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Abstract By coupling a kinetic dislocation model and

Monte Carlo algorithm, the recrystallized microstructure of

severely deformed Oxygen Free High Conductivity Copper

(OFHC) is predicted at different strains imposed by Equal-

Channel-Angular-Pressing (ECAP) and annealing tempera-

tures. From a flow field model, the strain rate distribution

during the ECAP of the material in a curved die is calculated.

Then using the kinetic dislocation model, the total disloca-

tion density and correspondingly the stored energy after each

ECAP pass is estimated. Utilizing the Monte Carlo algorithm

and the stored energy, the recrystallized microstructure is

predicted. The results show that the recrystallized grain size

is decreased rapidly from the strain of first to fourth pass and

then it is decreased slowly. Also, it is achieved that with

increasing the annealing temperature, the grain size is

increased. Moreover, a good agreement is observed between

the predicted results and experimental data.

Introduction

Severe plastic deformation makes metals with high-dislo-

cation density. The dislocations form as a cell structure

[1–3]. Annealing process on severely deformed metals has a

great importance since it leads to a fine grained micro-

structure due to occurrence of recrystallization. The fine

grained microstructure has novel properties such as high

strength and super plasticity [4, 5]. Thus, recrystallized

microstructure modeling of severe plastic deformation of

materials can help to find a proper annealing process and

achieve a desirable microstructure and properties. Due to

complexity of dislocation structure in severely deformed

materials and more unknown phenomenon in their anneal-

ing process, a limit works can be found on modeling of their

recrystallized microstructure. Recently, the first author has

presented an approach for predicting the microstructure of

copper after Equal-Channel-Angular-Pressing (ECAP) and

annealing [6]. ECAP is one of the most popular methods of

imposing bulk severe plastic deformation to materials

[1–3]. It involves the use of a die that contains two inter-

secting channels of equal cross-section, where the sample

cross-section remains unchanged during processing and the

imposed plastic deformation to the sample includes a pure

shear. In the recent work [6], using a simple analytical

relationship the strain was calculated. Then the subgrain

size and stored energy due to the deformation were esti-

mated from the achieved strain utilizing empirical

relationships. The stored energy was input to the Monte

Carlo algorithm and the recrystallized grain sizes were

simulated at different pass numbers of ECAP and annealing

temperatures. However, a good agreement was achieved

between the modeling results and experimental data, some

errors of prediction were seen in some cases. This can be

attributed to the consideration of simple analytical rela-

tionship in calculation of strain and empirical relationships

in estimation of subgrain size and stored energy. Thus, in

this study a new idea is used to improve the modeling

results and decrease the errors of prediction. The idea

includes coupling of kinetic dislocation model and Monte

Carlo algorithm [7–11]. However, these models have been

individually used before to predict the microstructure evo-

lution of materials. The advantage of the coupling is that the

kinetic dislocation model can consider the complex struc-

ture of dislocation cells and predicts an exact value of total
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dislocation density from which the stored energy can be

calculated. Then, to simulate the recrystallized micro-

structure of severely deformed copper, the stored energy is

input to the Monte Carlo algorithm. It should be mentioned

that the kinetic dislocation model depends on strain rate

[7–9]. Thus, an exact value of strain rate should be input to

the kinetic dislocation model. To do so, the flow field

model, presented by Tóth et al. [12, 13], for sharp ECAP die

is developed for a curved ECAP die studied in the present

work. The material studied in this research is Oxygen Free

High Conductivity Copper (OFHC).

Kinetic dislocation model

In this section, the kinetic dislocation model used for esti-

mating the stored energy due to severe plastic deformation is

described. In three dimensional version of this model, it is

assumed that the dislocation structure of the severely

deformed materials formed as cell is composed of two regions.

The first one is cell walls and the second one is cell interiors,

where the dislocation densities are qw and qc, respectively.

The evolution of dislocation densities with time of deforma-

tion can be expressed by the following equations [7–9]

dqw

dt
¼ 6b� _ccð1� f Þ2=3

bdf
þ

ffiffiffi

3
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b� _ccð1� f Þ ffiffiffiffiffiffiqw
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where, t is the time of process, _cc is the resolved shear

strain rate in the cell interiors, _cw is the resolved shear

strain rate in the cell walls, _c0 is the reference shear strain

rate, b is the Burgers vector length, f is the volume fraction

of the cell walls, d is the cell size. The parameters a�and b�

denote the fraction of operative Frank-Read sources and a

fraction of dislocations which are within a certain distance

from a wall will be woven into the wall, respectively. The

value of k0 is the coefficient of recovery in the cell walls

and cell interiors, and the values of nw and nc are their

exponents of recovery, respectively. The exponents char-

acterize the strain rate sensitivity of dislocations

annihilation process.

