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Abstract. This article presents the results of investigation into changes in the stored energy 

during the process of plastic deformation. It has been shown that the value of stored energy 

increases with the degree of deformation and the higher this value the lower the deformation 

temperature. The stored energy decreases with increasing temperature. Intervals of strong and 

weak temperature dependence are associated with changes in the intensity of accumulation of 

deformation defects of different types. The stored energy also increases with increasing stress 

and the degree of deformation, which corresponds to the experimental data. 

1. Introduction 

Metals and alloys are in a state far from thermodynamic equilibrium in the process of plastic 

deformation. Excess energy that is stored in plastic deformation is an important integral characteristic 

of the defect structure of deformed material [1-3]. During the process of deformation and after its 

finish, relaxation processes occur in the deformed material: the restructuring in deformation defect 

structure in the direction of reducing the stored energy. After the termination of the deforming impact 

absorbed energy is the driving force behind relaxations' changes of the structure.  

A lot of experimental data on the energy absorption in metals during plastic deformation and 

release of this energy during annealing post-deformation were obtained [1-3, 4]. 

In publication [4] were presented results of study on the thermo-mechanical responses and 

properties of single crystal high purity copper. The authors obtained that the stored energy of cold 

work depends almost linearly on the plastic strain for all different strain rates from 1000 to 8000 s
-1

, 

and therefore the stored energy is on relative independence on the strain rate.  

In theoretical study [5] was demonstrated that the significant part of the energy stored during 

deformation of tested materials is the energy of statistically stored dislocations and their mutual 

interactions. A method for the calculation of the stored energy was presented in publication [6]. The 

authors indicate that the stored energy increases with increasing hardening capacity of the metal. 

Only a small part of the energy consumed by plastic deformation of the metal is absorbed by the 

crystal, thereby increasing its internal energy. The increase of internal energy is connected to defects 

arising during deformation; and it generates a driving force of recovery and recrystallization. The 

contribution to the change in the stored energy can produce various defects, including dislocations, 

point defects, microcracks, etc. Value of stored energy depends upon different factors associated with 

the process of deformation, and with the nature of the deformation material undergoing deformation.                                                                                    
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The aim of the present work is to research of the stored energy of plastic deformation in crystals of 

face-centered cubic metals over a wide range of temperatures. 

2. Mathematical model 

In previous studies [7-9] the stored energy for isothermal and adiabatic deformation at a constant 

strain rate, annealing of the stored energy of deformation during isothermal annealing and annealing 

with a constant heating rate of material were calculated on based model [10]. The model [10] takes 

into account generating of deformation of point defects at a stationary density of thresholds in 

dislocations and without account the generation of dislocation dipoles.  

The model [10] qualitatively correctly describes the general patterns of energy-absorbing 

deformation and its release during annealing. We have also shown that the value of the stored energy, 

taking into account the dynamic generation of point defects and dislocation dipoles leads to a better 

agreement with the experimental data.  

In the present study the stored energy is defined by E = Esdρ + Eid, where E is the stored energy per 

unit length of the dislocation, Es is the self-energy per unit length of dislocation [11]: 

                                               
r
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 ,      (1) 

where G is the shear modulus, b is Burgers vector module, R is the characteristic size of the region 

outside of which the energy of elastic distortions caused by the presence of dislocations is negligible; 

K = 1 for screw dislocations, K =1 –  for screwless dislocation respectively, Eid is the energy of the 

interaction of dislocations, and r is the radius of the dislocation core.  

According to the publication [12] the self-energy per unit length of the dislocation can be 

calculated taking into account the energy of the dislocation core as follows: 

                                                      cs E
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The energy of the dislocation core Ec was estimated in the study [13] and it can be written as: 

Ec=0.1Es.          (3) 

 

It is used in calculations that r = 2b, R = 6ρ
-1/2

. The relations (1)-(3) show that the energy of the 

dislocation core is small compared with the first term included in (2), as a consequence the energy of 

the dislocation core is often neglected. In further calculations for the contribution to the stored energy 

due to the accumulation of dislocations with the energy of the dislocation core will use the relation:  
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0ρm  – the initial density of shear-forming dislocations. The energy of the 

dislocations in the dipole configurations is represented in the form  
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where h  is a average dipole arm, which is used to work in a uniform distribution of dipoles along the 

length of the arm.  

