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Abstract: An innovative approach was introduced for the development of a AA6063 recrystallization model. This 
method incorporated a regression-based technique for the determination of material constants and introduced novel 
equations for assessing the grain size evolution. Calibration and validation of this methodology involved a combination 
of experimentally acquired microstructural data from the extrusion of three different AA6063 profiles and results from 
the simulation using the Qform Extrusion UK finite element code. The outcomes proved the agreement between 
experimental findings and numerical prediction of the microstructural evolution. The trend of the grain size variation 
based on different process parameters was accurately simulated, both after dynamic and static recrystallization, with an 
error of less than 25% in almost the whole sampling computations. 
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1 Introduction 

The control of the microstructure evolution 
during extrusion of AA6xxx aluminum alloys is 
of primary importance to improve the material 
properties [1]. To date, due to the complexity of the 
recrystallization kinetics, the relationship between 
extrusion parameters and grain structure evolution 
is still not fully understood [2]. 

During the extrusion of AA6xxx aluminum 
alloys, three different types of profile micro- 
structures can be obtained: fibrous, recrystallized, 
and partially recrystallized [3]. In the fibrous 

structure, grains are lengthened through the 
extrusion direction, while in the recrystallized 
structure, a single average diameter can be used to 
describe the size of grains, which have spheroidal 
shapes. Moreover, the partially recrystallized 
microstructure, often found in medium-strength 
6xxx aluminum alloy profiles (6082, 6061, etc.), 
presents recrystallized grains near the profile 
surface while the inner part of the structure remains 
fibrous [4]. 

The microstructure evolves throughout the 
entire extrusion process as a result of the applied 
deformation and two primary mechanisms [5,6] for 
recrystallization: dynamic (DRX) and static (SRX).  
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As a result of the hot deformation applied during 
the extrusion process, the grains change their shape 
starting in the billet material, where the grain is 
recrystallized as a result of the homogenization 
process. Consequently, the initially spheroidal  
billet grains turn into a fibrous configuration in  
the profile. During this evolution, the dynamic 
recrystallization triggering conditions may occur. In 
high stacking fault energy materials (HSFE, as 
aluminum alloys), different DRX kinetics are still 
under discussion in the research community [7]: the 
Geometric Dynamic Recrystallization (gDRX), the 
Continuous Dynamic Recrystallization (cDRX)  
and the Joint Dynamic Recrystallization (jDRX). 
The gDRX and cDRX theories were proposed   
by MCQUEEN et al [8] and GOURDET and 
MONTHEILLET [9], respectively. The first claimed 
that, when the grain thickness reduces during the 
deformation till it becomes 2−3 times the subgrain 
size, the original grain splits in two new grains 
(“pinch-off”). The second suggested a mechanism 
of new grain formation related to the evolution of 
the misorientation angle of subgrains, which 
increases till the LAGB (low angle grain boundaries, 
which surround the subgrains within the grain) 
become HAGB (high angle grain boundaries, which 
surround the grains) [10]. Moreover, a joint theory 
was suggested called jDRX. This theory was 
proposed by de PARI and MISIOLEK [11] and 
investigated by DONATI et al [5], and it combines 
the gDRX and cDRX into a unified model validated 
in the AA6061 hot rolling process. Following the 
extrusion process and profile formation, static 
recrystallization may occur, resulting in additional 
microstructural changes via the formation and 
growth of new grains. This transformation leads to 
a complete replacement of the fibrous structure with 
a static recrystallized one [12]. Several authors 
investigated the SRX in the hot deformation 
processes of 6xxx aluminum alloys, focusing 
attention on how the different material and process 
parameters may affect the recrystallization 
behaviour. SELLARS and ZHU [13] proposed a 
model able to evaluate internal variables such as 
dislocation density, subgrain size, and subgrain 
misorientation angle and their relation to static 
recrystallization. VATNE et al [14] calculated the 
SRX grain size as a function of the nucleation, 
which depends on different contributions: the 
particle-stimulated nucleation, the cube band 

nucleation, and the grain boundary nucleation. The 
evaluation of these three nucleation contributions 
was further investigated by EIVANI et al [15] in the 
hot deformation of Al−4.5Zn−1Mg aluminum alloy. 

