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Abstract 
 

To predict evolution of microstructure of aluminum alloys after deformation a numerical model based on the method 
of cellular automata (CA) has been developed and combined with the finite element model (FEM). The main objective of 
the combined FEM-CA model is to enable numerical predictions of growth of grains in the subsurface layers of extruded 
bars that occurs after deformation before the quenching in the industrial hot extrusion production chain. The results of 
numerical simulations show a good agreement with the results of optical micrographs of the bars taken from the industrial 
experiments. The outcomes of this research demonstrate that numerical models can be successfully applied to simulate 
complex thermo-mechanical and metallurgical processes during hot extrusion. 
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1. INTRODUCTION 

Modern industrial production of extruded alumi-
num profiles generally consist of series of metallur-
gical operations. The processing chain usually starts 
with the preparation of a melt and casting, which is 
followed by homogenization of the material and its 
cooling with prescribed cooling rate. During the hot 
extrusion cast and homogenized microstructure is 
deformed and hot workability of the material is 
strongly influenced by the thermal history of the 
material. The microstructure evolution and conse-
quently the final properties of the extruded profiles 
are strongly influenced by the extrusion parameters 
such as extrusion ratio, ram speed, temperatures of 
the billet container and die, quality of the tool sur-
face, extrusion mode and cooling conditions after 

hot deformation (Sheppard, 1999). When planning 
the production process these parameters should be 
carefully selected in order to obtain uniform micro-
structure through cross-section and along the profile 
length, and the surface without imperfections. 
Namely it is well-known that during hot extrusion of 
aluminum alloys, the extrusion parameters influence 
subsequent surface recrystallization which can result 
in undesirable appearance of coarse grains within the 
surface zone (Peng & Sheppard, 2004). The produc-
tion of profiles without such surface zone is expen-
sive since it requires higher homogenization temper-
ature, high cooling rate after homogenization, fast 
heating and higher hot working temperature, low 
extrusion rate and fast quenching after extrusion. 
But in some cases thin surface zone with thickness 
usually prescribed by the customer is tolerated. In 
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industry, obtaining the appropriate parameters is 
traditionally based on practical experience of engi-
neers and trial and error procedure, which can be 
very expensive. On the other hand rapid develop-
ment of numerical models in recent years can assist 
optimization of processing parameters and hence 
help to reduce the costs. 

The aim of the present contribution is to develop 
a simple model for the real industrial process that 
enables simulations of hot extrusion and prediction 
of spatial evolution of microstructure during static 
recrystallization which occurs after deformation. 
The influence of thermomechanical processing pa-
rameters, e.g. strain rate and temperature on the flow 
stress has been determined by laboratory testing. 
The industrial measurements in the real production 
process have been conducted and microstructures of 
the produced profiles have been systematically ex-
amined by microscopy. Based on the results of labo-
ratory testing and industrial measurements a macro-
scopic FEM model for simulations of hot extrusion 
was developed and coupled with mesoscopic model 
based on CA method for simulations of static recrys-
tallization after hot extrusion.  

2. EXPERIMENTAL 

2.1. Material and experimental procedure 
 
For the present investigation AA6262 aluminum 

alloy with chemical composition given in table 1 was 
casted into bars with 282 using AirSlip® billet cast-
ing technology. Casted bars have been cut into billets 
of length of 1450 mm and homogenized for 6 hours at 
480°C. After homogenization they have been cooled 
with water employing cooling rate of 4K/s.  

