase in the content of modifiers or alloying 

additions leads to a decrease in corrosion and fatigue properties. The 

use of SPD methods allows solving these problems and eliminating 

drawbacks. This is the reason for the rapid growth of quantitative and 

qualitative indicators of publications and research in recent years in 

the field of SPD in the world. An important factor is that the most de-
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veloped and developing countries, such as the USA, China, Japan, 

Russia, Germany, and India, are leading in the ranking of countries in 

terms of the total number of publications in the field of SPD [10]. 
 SPD methods are innovative technologies for processing materials 

by pressure, used to obtain bulk ultrafine-grained (UFG) and 

nanostructured (NS) materials with unique properties by strong grind-
ing of grains to UFG (grain size less than 1000 nm) or to nanometric 

(grain size less than 100 nm) range [6]. 
 As a rule, SPD is accompanied by a complex stress-strain state (SSS) 

and high shear deformations. These phenomena, in turn, lead to the 

fact that structural defects (dislocations), being compressed, acquire a 

high density, the defects begin to liquidate or decrease. The structure 

of the metal is highly fragmented and misoriented due to intense shear 

deformations. The material obtained is also largely non-porous [6]. 
 When choosing the SPD method, it is necessary to take into account 

that in many methods for obtaining aluminium workpieces with UFG 

or NS, or the workpieces obtained after the implementation of the 

method have limited small dimensions, such as in the high-pressure 

torsion method [11–14], or plastic deformation is accompanied by nu-
merous cycles, as in the equal-channel angular pressing [15–17] and 

multi axial forging [18, 19]. All these processes are focused on creating 

high pressures in the zone of plastic deformation [6]. 
 The foregoing first problem makes it impossible to obtain workpiec-
es with medium or large dimensions, being limited to obtaining disc-
shaped workpieces of small thickness, which makes it difficult to use 

them on an industrial scale. The second problem makes the process 

time consuming and complicated. For example, multi axial forging 

[18, 19], is accompanied by multiple tilting of the workpiece around its 

axes until the UFG and/or NS workpiece is obtained, which signifi-
cantly complicates the process, i.e. the process becomes very time con-
suming. Therefore, in order to obtain an UFG structure and/or NS 

with a small number of deformation cycles and study the microstruc-
ture of a metal under triaxial compression of a workpiece, a closed die 

is developed [20], experimental studies were carried out, and the 

stress-strain state is assessed (determination of hydrostatic stress). 

2. EXPERIMENTAL/THEORETICAL DETAILS 

2.1. Closed Die Design and Experimental Procedure 

A closed die for triaxial compression of workpieces (balls) consists of 

the following main and auxiliary units and elements (Fig. 1, a): 1—
outer container, 2—spherical half-dies, 3—central and side punches, 

4—fasteners, 5—backing ring. A cylindrical sample with a diameter of 

50 mm and a length of 100 mm made of 6063 aluminium alloy is used as 
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a workpiece, the yield stress of which, depending on the state, is in the 

range of 100–108 MPa. 
 Comprehensive compression is carried out as follows. The original 
workpiece 6 of a cylindrical shape, the volume of which is equal to the 

volume of the deformed ball, is installed in the lower half-die 2 as 

shown in Fig. 1, a. Deformation is carried out in a cold state at room 

temperature. Under the pressure of the upper crossbar of the hydraulic 

press, the upper spherical half-die together with the central punch be-
gins to move downward, deforming the workpiece until the cavity of 

the die is filled with metal (the first deformation cycle). At this point, 

a small surplus of metal begins to flow into the hole of the die, where 

the side punches are installed, pushing it back (Fig. 1, b). After filling 

the cavity of the die, the closed die is tilted by 90° and the displaced 

metal processes are deformed by the side punches in the opposite direc-
tion, creating an increased hydrostatic stress in the cavity of the closed 

die (the second cycle of deformation). It should be noted that the objec-

 

Fig. 1. The initial position of the closed die with the workpiece installed in the 

cavity (a) and the position after the first deformation cycle (b). 
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tive of the experiment is not to obtain balls with appendages or depres-
sions, but to create an increased hydrostatic stress in the die cavity 

from all its sides and to study changes in the metal microstructure. It 

is known that the formation of UFG or NS is influenced by compressive 

stresses or hydrostatic stress, the values of which are to be determined. 
In this case, the main task is to establish the number of cycles, which 

should be as minimal as possible. In this case, two cycles are required: 
deformation of the workpiece by the upper spherical half-die together 

with the central punch and side punches of the displaced metal in the 

opposite direction. 
 As a result of the experiment, after two cycles of deformation, 

spherical specimens are obtained (Fig. 1, b). 
 Steel billets are previously deformed in the proposed die [20]. At this 

stage, the die will be used in combination with a rolling mill and a spe-
cial die previously developed by the authors [25]. 