Recent developments have demonstrated the 
efficiency of finite element codes in modeling the 
thermal and mechanical dynamics that occur during 
extrusion. HE et al [16] studied the effect of pockets 
in the porthole die on extrusion load, exit 
temperature and material flow during the extrusion 
of a AA6061 aluminum alloy profile by using the 
DEFORM-3D software. HE et al [17] investigated 
the field distributions of strain rate, stress, 
temperature and velocity through the Altair 
HyperXtrude fem code. FERESHTEH-SANIEE  
et al [18] performed the analysis of the effect of die 
design on the extrusion load through experiment 
and FEM simulation. YI et al [19] used the finite 
element modeling (Arbitrary Lagriangian−Eulerian 
algorithm) to solve the defects of bottom concave 
during the extrusion of complex hollow profiles. YI 
et al [20] also carried out the investigation of the 
isothermal extrusion of AA6063 hollow profile 
using incremental proportional-integral-derivative 
(PID) control algorithm and finite element 
simulations. ZHANG et al [21] and KHAN et al [22] 
used different crystal plasticity models with FEM 
codes to simulate the texture evolution during the 
extrusion of a AA6463 aluminum alloy and the 
single crystal deformation in compression tests of 
pure aluminum (99.999% in purity), respectively. 
PELACCIA et al [23] simulated the liquid nitrogen 
cooling in aluminum alloy extrusion for the cooling 
channel design optimization by using the Comsol 
finite element code. EIVANI and ZHOU [24] 
carried out FEM simulations to investigate the 
formation of the peripheral coarse grain (PCG) 
during the hot extrusion of an AA7020 aluminum 
alloy. The study continued in 2020, with further 
development in the study of PCG kinetics [25]. 
MAHMOODKHANI et al [26] investigated the 
effect of different die geometries on the micro- 
structure of Al−Mg−Si−Mn alloy extruded profiles, 
both experimentally and numerically using FEM 
simulation. These studies have undergone testing 
and validation to enable simulation of some of the 
key factors that control recrystallization, including 
stresses, temperature, strain, and strain rate. 

In this context, the primary objective of the 
current work is to propose a reliable approach for 
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developing recrystallization models specifically 
tailored for 6xxx aluminum alloys. The 
methodology includes collection of experimental 
data on microstructural evolution during the 
extrusion of a specific 6XXX aluminum alloy, 
simulating the investigated extrusion process  
using FEM simulations, and developing a 
recrystallization model optimized for describing the 
microstructural behavior of the analyzed 6xxx alloy. 
The recrystallization model utilized in this study 
was taken from NEGOZIO et al [27] and further 
enhanced by incorporating two new equations for 
calculating internal dislocation density and 
misorientation angle. For the experimental 
campaign, an AA6063 aluminum alloy profile was 
extruded with a wide range of process parameters 
under strictly monitored conditions to validate the 
FEM simulation. Using the acquired experimental 
data, the proposed model was tailored for the 
examined AA6063 alloy and then implemented 
within the FEM code Qform Extrusion to predict 
the AA6063 microstructure. The accuracy of the 
prediction was verified by comparing the grain size 
predictions to the microstructural data also acquired 
on two additional industrial extruded AA6063 
profiles. The primary aim of this work is to 
introduce and validate a robust methodology for 
characterizing the microstructural evolution of a 
studied 6xxx aluminum alloy during hot forming 
processes. The ultimate goal is to optimize the 
microstructure of the final product and, thereby, 
enhance its properties. 
 
2 Methodology 
 

The proposed methodology aims to develop an 
optimized recrystallization model for the 6xxx 

aluminum alloy under investigation (Fig. 1). The 
work of NEGOZIO et al [27] provided the     
base for the initial 6xxx recrystallization model, 
which allowed for the prediction of statically   
and dynamically recrystallized grain size and 
recrystallization thickness during hot forming 
procedures. In order to achieve this optimization, 
the required material constants must be calculated.  
These values are derived from a comprehensive set 
of experimental and numerical data obtained 
through appropriate experiments and simulations. 
The experiment involves the extrusion of profiles 
with various process parameters (i.e. different ram 
speeds, billet pre-heating temperatures) and the 
acquisition of all microstructural data. Moreover, 
FEM simulations of the extrusion are conducted to 
extract the temperature, strain rate, and strain data 
from the simulations. These simulation results are 
then integrated with the data obtained from 
experiments, and a regression algorithm is 
employed to optimize the recrystallization model. 
After the investigated alloy recrystallization model 
has been developed, it is applied as post-processing 
to FEM simulations to predict the microstructure 
after hot forming processes. 

 
3 Experimental  
 

The AA6063 profile was extruded at the Hydro 
ETC in Finspång (Sweden) with a 10 MN extrusion 
press. In Fig. 2, the geometries of profile and die 
are shown. 

In detail, the experiment involved the 
extrusion of 20 billets: a combination of four ram 
speeds (1.1, 2.1, 9.2 and 10.4 mm/s) and two 
different billet temperatures (420 and 490 °C) was 
tested. Through the use of a pyrometer, the profile 

 

 

Fig. 1 Methodology for 6xxx recrystallization model optimization 
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temperature trends at the exit of the extrusion die 
were recorded, and the obtained data were used to 
validate the numerical simulations. In order to 
collect values of the average grain size of the 
profiles, samples were ground, polished, and then 
etched with Barker’s reagent (etching parameters: 
40 V dc, 4 min; reagent composition: 15 mL HBF4, 
750 mL H2O). For each profile, two different 
microstructures are shown, one taken from the 
beginning of each extruded length (“Front” in  
Fig. 3) and one from the end (“Back” in Fig. 3). 