 

Table 1. Chemical composition of the alloy AA6262 in wt. %. 
(Spectrolab LAB LAVMC07A) 

 

 
To obtain the hot working parameters for the 

numerical simulation of extrusion the cylindrical 
specimens with dimensions ф 10 mm x 15 mm were 
machined from the homogenized billet. The hot-
compression tests were carried out on the Gleeble 
1500D thermo-mechanical simulator. The following 
testing conditions were selected: temperature range 
470–570°C, strain rates between 0.01 and 10s-1 and 
a true strain of 0.9. The specimens were heated to 

 
(a) 

 
 

(b) 

 
 
Fig. 1. Microstructure of the AA6262 alloy obtained by optical 
microscopy: as cast and homogenized before extrusion with 
mean grain size of 64m (a) and non-recrystallized after extru-
sion with mean grain size of 6m (b).  

 
deformation temperature with a heating rate of 

3K/s which was followed by holding them for 3 min 
at this temperature prior to deformation. After de-
formation they were water quenched. To avoid in-
homogeneous deformation and sticking between the 
specimen and the compression tool, tantalum foil 
with a thickness of 0.1 mm was inserted between the 
cylindrical specimen and the compression anvil, and 
 

 
a Ni-based lubricant was used. In order to reveal the 
grain structure of the alloy the samples have been 
cut and polished which was followed by anode oxi-
dation with HBF4 2.5% for 1.5 min at voltage of 
25V. The microstructure of the alloy prior deforma-
tion is shown on figure 1a. 

 
 
 

Si Fe Cu Mn Mg Cr Zn Ti Pb Bi Al 

0.744 0.4682 0.2832 0.1065 1.029 0.0593 0.0456 0.0256 0.63 0.5028 95.055 
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denote scalar product and second order tensor con-
traction, respectively. 

The subscripts e and p denote elastic and plastic 
components of the strain tensor, respectively, while 
superscript p denotes states computed for the previ-
ous time step in the time integration procedure. The 
integrals in the above equations are integrated over 
 domain following the finite element methodology. 
In order to make the development of finite element 
codes for above formulations as efficient as possible 
the authors use AceGen (Korelc, 2009a) system for 
automatic code generation. The system combines 
symbolic and algebraic systems, problem solving 
environments and automatic differentiation tools that 
can be applied to efficiently derive codes for implicit 
time integration schemes employing consistent tan-
gent operators for primal analyses of nonlinear, tran-
sient and path dependent problems. The details how 
this can be achieved are provided by Korelc (2009b). 
Furthermore, in this reference it is shown that primal 
analyses can be extended very efficiently also to the 
sensitivity analyses that enable application of gradi-
ent based algorithms for solution of complex inverse 
and optimisation problems in science and engineer-
ing. One of the important advantages of the sym-
bolic approach is that is that it allows very efficient 
introduction and modification of constitutive models 
as well as sensitivity analyses in the context of large 
strain frictional contact problems Stupkiewicz et al. 
(2002). For the materials considered in this work the 
J2 elasto-viscoplastic material model was applied 
based on the well known Sellars-Tegart expression 
(Humphreys & Hatherly, 1995) discussed in Section 
4.  

As an alternative to the fully implicit finite ele-
ment code generated by AceGen the authors also 
apply explicit time integration schemes to the cou-
pled equations 2 and 3 as they are implemented in 
the ELFEN finite element system (ELFEN, 2010). 

 
3.2. Evolution of microstructure during static 

recrystallization 
 

For the simulations of the microstructure evolu-
tion during static recrystallization a cellular auto-
mata method was applied. Cellular automata are 
dynamic systems with local interactions in which 
space and time are discrete. The space of interest is 
divided into a regular lattice of cells, and the state of 
every cell is determined by the states of its neighbor-
ing cells, and its previous state through the synchro-
nous application of the transformation rule, which 

computes the new states of all the cells and could be 
either deterministic or probabilistic. The CA method 
for simulating static recrystallization was first intro-
duced by Hesselbarth and Göbel (1991) and has 
since been applied to simulate a wide range of phe-
nomena in materials science and metallurgy (Hes-
selbarth & Göbel, 1991; Raabe, 2002; Raabe & 
Becker, 2000; Kugler & Turk, 2004; 2006; Yazdi-
pour et al., 2007; Madej et al., 2007a; Svyetlichnyy, 
2009; 2007; 2010; Madej et al., 2007b; Cvahte, 
2010). The simulation procedure adopted here con-
sists of two main steps, i.e. nucleation and growth of 
recrystallized grains. Static recrystallization pro-
ceeds by the formation of dislocation-free regions 
(with sufficient misorientation for growth) called 
nuclei and their growth. In the present model the 
nucleation stage was modelled phenomenologically 
by defining the nucleation probability pm and all the 
cells that are marked as potential nuclei are then 
tested with this probability. Namely, the cell become 
a nucleus if  