In the above-mentioned equations, the volume fraction

of the cell walls depends on the strain [7]:

f ¼ f1 þ ðf0 � f1Þ expð�kf crÞ ð3Þ

where f0 is the initial volume fraction of the cell walls, f1
is the saturated magnitude of the cell walls volume frac-

tion, cr is the resolved shear strain and kf is a numerical

constant.

It has been reported that the cell size can be calculated

from [7]:

d ¼ Kq�0:5
total ð4Þ

where K is the proportionality constant and qtotal is the total

dislocation density.

The total dislocation density can be determined as [7]:

qtotal ¼ f qw þ ð1� f Þqc ð5Þ

To make the strain compatibility along the cell interiors

and cell walls, it is assumed that [7]:

_cc ¼ _cw ¼ _cr ð6Þ

where _cr is the resolved shear strain rate. Considering the

Taylor assumption, the resolved shear strain rate can be

calculated from equivalent Von-Mises strain rate.

As can be seen the described model is dependent on the

strain rate of deformation. Thus to achieve the strain rate, a

mechanical model is required. Since, in this research the

ECAP process with curved die is studied, to do so a flow

field model proposed in the prior works for a sharp die is

developed for a curved die.

Flow field model for curved die

The flow field model presented by Tóth et al. [12, 13] for a

90� ECAP die is developed for a curved die studied here,

see Fig. 1. At first, a brief description on the flow field

model is presented. The following analytical function can

Fig. 1 Illustration of equal-channel-angular-pressing process and

flow lines (D = 25 mm and v0 = 2.5 mm/s)
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determine the flow line of material through ECAP die in a

good agreement with finite element analysis:

X ¼ ðD� xÞn þ ðD� yÞn ¼ ðD� x0Þn ð7Þ

where D is the die diameter, x and y are the coordinates, n

is the shape parameter of flow line, x0 denotes the position

of flow line from the outer wall of die.

In prior works, it has been reported that the maximum n

value is theoretically ? for a material passing through a

90� die if no dead zone formation is assumed. Indeed, the

mentioned n value is related to the outer wall of die. If the

dead zone formation is assumed, the maximum value of n

is dependent on the die diameter [14]. Since in this study

the outer wall of die has a curvature at the intersecting

position of the channels and the formation of dead zone

does not occur [14], the upper bound of n value is limited

by an n value calculated for the geometry of the outer wall.

On the other hand, it depends on the magnitude of die

curvature. Considering the geometry of the studied die, the

n value of outer wall is achieved 5.6. Thus, the n values are

assumed to be lied between 3 and 5.

From the mentioned flow function, the velocity field can

be computed as follows [12, 13]:

vx ¼ v0

D� y

D� x0

� �n�1

ð8Þ

vy ¼ �v0

D� x

D� x0

� �n�1

ð9Þ

where v0 is the ram speed.

The velocity gradient is analytically obtained from the

velocity field [12, 13]:

Lxx ¼
ovx

ox
¼ �v0ð1� nÞðD� xÞn�1ðD� yÞn�1ðD� x0Þ1�2n

ð10Þ

Lyy ¼
ovy

oy
¼ v0ð1� nÞðD� xÞn�1ðD� yÞn�1ðD� x0Þ1�2n

ð11Þ

Lxy ¼
ovx

oy
¼ v0ð1� nÞðD� xÞnðD� yÞn�2ðD� x0Þ1�2n
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Lyx ¼
ovy
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¼ �v0ð1� nÞðD� yÞnðD� xÞn�2ðD� x0Þ1�2n

ð13Þ

The strain rate tensor is the symmetrical part of the

velocity gradient. Thus, from the above equations the Von-

Mises equivalent strain rate can be calculated. Then, an

integration of the Von-Mises strain rate along the flow line

gives the total Von-Mises strain in one pass:

eVon�Mises ¼
Z

�

n� 1
ffiffiffi

3
p v0ðD� x0Þ1�2nðD� xÞn�2

ðD� yÞn�2

�

ðD� xÞ2 þ ðD� yÞ2
��

dt ð14Þ

Monte Carlo algorithm

The Monte Carlo algorithm used in this work is based on

the works carried out by Srolovitz et al. [10, 11] for

recrystallization. However, a new nucleation model is uti-

lized here.