The main source of strain hardening of metals is the accumulation of dislocations during plastic 

deformation, so the existing theoretical works [14] devoted to the stored energy usually considered 

only the contribution due to the accumulation of dislocations, the contribution of point defects are 

usually not taken into account. In this paper, the calculation takes into account the contribution of the 

stored energy of point defects, which is also associated with increase in stored energy. If the 

concentration of defects exceeds the thermodynamic equilibrium, the stored energy of the crystal is 

increased by an amount equal to the number of defects multiplied by the energy of formation of a 

single defect, assuming the formation of isolated point defects assuming the formation of isolated 
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point defects: 
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here nv, n2v, ni – the number of vacancies, divacancies and interstitial atoms per unit volume, 

respectively; cv, 
f

vU , c2v, 
f
vU2

, ci, 
f

iU  – concentration of point defects and their formation energy, 

respectively. Then using relations (4)-(6) for the absorbed energy of deformable material assuming an 

additive contribution can be written ΔE = ΔEm + ΔEd + ΔEp + vEΔ + 
vE2Δ  + ΔEi. 

Dependences of the stored energy from the flow stress and shear strain ρ(τ), ρ(a), c1v(τ), c2v(τ), ci(τ) 

can be determined by solving the system of equations of mathematical model of homogeneous plastic 

deformation in FCC materials [14]. The mathematical model [14] together with the relations (4)-(6) 

allows us to calculate the absorbed energy of deformable material and contributions to it energy of 

deformation defects of various types.  

 
Figure 1. Flow stress (a), density of shear-forming dislocations (b), density in the dipole configuration 

(b), (c), concentration of interstitial atoms (e), vacancies (g), and divacancies (h) versus strain rate. 

Copper, temperature from 25 to 900 K in steps of 25 K. 

3. Results of numerical experiments 

Stress-strain curves and the corresponding dependence of the density of dislocations, shear-forming 

dislocations, dislocations in dipole configurations of vacancy and interstitial type and concentration of 
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interstitial atoms, vacancies, divacancies versus strain for copper are shown in Figure 1, for 

deformation temperatures from T=25 K to 900 K in step of 25 K. As the temperature decreases the 

strain hardening coefficient and steady-state value of the flow stress are reduced (Figure 1, a). The 

temperature intervals of strong and weak temperature dependence associated with changes in the 

intensity of the annihilation of deformation defects of different types were found. It should be noted 

that unlike the model-shear deformation diffusion, in which the density of dislocation dipole is greater 

that the density of shear-forming dislocations, in presented model [14] the density of shear-forming 

dislocations is higher than the density of the dislocation dipole or comparable with it.  

For each type of dislocation range of temperature dependence can be identified corresponding to 

the intervals of the temperature dependence of strain hardening. At temperatures above T=100 K the 

concentration of interstitial atoms in deformed crystal is negligible, less than ci=10
-9

. The 

concentration of vacancies even during deformation at high temperatures of at least cv=10
-9

.  

 
Figureure 2. Stored energy (a) and contributions to it dislocations (b), point defects (c) shear-forming 

dislocations (d), dislocations in the dipole configuration (e), vacancies (f), divacancies (g), and 

interstitial atoms (h) versus the shear strain for copper. Temperature varied from T=300 to 800 K in 

steps of 100 K. 

Figures 2-4 show the results of our calculations of stored energy based on the developed model 

[14]. It has been shown that the quantity of stored energy increases with the degree of deformation and 

the more intense the lower the deformation temperature. With increasing temperature, the stored strain 
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energy is reduced (Figure 2). 

It was found that the temperature intervals of strong and weak temperature dependence is 

associated with changes in the intensity of accumulation of deformation defects of different types. The 

contribution of point defects in the stored energy at low temperatures may exceed the contribution of 

dislocations or be commensurated with it. The contribution of point defects in the stored energy is 

determined by the contribution of di- and vacancy, contribution of interstitial atoms is negligible. But 

starting with the temperature of about T=400 K for copper the contribution of point defects by orders 

of magnitude is smaller than that of dislocations. 