 ; 0,1 ,mp p p 
 

where p is randomly generated number. Determina-
tion of the nucleation probability can be very diffi-
cult task, since there are still many open questions 
regarding the nucleation stage of recrystallization 
(Humphreys & Hatherly, 1995). On the other hand it 
is known from the theory and from experimental 
observations that nucleation rate is proportional to 
stored strain energy, ED, and inversely proportional 
to specific surface energy, GB. Since nucleation is 
thermally activated process the expression for nu-
cleation probability has to include the Arrhenius 
term and thus probability for nucleation can be esti-
mated as 

 
1 exp( ) , orm D GB np E Q RT    

 0 exp( ) ,m np C Q RT   (3) 

by taking into account that ED  Gb2, where  
is dislocation density, G shear modulus, b the 
magnitude of the Burger’s vector, C0 is con-
stant, R is the universal gas constant, and Qn the 
activation energy for nucleation. Note that simi-
lar dependence (3) of probability for nucleation 
on temperature and stored energy, which was 
employed in the present model, was also used 
by the Song et al. (2001; 2002) in their Monte 
Carlo simulations of static recrystallization in 
titanium alloys. 
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In the growth step the states of all recrystallized 
cells remain unchanged, while a non-recrystallized 
cell stays non-recrystallized unless there is a recrys-
tallized cell in its neighborhood. If so, the cell is 
marked as partially recrystallized. It become fully 
recrystallized when rcd0, where rc is the distance 
parameter and d0 the size of one cell. It is generally 
accepted that the driving pressure for grain boundary 
movements, p, which comes from the stored energy 
in the deformed matrix, and the velocity, v, of the 
advancing grain boundary are linearly dependent 
(Humphreys & Hatherly, 1995), thus 

 v Mp ,  (4)  

where M is grain boundary mobility given with 
(Humphreys & Hatherly, 1995; Frost & Ashby, 
1982) 

1( ) exp( / )b bM b D k T Q RT  .  (5) 

Here  is the characteristic grain-boundary 
thickness, Db is the boundary self-diffusion coeffi-
cient, Qb is the boundary-diffusion activation energy 
and k is Boltzmann’s constant. The driving pressure 
for grain boundary movements depends on the dislo-
cation-density difference, , on both sides of the 
moving boundary and can be written as (Humphreys 
& Hatherly, 1995) 

 
2p cGb   ,  (6) 

where G is shear modulus and c is a constant in the 
order of 0.5. The contribution of capillary pressure 
arising from boundary curvature was neglected in 
the present study. 

After deformation also static recovery, which 
can significantly reduce the stored deformation en-
ergy before and during recrystallization, takes place. 
This is especially emphasized in high-stacking-fault-
energy metals such as aluminum where dislocation 
movement is rapid. Static recovery promotes nuclea-
tion in the early stages of recrystallization and at the 
same time decreases the recrystallization rate in its 
later stages. In the present model a simple model for 
static recovery was selected (Humphreys & 
Hatherly, 1995) 

 
nk   , (7) 

where n and k are constants. Since the values of 
these two constants are not known and their 
experimental determination is very difficult, we 
set n1, and k as a free parameter of the model. 
The time evolution of the distance parameter of 

the particular cell, rc, depends on whether the 
cell is marked as recrystallized (R), non-
recrystallized (NR) or partially recrystallized 
(PR), and is calculated as 

 

; ( ) ( )

; ( ) ( 0)

t t
t c

c t t
c

r C R C NR
r

r v t C PR v





   
 

      
(8)

 