At first, the stored energy due to severe plastic defor-

mation is calculated from the total dislocation density

estimated from the kinetic dislocation model. The stored

energy due to deformation is equal to 0:5Gb2qtotal [15],

where G is the shear modulus. Then, the stored energy is

mapped on the triangular lattice, i.e., the stored energy is

assigned to each lattice site, which has a random integer

orientation between 1 and 48 [10, 11]. In the recent work of

the first author, it has been concluded that a constant

nucleation rate is prevailed during recrystallization of

severely deformed copper [6]. Since the stored energy and

annealing temperature are controlled the nucleation rate,

the following constant nucleation rate model presented by

other researchers is used [16, 17]:

_N ¼ ZðHXðtÞ � HMinðtÞÞ VXðtÞ exp
�QN

kB T

� �

ð15Þ

where Z is a constant which sets the order of 10-2 for the

fraction of nucleus density on the lattice, HXðtÞ is the

stored energy due to deformation, HMinðtÞ is the minimum

stored energy due to deformation needed for recrystalli-

zation, VXðtÞ is the fraction of material for which

nucleation is still possible at time t, kB is the Boltzmann’s

constant, QN is the activation energy for nucleation, T is the

absolute temperature.

Since the minimum strain leads to recrystallization is

approximately 3% [15] and the strain in ECAP is large,

therefore HMinðtÞ in the above equation is ignorable in

compared with HXðtÞ. Under isothermal heat treatment, the

average nucleation rate is dependent only on the stored

energy. Thus, the present simulation does not use the time-

dependent values of stored energy.

It is worth mentioning that due to high stored energy one

lattice site is considered as the critical size of the nucleus

by assigning the random integer orientation between 48

and 64 [10, 11].

In the Monte Carlo algorithm the microstructure evo-

lution is modeled by reorienting attempts of each randomly

chosen lattice site to the new random orientation of one of

its nearest neighbors [10]. These attempts are tracked by
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calculating the changes in the energy of system. This

energy includes the grain boundary energy and stored

energy, expressed as follows [10, 11, 18–20]:

Ei ¼
X

N

i¼1

Hi gðSiÞ þ
1

2

X

Ni

i¼1

X

Nj

j¼1

cij ð16Þ

where Hi is the stored energy due to deformation at lattice

site i, cij is the grain boundary energy between two

neighboring lattice sites i and j, Si is the orientation of site

i, gðSiÞ is the step function that is unity for unrecrystallized

site and zero for recrystallized site, Ni is the total number of

lattice sites, Nj is the number of nearest neighbors of site i.

In triangular lattice Nj is equal to 6.

If the change in energy of system due to the reorienta-

tion is less than or equal to zero, the reorientation is

accepted and if not the orientation of the site should remain

as before. It should be noted that all reorientations of the

recrystallized sites to the unrecrystallized ones are not

acceptable. The reorientations of unrecrystallized site to

the orientation of the neighboring unrecrystallized site are

considered as recovery due to subgrain growth [19, 20]. If

the recrystallized site reorients to the neighboring recrys-

tallized site, the process represents the grain growth

phenomenon after recrystallization.

Results and discussion

Considering the procedure mentioned in prior sections, a

computer code is developed to simulate the microstructure.

It should be noted that the ECAP process is carried out

through route C (i.e., 180� rotation of billet between two

passes) where the strain states and magnitudes on the top

and bottom of billet are approximately the same. Since, in

the literature the main data can be found for the cross

section and not for each point at the cross section of billet,

thus in this study the calculated data are the mean values at

the cross section. As seen in Fig. 2, the Von-Mises strain

during each pass of ECAP process is increased with dif-

ferent slopes. This phenomenon is related to the variation

of the strain rate during the passage of the material in the

plastic zone. In the flow field model, zero strain rate is

predicted when the material enters to the working part of

the die and it is increased to a maximum value at the

intersecting plane of the die channels. Thus, at the primary

section of die the strain accumulation in material is small

and it is increased rapidly by closing to the intersecting

plane. When the material passes from the plane, i.e., the

position of maximum strain rate, the strain rate is decreased

down to zero where the material exits from the working

part of the die. Therefore, the strain is increased slowly. In

the next pass, this trend is repeated. It should be noted that

this trend is similar to that achieved by the fan model [21].