2.2. Theoretical and Computer Mathematical Analysis 

of the Stress State 

To analyze the SSS of aluminium alloy 6063, a computer simulation of 

the process of triaxial compression in a closed die cavity is carried out 

in the DEFORM-3D modelling system (finite element method), and the 

slip-line field method is also used [21–24]. 
 To analyze the evolution of metal flow and SSS by computer model-
ling, coordinate grids are applied to the axial section of the original 
cylindrical workpiece made of 6063 aluminium alloy (Fig. 2). 
 From the distortion of the coordinate grid, it can be seen that after 

the first cycle, the movement or flow of the metal occurs towards the 

 

Fig. 2. Evolution of metal flow during deformation: initial state of the work-
piece (a); in the middle of the first deformation cycle (b); at the end of the first 

deformation cycle (c). 
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side punches according to the law of least resistance. This means that at 

approximately the middle of the first deformation cycle, insignificant 

tensile stresses with a maximum value of 32.4 MPa are observed in the 

sides of the workpiece (Fig. 3, a), and compressive stresses are observed 

in the remaining zones of the half-die workpiece, since in the middle of 

the first deformation cycle the workpiece is subjected to triaxial com-
pression from the side of the central upper and lower punches, as well as 

semi-dies. In particular, according to Fig. 3, a, it can be seen that in the 

middle of the first deformation cycle in the cruciform zone of the work-
piece (in the zone under the upper and above the lower central punches, 
as well as in the central zone of the workpiece), compressive stresses are 

observed with a value from −88.2 MPa to −149 MPa, and in the zones ad-
jacent to the spherical plane, compressive stresses are observed with a 

value from −149 MPa to −269 MPa. 
 Towards the end of the first cycle of deformation (Fig. 3, b), the stress 

state is characterized by a triaxial compression. In the cruciform zone, 
significant compressive stresses are observed with a value from −403 

MPa to −533 MPa, and in the remaining zones, compressive stresses 

with a value from −273 MPa to −403 MPa. The smallest values of com-
pressive stresses are observed in the zones of the side punches. To elimi-
nate it and create an even better stress state, the second cycle is imple-
mented, i.e. deformation by side punches to a certain penetration depth. 
 To analyze the stress state and determine the mean stress or hydro-
static stress is determined by the slip-line field method [21–24]. The 

construction of the field of slip lines begins from the side of the metal 
exit from the die cavity into the hole of the side punch, i.e. from section 

A and B, where the slip lines should go out at an angle of 45° or π/4 ra-
dians. The specified surface can be considered in this case free from the 

load and the sliding lines should protrude at an angle of 45° (Fig. 4). 
 Further, observing the property of orthogonality of the grid of slip 

 

Fig. 3. Stress state of 6063 aluminium alloy: in the middle of the first cycle of 

deformation (a); at the end of the first deformation cycle (b). 



 STRESS STATE OF 6063 COLD-FORMED ALUMINIUM ALLOY 965 

lines, it is constructed up to nodal points 0.1 and 0.2, where the grid of 

slip lines is connected from the side of the central and side punches. It 

can be seen from the constructed grid of slip lines that the central cru-
ciform zone of the workpiece is fully subjected to triaxial compression 

both from the side of the central punches and from the side of the side 

punches and walls of the semi-die. 

2.3. The Mechanism of Grain Size Refinement 

and Material Strengthening 

Triaxial compression and the influence of grain-dislocation factors 

contribute to significant refinement of the grain structure and 

strengthening of the material. 
 The grain size refinement is due to grain-boundary strengthening or 

Hall–Petch strengthening. The mechanism of this strengthening can 

be explained as follows. Before plastic deformation, there are disloca-
tions in a certain amount in the grains of the material. During plastic 

deformation, these dislocations and newly formed dislocations (for ex-
ample, dislocations created by Frank–Read sources [26]) will move 

through the crystalline lattices of the grains to the grain boundaries, 

where these boundaries and their disorder impede the movement of dis-
locations and they accumulate along the grain boundaries. With an in-

 

Fig. 4. Field of slip lines in the zone of plastic deformation. 
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crease in the deformation force (stresses), the accumulated disloca-
tions trigger the grain-boundary diffusion mechanism and create a 

stress-strain state in neighbouring grains, which in turn deforms the 

grains. The more grains are formed in a polycrystalline material, the 

more barriers that restrict the movement of dislocations, which means 

that the material is strengthened and its yield strength increases. 