For simplicity, the current simulations of micro-
structure evolution were carried out in 2D. The 
simulation lattice was 1280800 and Moore 
neighborhood together with Neumann boundary 
conditions was used. The size of one cell, d0, was 
4 m and thus the simulation area corresponds to 
5.12 x 3.2 mm in the real dimensions. The time step 
was defined as t=d0/vmax, where vmax is the 
maximal grain boundary velocity from the previous 
step and  is parameter taken as 0.2. In every nu-
cleation step all the cells are checked if the condition 
for the cell to become the nucleus is satisfied. If so, 
then such cell is written in the vector of potential 
nucleuses. The conditions for creation of potential 
nucleuses are defined at the beginning of simulation 
and depend on whether one needs to simulate topo-
logically homogenous or heterogonous nucleation. 
For topologically homogenous nucleation every non-
recrystallized cell becomes potential nucleus, 
whereas only cells on grain boundaries of initial 
microstructure or on other prescribed high-energy 
defects inside grains (e.g., deformation bands, dislo-
cation tangles, sub-grain walls, particles, etc.), which 
could also act as nucleation sites, are selected for 
topologically heterogonous nucleation. Of course, in 
the latter case the initial microstructure must be pro-
vided either from experiments or by simulations. 
Whether we are dealing with a topologically hetero-
geneous or homogeneous nucleation depends mainly 
on the ratio between the sizes of microstructural 
features before and after recrystallization1 (Kugler & 
Turk, 2006). Note that topologically homogenous 
nucleation that has been selected for the present 
simulations does not necessarily imply homogenous 
nucleation, since in general nucleation also depends 
on other parameters, such as temperature, stored 
energy, orientation gradients, etc., which may be 
heterogeneously distributed in the material, which 

                                                 
1 For example, if the ratio between the average grain sizes be-
fore and after recrystallization is more than 1:100 like in the 
present case (compare figures 1b and 10), and grain boundaries 
are the only topological feature of the initial microstructure, we 
are dealing with a topologically homogeneous nucleation. 
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leads to heterogeneous nucleation and consequently 
to heterogeneous recrystallization. 

The initial stored energies for CA simulations of 
static recrystallization are obtained from FEM simu-
lations. The coupling between both methods consists 
of extracting and translating the local hot working 
parameters into dislocation density and its mapping 
on the CA grid. The temperature of the extruded 
profile after hot extrusion was obtained by fitting the 
industrial measurements to the selected function and 
mapping the results on the CA grid. The coupling 
between mesoscopic and macroscopic scale and with 
industrial measurements of temperature that have 
been employed in the present simulations is sche-
matically shown on figure 3. 

 

4. RESULTS AND DISCUSION 

In order to obtain the flow curves and depend-
ences between steady state stress, strain rate and 
temperature for the alloy AA6262 that have been 
used in numerical simulations, a series of compres-
sion tests were carried out for temperatures between 
470°C and 570°C, and strain rates between 0.01s-1 
and 10s-1. Typical stress-strain curves are shown in 
figure 4a. The flow curves for all tested temperatures 
and strain rates initially exhibit an intensive work 
hardening until dynamic recovery balances strain 
hardening, and a steady state is reached. As expected 
the flow stress decreases with decreasing strain rate 
and increasing temperature, which is typical for 

metals deformed under hot working conditions. Note 
that for all testing conditions the steady state stress 
occurs for strains below 0.1. 

The influence of temperature and strain rate on 
steady state stress was described by the empirical 
Sellars-Tegart sine-hyperbolic equation which was 
originally developed for creep and is also widely 
applied to hot working (Humphreys & Hatherly, 
1995):  

 
exp( / ) sinh ( )n

dZ Q RT C   , (9) 

where Qd is the activation energy for deformation, n, 
, C are materials constants, and Z is the Zener–
Hollomon parameter. The activation energies as well 
as other constants in this equation (9) taking into 

account the errors of the steady state flow stresses 
were determined using the procedure described in 
Kugler et al. (2004). The activation energy amounts 
211 kJ/mol, which is close to the values reported in 
the literature for AA6262 alloy (Sheppard, 1990). 
All determined parameters of sine-hyperbolic equa-
tion are given in table 3. The comparison between 
the calculated and measured values of the steady-
state stresses is shown in figure 4b. Other materials 
parameters for numerical simulations such as den-
sity, Yung, bulk and shear modulus, Poisson’s ratio, 
specific heat, thermal conductivity, etc., and their 
temperature dependence have been determined using 
JmatPro commercial software which enables calcu-
lations of wide range of materials properties for 