Figure 3 shows the curves of the stored energy at low temperatures (up to T=300 K in steps of 50 

K). By increasing the temperature to room temperature the contribution into the stored energy of point 

defects is significantly reduced, while the contribution from the dislocation remains virtually 

unchanged. Stored energy increases with increasing tension (Figure 4) and the degree of deformation, 

which corresponds to the experimental data. 

 

 
Figure 3. Stored energy (a) and deposits it dislocations (b), and point defects (c) versus the shear 

strain for copper. Temperature varied from T=50 to 300 K in steps of 100 K. 

 
 

Figure 4. Stored energy (a) and contributions to it dislocations (b),  

point defects (c) versus the flow stress for copper. 
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4. Conclusion 

The absolute values of the stored energy correspond to the order of data in the literature [1, 3, 11, 14, 

15, 16]. The following basic laws of energy absorption of single crystals of fcc metals are noted, in 

agreement with the experimental data: 1) the amount of stored energy increases with the degree of 

deformation and the more intense the lower the temperature; 2) the quantity of stored energy higher at 

higher deformation strain rate, at low temperatures increasing strain rate has a little effect on the 

accumulation of energy. From the numerical experiments embodied in Figures 1-4 it may be 

concluded that the proposed mathematical model can be used in the prediction of plastic deformation 

processes under different external impacts. 

 

References 

[1]  Большанина М А и  Панин В Е 1957 Скрытая энергия деформации  (Издательство АН 

СССР: Москва) 146-151  

[2]  Лариков Л Н и Юрченко Ю Ф 1985 Тепловые свойства металлов и сплавов  (Наукова 

думка: Киев) 438  

[3]  Bever H B, Holt D L and Titchener A L 1973 The stored energy of cold work (Pergamon Press: 

London) 

[4]  Rittel D et al 2012 On the dynamically stored energy of cold work in pure single crystal and 

polycrystalline copper Acta Materialia 60 3719-3728 

[5]  Oliferuk W and Maj M 2009 Stress-strain curve and stored energy during uniaxial deformation 

of polycrystals European J. of Mechanics A/Solids 28 266–272 

[6]  Aravas N, Kim K-S and Leckie F A 1990 On the Calculations of the Stored Energy of Cold 

Work J. of Engineering Materials and Technology 112 465-470 

[7]  Лазарева Л И, Колупаева С Н и Пудан Л Я 1989 Накопление деформационных дефектов 

и поглощенной энергии адиабатической деформации (Изд-во ТПИ: Томск) 71-78 

[8]  Колупаева С Н, Лазарева Л И и Попов Л Е  1990 Характерные интервалы значений 

поглощенной энергии деформации (Изд-во АПИ: Барнаул) С. 58-66  

[9]  Колупаева С Н, Лазарева Л И и Попов Л Е 1994 Эволюция дефектных структур в 

металлах и сплавах (Изд-во АГТГУ: Барнаул:) С.194-195 

[10] Кобытев В С, Колупаева С Н, Пудан Л Я и Попов Л Е  1984 Эволюция дефектов 

структуры кристаллов. Моделирование на ЭВМ (Изд-во ЛИЯФ: Ленинград) с 106-107 

[11] Seeger A, Kronmuller H 1962 Stored energy and recovery of deformed f.c.c. metals Phil. Mag. 

7(5) 897-913 

[12]  Friedel J 1967 Dislocations (Pergamon Press: Oxford) 

[13] Yurchenko Yu F and Kononenko V L 1979 Energiya dislokatsionnyih ansambley v plasticheski 

deformirovannyih nikele, zheleze i titane (review) Metallofizika 75 68-74 

[14]  Колупаева С Н, Пуспешева С И и Попов Л Е Математическое моделирование 

деформации скольжения  Известия РАН. Сер. физическая 67  1267-1276 

[15]  Полухин П И, Горелик С С и Воронцов В К 1982 Физические основы пластической 

деформации (Металлургия: Москва) 584 с  

[16]  Titchener A L and Bever M B 1958 The stored energy of cold work Metal. Phys 7 247-350 

TSUAB2014 IOP Publishing
IOP Conf. Series: Materials Science and Engineering 71 (2015) 012077 doi:10.1088/1757-899X/71/1/012077

6