Thus, it can be assumed that there is a relationship between grain size 

and yield strength (stress). This relationship can be demonstrated by 

the well-known Hall–Petch relationship: 

 0 ,y
y

k

d
σ = σ +  (1) 

where σy is the yield stress; σ0 is the frictional stress, which is neces-
sary for the movement (sliding) of dislocations; ky is the material-
specific strengthening factor, also called the Hall–Petch factor; d is 

the mean grain size. 
 It is important to note that recent experimental studies of nanocrys-
talline materials, including aluminium alloys [27, 28], have shown 

that the Hall–Petch relationship is not always effective; upon reaching 

a certain critical grain size (on the order of several tens of nanome-
tres), no further increase in the yield stress is observed: the yield stress 

remains constant or decreases (the material softens) even if the grain 

size decreases. This paradox is called the inverse Hall–Petch effect. 
Despite the fact that recently a lot of experimental and research works 

devoted to this effect in nanocrystalline materials have been carried 

out, the gist and mechanisms of this phenomenon remain insufficient-
ly studied and require further, more in-depth studies. 
 Based on the above, for a mathematical assessment of the effect of 

dislocation hardening on the strength of the material, the authors of 

the study suggest using the following equation: 

 ,d M Gbσ = α ρ  (2) 

where σd is the dislocation strengthening effect; M is the Taylor factor 

(crystallographic characteristic of material strength); α is a constant; 

G is the shear modulus of the material; b is the magnitude of Burgers 

vector; ρ is the dislocation density. 

3. RESULTS AND DISCUSSION 

The mean stress at the nodal point 0.0 is determined from the condi-
tions that in the section A and B, i.e. at the exit of the metal from the 

hole of the die: 
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0.0

,y Sσ = −σ  (3a) 

 
0.0

0,xσ =  (3b) 

since the lateral surface of the offshoot (emerging into the hole of the 

metal) is free of load. Then the mean stress at point 0.0 will be equal to: 

 *
0.0 0.5 ,Sσ = − σ  (4) 

where 
*
Sσ  is the strain or deformation resistance, the value of which is 

taken depending on the value of the yield stress of 6063 aluminium al-
loy, i.е. Sσ = 100–108 MPa, and the coefficients that take into account 

the strain hardening of the metal nε, the stress state of the metal nσ, 

Lode coefficient ( 1.15β = ), taking into account the conditions of plane 

deformation. Hence, after adopting the corresponding values of the 

coefficients, the strain resistance is 

 * ,S Sn nε σσ = σ β  (5) 

 * 174.5Sσ = −  MPa. 

 Further, using the well-known Hencky equations [21–24], the mean 

stress (hydrostatic stress) is determined at the nodal point 0.1, and 

then at the point 0.2: 

 *
0.1 0.0 0.1( ),Sσ = σ − σ ∆θ  (6) 

where ∆θ0.1 is the angle of rotation of the slip line at the transition from 

the nodal point 0.0 to the nodal point 0.1. Hence, the value of the mean 

stress at the nodal point 0.1 will be equal to: 

*
0.1 0.1(0.5 ) 248.66Sσ = −σ + ∆θ = −  MPa. 

 By analogy, the mean stress at point 0.2 is determined: 

*
0.2 0.1 0.2( ) 410Sσ = σ − σ ∆θ = −  MPa, 

where ∆θ0.2—the angle of rotation of the slip line when passing from 

the nodal point 0.1 to the nodal point 0.2. 
 The obtained values are in good agreement with the values obtained 

by computer simulation (Fig. 3, b), where the stress values from the 

contact surface to the central zones of the workpiece are in the range of 

−143 to −403 MPa, on mean −273 MPa. Approximately the same values 

are obtained in the above calculation by the calculation method of slip 

lines, where the values of the compressive mean, hydrostatic stresses 

are in the range of −248.66 to −410 MPa. The slight difference in the 
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obtained values can be explained by the difference in the edge or 

boundary conditions adopted in these two methods. Therefore, with a 

certain error, it is possible to accept the fields of the slip lines and the 

fields obtained by computer simulation to be identical. 

4. CONCLUSION 

The stress state of the workpieces (balls) under the triaxial compres-
sion in a closed die has been evaluated. Analysis of the results obtained 

by the slip-line field method, mathematical computer modelling and 

experimental data shows that maximum compressive mean (hydrostat-
ic) stresses act in the volume of the workpiece, contributing to the pro-
duction of workpieces with UFG and/or NS with minimal processing 

cycles. The resulting workpieces can be used further in the production 

of bar, long, bulk products for mechanical engineering, instrument 

making, aerospace, transport technology, electrical engineering or 

other industries. 
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