 

Fig. 3. CA model for microstructure evolution coupled with FEM model for simulations of extrusion and industrial measurement of 
temperature of surface of the extruded profile as a function of time after extrusion.  

-y=r

x

 T T t
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Fig. 4. Stress-strain curves for different temperatures and strain 
rate of 1 s-1(a).Comparison between measured and calculated 
dependence of steady state flow stress on temperature for vari-
ous strain rates (b). 

multi-components alloys used in industrial practice 
(Saunders et al., 2004,). During the extrusion testing 
in industry, a series of measurements of processing 
parameters has been conducted that have been used 
for calibrations of the numerical model. The most 
important are the speed of the extrusion ram, time 
which is needed by the extruded material to reach 
the quenching facilities, and various temperatures on 
the entire processing chain. The obtained speeds of 
the ram which have been used in numerical simula-
tions of extrusion were 5.5, 9.9, 12.8, 15 and 18 
mm/s and the corresponding times that elapse be-
tween the bar step out of the extrusion die and 
reaches the quenching section were 45, 25, 19, 16 
and 14 s. Temperature field for the entire geometry 
of the extruded billet for the ram speed of 9.9 mm/s 
obtained with FEM simulations of extrusion is 
shown on figure 5a, while temperature and strain 
rates in cross section in direction of extrusion is 
shown on figures 5b and 5c, respectively. 

Here it should be mentioned that during hot de-
formation of high stacking fault energy materials 
such as Al alloys, beside dynamic recovery, also 
continuous dynamic recrystallization and geometric 
 

(a) 

  
 

(b) 

 
 

(c) 

 
 

Fig. 5. Results of the FEM simulations of extrusion: temperature 
field for entire geometry (a), temperature (b) and strain rate (c) 
in cross section in direction of extrusion of the extruded profile.  

dynamic recrystallization have been observed. Dur-
ing continuous dynamic recrystallization the misori-
entation across some low-angle grain boundaries 
increases to such extend (e.g. >15°) that they trans-
form to high-angle grain boundaries. These newly 
formed high-angle grain boundaries then very 
slowly migrate and reduce the dislocation density 
which consequently leads to softening of material 
and grain refinement (Gourdet & Montheillet, 2003; 
DePari Jr. & Misiolek, 2008). On the other hand 
geometrical dynamic recrystallization is character-
ized by increased flattening of grains due to strain-
ing, which finally leads to pinching-off of portions 
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of grains and consequently to grain refinement. 
Since these two mechanism become more pro-
nounced at large strains ( >> 1) they have been 
neglected in the present study where maximal ob-
tained strains were  < 1 (see figure 6a). As can be 
seen from figure 4a, for  < 1 no additional softening 
can be observed. Furthermore the inspection of mi-
crostructures of material that have been extruded 
with the lowest ram speed, where static recrystalliza-
tion was not observed, revealed elongated grains 
with no indication on geometric dynamic recrystalli-
zation.  

In order to obtain values for the initial condition 
for simulations of evolution of microstructure during 
static recrystallization after hot extrusion and to 
establish the coupling between FEM and CA simula-
tions the dislocation density of the extruded bar for 
the moment when straining stops have been esti-
mated using expression that relates the high-
temperature flow stress to the density of dislocations 
(Humphreys & Hatherly, 1995) 