Figures 3(a, b) represent the grain structures 
that result from the extrusion made with a billet 
temperature of 420 °C and a ram speed of 1.1 mm/s. 
Figures 3(c, d) represent the grain structures  
resulting from the extrusion made with a billet 
temperature of 490 °C and a ram speed of 2.1 mm/s. 
Figures 3(e, f) represent the grain structures 
resulting from the extrusion made with a billet 
temperature of 490 °C and a ram speed of 9.2 mm/s. 
Figures 3(g, h) represent the grain structures 
resulting from the extrusion made with a billet 
temperature of 490 °C and a ram speed of 

10.4 mm/s. In Fig. 4(a), the microstructure of the 
billet is reported, with an average grain size of 
137 µm. As clearly visible from the images, 
Figs. 3(a, b) present a partially recrystallized 
microstructure, while all other cases present a fully 
recrystallized grain structure. The predictions of the 
statically recrystallized grain dimensions will be 
made for the conditions shown in Figs. 3(c−h), 
where 100% (in the volume fraction) of static 
recrystallization occurred. For the extrusion 
performed at a ram speed of 1.1 mm/s, as shown in 
Figs. 3(a, b) with a partially recrystallized micro- 
structure, the outcomes of the recrystallization 
thickness prediction and the utilization of a 
previously validated model from [5] for estimating 
the dimensions of fibrous grains will be presented. 
In the 2.1 mm/s ram speed case, the grains in the 
centre of the profile are significantly bigger than the 
ones near the external surface, while in the 9.2 and 
10.4 mm/s cases, the grain size is finer and    
more homogeneous through the profile area.  
Twenty points were chosen for measurement for each 
acquired microstructure: at each point, the grain 

 

 
Fig. 2 Investigated profiles and die geometries: (a) Profile geometry; (b, c) Die geometry (from CAD) 
 

 
Fig. 3 Microstructures of Hydro extruded profiles 
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Fig. 4 Microstructure of billet (a) and entire Hydro profile (b) 
 
size was measured according to the ASTM-E112 
regulation using the ImageJ software. Ten of these 
measurements were used as calibration data in order 
to optimize the recrystallization model. The other 
ten measurements were used to check the model’s 
accuracy by comparing the data with the results of 
the numerical prediction. 

All the process and experimental parameters 
were summarized in Table 1. 
 
Table 1 Process parameters 

Process parameter Description or value 

Material AA6063 

Extrusion ratio 46 

Ram speed/(mm∙s−1) 1.1, 2.1, 9.2, 10.4 

Container temperature/°C 400 

Billet temperature/°C 420, 490 

Die temperature/°C 400 

Ram acceleration time/s 5 

Billet length/mm 270 

Billet diameter/mm 100 

Container diameter/mm 107 

Billet rest length/mm 15 
 

In order to ensure the reliability of the model, 
the results of the recrystallization prediction were 
validated on two other industrial-size AA6063 
profiles, A and B, presented below. The data on the 
grain size of Profile A were taken from the work of 
GAMBERONI et al [28], while for Profile B, they 
were experimentally acquired. The two extrusions 
reveal different characteristics in terms of 
temperatures, profile shapes, dimensions, and 
extrusion ratios, thus producing a wide amount of 
data for the numerical model validation. In detail, 
Profile A is characterized by an extrusion ratio of 10, 
a ram speed of 8.5 mm/s and billet temperature of 

470 °C, while Profile B is characterized by an 
extrusion ratio of 44, a ram speed of 6.4 mm/s and  
a billet temperature of 530 °C. 

In Fig. 5, the geometries of the Profiles A and 
B are reported together with the CAD image of the 
dies and the microstructures obtained from the 
experimental analysis. All the investigated samples 
were acquired once the extrusion process had 
achieved the thermal steady-state condition. As for 
Profile A, the micrograph reported in Fig. 5(c) 
reveals a completely recrystallized microstructure 
within a minimum grain dimension of 55 µm.   
The maximum grain dimension (around 500 µm)  
is detectable where the profile shows PCG and 
AGG (abnormal grain growth) structures. These 
structures are characterized by coarse grains with 
respect to the dimension of the surrounding grains, 
which may reduce crash, mechanical, corrosion, 
and fracture properties. The microstructure of 
Profile B is shown in Fig. 5(f). The figure shows   
a completely recrystallized structure within an 
average dimension range of 40−170 µm. 
 