In Fig. 3, the fraction of cell walls, which are the inci-

dental dislocation boundaries (IDBs), is presented versus

pass number. As can be seen, the fraction is decreased with

increasing the pass number. This trend is in agreement with

the experimental results presented by McKenzie et al. [9]

and shows although the surface of cell walls grows as strain

accumulates, but the cell walls become increasingly thin.

Thus, the volume fraction of cell walls is decreased

[22–24].

Considering the given constants in Table 1, the cell

walls, cell interiors, and total dislocation densities after

each pass of ECAP are calculated. In Fig. 4, the dislocation

densities are plotted versus Von-Mises strain of each pass.

The total dislocation density is increased rapidly from the

first to fourth pass and in following passes it is increased

with a lower rate. The presented results are consistent with

the data presented before [26].

To predict the recrystallized grain size of severely

deformed OFHC, at first the stored energy in each pass is

calculated from the total dislocation density. Then by

inputting the stored energy to the described Monte Carlo

algorithm, the recrystallized grain size of the material is

achieved versus the Von-Mises strain at a specific

annealing temperature. As it is presented in Fig. 5, the

Fig. 2 The Von-Mises strain versus pass number Fig. 3 The fraction of cell walls versus pass number
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recrystallized grain size is decreased rapidly from the strain

of first to fourth pass and then it is decreased slowly. This

is attributed to the changes of the total dislocation density

mentioned before, which is the driving force of nucleation

phenomenon during recrystallization. With increasing the

dislocation density, the nucleation rate is increased and

finally it leads to the formation of the smaller grain size. As

can be seen in the figure, a good agreement is found

between the modeling results and experimental data [27].

Also, the grain sizes of the OFHC after 4 and 6 ECAP

passes are predicted at different annealing temperature.

The predicted grain sizes are presented in Fig. 6. As can be

observed, the grain sizes are increased with increasing the

annealing temperature. Also, Fig. 6 shows that the pre-

dicted grain sizes are consistent well with the experimental

data [28–30]. However, with increasing the temperature the

nucleation rate is increased, the kinetics of grain growth is

increased and finally the higher annealing temperature

leads to the coarser grain size.

It should be noted that in this study by utilizing the

kinetic dislocation model for calculating the total disloca-

tion density as well as stored energy in each ECAP pass,

the errors in predicting the recrystallized grain size is

smaller than that in the prior work.

Conclusions

In this study, the recrystallized microstructure modeling of

the OFHC after ECAP is carried out. To do so, a flow filed

model, kinetic dislocation model, and Monte Carlo algo-

rithm are utilized. The following conclusions can be

presented:

1. A good agreement is achieved between the modeling

results and experimental data. Also in the present

Table 1 The values of parameters and constants used in the model

[7, 9, 12, 13, 15–17, 25]

Symbol Value

a� 0.02

b� 0.01

_c0 1 s-1

b 2.56 9 10-10 m

qc0
1013 m-2

qw0
1014 m-2

k0 2.3

nc 50

nw 4

K 10

f 0.25

f1 0.06

kf 0.31

G 42.1 GPa

QN 24 kcal/gm-atom

kB 1.38 9 10-23 J/degree

cij 0.625 Jm-2

Fig. 4 The effect of Von-Mises strain on the dislocation densities

Fig. 5 The effect of Von-Mises strain on the recrystallized grain size

(Annealing temperature = 350 �C, Annealing time = 1 h), symbol

\A[ on y-axis shows the mean grain diameter after annealing

Fig. 6 The effect of annealing temperature on the recrystallized grain

size at different pass numbers (Annealing time = 1 h), symbol \A[
on y-axis shows the mean grain diameter after annealing
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work, the errors in predicting the recrystallized grain

size are smaller than that in the prior work.

2. The Von-Mises strain during each pass of ECAP

process is increased with different slopes.

3. The total dislocation density is increased rapidly from

the first to fourth pass and in following passes it is

increased with a lower rate.

4. The recrystallized grain size is decreased rapidly from

the strain of first to fourth pass and then it is decreased

slowly.

5. However, with increasing the temperature the nucle-

ation rate is increased, the kinetics of grain growth is

increased and finally the higher annealing temperature

leads to the coarser grain size.
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