 0 1c MG b    ,  (10) 

where 0 is mechanical threshold stress, c1 is a dis-
location-interaction term, which is between 0.5 and 
1.0 for most metals, and M is Taylor factor. It should 
be mentioned here that dislocation density could be 
obtained by employing a crystal plasticity finite-
element simulation of extrusion as has been done by 
Raabe and Becker (2000), but such approach would 
be very difficult to implement in our case, where 
real industrial process of hot extrusion is simulated. 
Namely, the crystal plasticity approach is computa-
tionally very expensive and therefore less expensive 
estimation of dislocation density using equation 10 
was employed in the present work. Figure 6a shows 
the true strain as a function of distance from the 
center of the extruded profile, r, for the cross-section 
where the bar leaves the extrusion die, obtained with 
FEM simulations of extrusion. Referring to this fig-
ure it can be seen that the true strain is well above 
0.2 for the areas below the surface of the bar where 
static recrystallization occurs at all testing conditions 
employed in the present work. Therefore in these 
areas the steady state stress for the given thermo-
mechanical conditions, i.e. temperature and strain 
rate, have been established (see figure 4a).  By 
knowing the strain rates and temperatures profiles 
across the cross-section of the bar the dislocation 
densities can be estimated by combining equations 9 
and 10 as  

 

2

1

( ( ), ( ))
( ) ss r T r
r

c GbM

 
 

  
 

 


 (11)

 
 

 

 
Fig. 6. True strain (a), strain rate (a), and temperature (b) as a 
function of distance from the center of the bar, r, of the extruded 
profile, for the moment when the bar leave the extrusion die, 
obtained with FEM simulations of extrusion for the ram speed of 
12.4 mm/s.  

Strain rate and temperature as a function of r ob-
tained with FEM simulations for the ram speed of 
12.4 mm/s are shown on figures 6b and 6c, respec-
tively. In order to obtain continuous dependences’ 
on r the values of these two parameters given in 
integration points of FEM were fitted to exponential 
functions.  

Figure 7a shows typical temperature dependence 
on time for the bar that was cooled on the air after 
hot extrusion and was obtained by the industrial 
measurements. As can be seen, this temperature 
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varies linearly for the time intervals which are rele-
vant for our simulations of evolution of microstruc-
ture. Thus 

 0 1( )T t a a t  , (12) 

where a0 and a1 are given in table 2 for all ram 
speeds considered in the present study and were 
obtained by fitting the measured temperatures to 
(12).  

Table 2. The parameters obtained by fitting measured tempera-
tures to straight line. 

Ram speed [mm/s] 5.5 9.9 12.8 15 18 

a0 [°C] 540 547 553 556 560 

a1 [°C/s] -0.18 -0.18 -0.18 -0.18 -0.18 

 
a) 

 
b) 

 
Fig. 7. Measured surface temperature of extruded profile as a 
function of time after extrusion (a), and temperature field ob-
tained by FEM simulation (b). 

Figure 7b shows temperature field obtained by 
FEM simulation. It was observed that when the bar 
is cooled on the air after hot extrusion, the tempera-
ture gradient within the area where statistic recrys-
tallization occurs very quickly becomes negligible. 
Therefore the temperature variation during the simu-
lations of the evolution of microstructure was de-

scribed using equation 12 neglecting its spatial 
variations.  

Material constants used in the present simula-
tions of the evolution of microstructure during static 
recrystallization are collected in table 3. The con-
stants Qn and C0 for nucleation probability (3) and 
parameter k which appears in expression for static 
recovery (7) are very difficult to determine experi-
mentally. Therefore they have been taken as a free 
parameters of the model and were determined firstly 
by comparing the simulated and real final micro-
structures for the profile obtained by employing the 
ram speed of 12.8 mm/s and has not been quenched 
after extrusion, and secondly by assuring that results 
of simulations agree with experimental results where 
for the lowest ram speed of 5.5 mm/s no nucleation 
of new grains was observed in the microstructure. 
Taking into account these conditions the free pa-
rameters were found by trial and error calibration 
procedure and are also given in table 3. Note that 
parameter k also partially compensate the errors that 
has been done by the simplifying assumptions for 
determining the dislocation density at the moment 
when straining stops.  

Table 3. The values of material parameters used in simulations 
obtained experimentally or taken from (Frost & Ashby, 1982). 

Qb 
[kJ/mol] 

Db 
[m3s-1] 

G [Pa] b [m] 
Qn 

[kJ/mol]
Co[m

2] 

120 
5.0 10-

14 1.84 1010 2.86 10-10 102 7.0 10-6 

Qd 
[kJ/mol] 

n [/] A [s-1]  [Mpa-1] k [s
-1] M [/] 

211 7.94 5.0 1013 0.0226 0.02 3 

 
Figure 8 shows the results of simulation of evolu-

tion of microstructure for ram speed of 12 mm/s. It 
can be seen that in the incipient stages of recrystalli-
zation spatial distribution of nuclei is very inhomoge-
neous as they are concentrated near the surface. This 
is an expected result since the stored energy is the 
highest near the surface. Higher density of nuclei near 
the surface results in finer microstructure, which be-
comes coarser with increasing distance from the sur-
face. It can also be observed that nucleation rate is 
decreasing with time. Again this is expected result 
due to decreasing temperature and static recovery 
which decreases deformation stored energy. Decreas-
ing temperature and stored energy result in lower 
probability for nucleation. Additionally as recrystalli-
zation proceeds less material is available for nuclea-
tion of new grains. It can be seen from those figures 
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that grain growth rate is decreasing with time due to 
decreasing grain boundary mobility and lower driving 
force in the areas away from the surface as a conse-
quence of lower stored energy from deformation. 

 

 

Very important technological parameter that in-
fluences the quality of the extruded profiles is the 
depth of the recrystallized surface zone which can 
occurs during industrial production before the pro-
file reaches the quenching section. Therefore simula-
tions of evolution of microstructure have been con-
ducted for all the ram speeds that were employed in 
the present industrial research. The results are shown 
on figure 9 where comparison between measured 
and simulated depth of the recrystallized zone as a 
function of ram speed is given. Very good agree-
ment was obtained. In order to determine the stan-
dard deviations of the results 10 simulations for 
every ram speed have been performed.  

As can be seen the difference between industrial 
measurements and simulated results increases with 
decreasing depth of the transition zone. These can be 
attributed to the number of grains which are present 
in microstructure at the moment of quenching. 

Namely, nucleation involves randomness and lower 
number of nucleuses results in higher scatter of re-
sults.  
 

 

 
Fig. 9. Comparison between measurements and simulations of 
evolution of microstructure: depth of the recrystallized zone as a 
function of ram speed.  Error bars correspond to standard 
deviations.  

a) 

 

d) 

 
b) e) 

 
c) 

 

f) 

 
Fig. 8. Evolution of microstructure during cooling of extruded profile obtained by CA simulations for ram speed of 12 mm/s after: 20 s 
(a), 40 s (b), 60 s (c), 80 s (d), 100 s (e), and after 130 s (f). Surface of the profile is on the left side of the pictures. 
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a) 

  
 

b) 

 
 

c) 

  
 

d) 

 
 

e) 

 
 

f) 

 
 

g) 

 
 

h) 

 
 

i) 

 
 

j) 

 
 

Fig. 10. Comparison of real and simulated microstructures for ram speed of 9.9 mm/s with quenching after 25 s (a) and (b), ram speed 
of 12.8 mm/s with quenching after 19 s (c) and (d), ram speed of 15 mm/s with quenching after 16 s (e) and (f), ram speed of 18 mm/s 
with quenching after 14 s (g) and (h),and ram speed of 12.8 mm/s with quenching after 190 s (i) and (j).  
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Note that it is straightforward to include addi-
tional state variables into cellular automata model, 
but in the present work textures have not been con-
sidered since they have not been experimentally 
determined. Nevertheless, the visual inspection of 
the shapes of recrystallized grains in the microstruc-
ture of extruded rods shows that grains are slightly 
elongated in the direction parallel to the surface of 
the rods. This is the consequence of the deformation 
texture, which has not been taken into account in the 
present study. Namely recrystallization fronts ori-
ented in preferential direction can be several times 
faster than those oriented in different directions 
(Humphreys & Hatherly, 1995). In order to take this 
into account, at least to some degree, the pre-
exponential factor in equation 5 was artificially mul-
tiplied by the factor of 0.5 for the movement of re-
crystallization front in the direction perpendicular to 
surface of the rod. 

In figure 10 the comparison of microstructures 
for the various ram speeds at the moment the pro-
files are water quenched during their industrial pro-
duction. The left and right columns of this figure 
show the microstructures obtained by metallography 
and simulations, respectively. Note that microstruc-
tures for the lowest ram speed of 5.5 mm/s are not 
shown here since in this case no recrystallization 
was observed within time interval before quenching, 
neither for industrial, nor for simulated microstruc-
tures. Furthermore, in order to reveal the recrystalli-
zation process for longer times, the water quenching 
after hot extrusion have been omitted for some pro-
files. One such example is shown in figures 10i and 
10j where real microstructure of the profile for the 
ram speed of 12.8 mm/s after 190 s is compared with 
simulated one. As can be seen from micrographs in 
figure 10, the essential feature of the heterogeneity 
of the real recrystallized microstructures have been 
captured with our model: the smallest grains are 
lying close to the surface and their sizes increase 
with their distance from the surface. Similarly suffi-
cient agreements were also obtained for mean grain 
sizes. Some discrepancies are observed only for the 
highest ram speed of 18 mm/s. Namely, a few small 
grains were observed in industrial samples also at 
larger distance from the surface and thus observed 
mean grain size in the real material is slightly lower 
than in the simulated microstructure.  

 
 
 

5. CONCLUSIONS 

In the paper an approach for prediction of stati-
cally recrystallized microstructure during hot extru-
sion of aluminum alloys is presented. The 
mesoscopic recrystallization model is based on CA 
method and is coupled with macroscopic FEM 
model for simulation of extrusion. Within the 
framework of the present study the comprehensive 
experimental work both in laboratory and in industry 
has been conducted. Based on these results, detailed 
simulations were employed aiming to predict the 
influence of the ram speed on the evolution of mi-
crostructure and especially on the depth of the sur-
face recrystallization zone. From our simulations the 
following conclusions can be drawn: (1) despite of 
many simplifying assumptions, our model can cap-
ture the essential features of the heterogeneous static 
recrystallization observed in aluminum alloys after 
hot extrusion, (2) the predicted depth of the recrys-
tallized zone under the surface of the extruded pro-
files, agree very well with the results of industrial 
measurements on AA6262 alloy for all the ram 
speeds employed in the present work, and (3) the 
results of simulations of evolution of microstructure 
show a good agreement with the results of optical 
micrographs of the profiles that were taken from 
industrial production. 
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PRZEWIDYWANIE MIKROSTRUKTURY PO 

STATYCZNEJ REKRYSTALIZACJI W PROCESIE 
WYCISKANIA ALUMINIUM 

Streszczenie 
 
Aby przewidywać rozwój mikrostruktury stopów aluminium 

w procesie wyciskania opracowano numeryczny model wyko-
rzystujący metodę automatów komórkowych (ang. Cellular 
automata - CA), który połączono z metodą elementów skończo-
nych (ang finite element method - FEM). Głównym celem połą-
czonych modeli FEM-CA jest przeprowadzenie numerycznych 
symulacji rozrostu ziarna w warstwie przypowierzchniowej 
wyciskanego pręta. Taki rozrost jest obserwowany w warunkach 
przemysłowych po wyciskaniu przed rozpoczęciem chłodzenia 
wyrobu. Wyniki numerycznych symulacji wykazują dobrą zgo-
dność z pomiarami za pomocą mikroskopii optycznej dla prętów 
pobranych z prób przemysłowych. Przeprowadzone badania 
wykazują, że modelowanie numeryczne może być z powodze-
niem zastosowane do symulacji skomplikowanych zjawisk 
cieplno-mechanicznych i metalurgicznych podczas wyciskania 
na gorąco. 
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