4 Recrystallization model 
 
4.1 SRX 

The static recrystallization of a 6xxx 
aluminum alloy was predicted according to the 
model proposed by VATNE et al [14] and further 
investigated by NEGOZIO et al [27]. The model 
allows the prediction of the static recrystallized 
grain size (Drex) due to the contribution of three 
nucleation components NPSN, NGB and NC:  
Drex=DN−1/3                                               (1) 
N=NPSN+NGB+NC                                        (2) 
 
where D is a material parameter and N is the total 
nucleation density. 

According to VATNE et al [14], these three 
contributions were calculated as follows: 
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Fig. 5 Investigated profiles (unit: mm) (a, d), top view of CAD die (b, e) and microstructure (c, f): (a−c) Profile A;  
(d−f) Profile B 
  

PSN
PSN PSN

d z
= exp AN C

P P
 −
 − 

                 (3) 

NGB=CGBδA(ε)SGB                                     (4) 
NC=CCδA(ε)SC                           (5)  
where δ is the subgrain size, A(ε) is the grain 
boundary area per volume at a given strain, SGB and 
SC are the numbers of subgrains larger than a 
critical subgrain size δ* (SGB=SC [14]). CPSN, APSN, 
CGB and CC are the material parameters required to 
optimize the model for each specific 6xxx alloy. 

The stored energy (Pd) and the Zener Drag 
pressure (Pz), which represent the driving and   
the retarding force for the recrystallization [29], 
respectively, were calculated according to 
SELLARS and ZHU [13] and HUMPHREYS and 
HATHERLY [30]:   

2
0.5

d i i(1 ln (10 ))
10

GbP bρ ρ
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= − +

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δ θ
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z
3
4

fγ
P

r
=                                (7) 

 
where G is the shear modulus of material 
(2.05×1010 Pa), b the magnitude of Burgers vector 
(2.86×10−10 m), ρi is the internal dislocation density, 
δ is the subgrain size, θ is the subgrain 
misorientation angle, and θc is the misorientation 
angle limit (15°). In the Zener Drag pressure 

calculation (Eq. (7)), f and r are the fraction area 
and the mean size of the dispersoids, respectively, 
and γ is the grain boundary energy (0.3 J/m2 [27]). 
In this work, values for f and r were taken from 
REMØE et al [31], where the microstructure of 
different 6xxx alloys were analysed. For the 
AA6063 aluminum alloy, the analysis reports an 
average value of 0.023% for the fraction area and 
around 60 nm for the mean size of the dispersoids. 

The internal dislocation density (ρi) and the 
subgrain misorientation angle (θ) were taken from 
NEGOZIO et al [27], where are considered as 
functions of the Zener−Hollomon parameter (Z) and 
strain (ε). In that work, the experimental data on the 
evolution of the internal dislocation density (ρi) and 
the subgrain misorientation angle θ were presented 
and used to calculate the stored energy. In the 
current work, two new empirical equations for the 
computation of ρi (Eq. (8)) and θ (Eq. (9)) were 
proposed and calibrated by curve fitting method 
using experimental data presented in previously 
mentioned work [27]. Consequently, the equations 
material parameters (C1, C2, C3 in Eq. (8) and C4,  
C5, C6 in Eq. (9)) were found, and the behaviour of 
two parameters in relation to Zener−Hollomon 
parameter is reported in Fig. 6.  

2
i 1 3( ) [1 exp ( ])CC Z Cρ ε= ⋅ ⋅ − ⋅             (8) 

5
4 6( ) [1 xp(e ])CC Z Cθ ε= ⋅ ⋅ − ⋅               (9) 

 
where C1=328157965, C2=0.27, C3=−5, C4=0.85, 
C5=0.05, and C6=−2.5. 
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According to Ref. [5], the subgrain size (δ) and 
the Zener−Hollomon parameter (Z) were calculated:  
1 ( ln ) nC Z
δ
=                          (10) 

exp
Q

Z
RT

ε  
=  

 
                          (11) 

 
where C=3.36×10−9 m−1, n=5.577, Q is activation 
energy of the AA6063 (232350 J/(mol∙K) [28]), R is 
the molar gas constant (8.341 J/mol), and ε  is the 
maximum strain rate that the analyzed point 
experiences in its flow path during extrusion. This 
maximum value was calculated by a developed 
user-subroutine in order to overcome the limit 
represented by the standard result of the strain rate 
simulation. In fact, the typical FEM results of   
the strain rate values calculated in the profile 
cross-section (immediately after the bearing zone) 
are always nearby zero (Fig. 7(b)). The comparison 
between the strain rate values evaluated by using 
the innovative approach and the standard Qform 
UK results are reported in Fig. 7. 

A(ε) represents the boundary surface per 
volume at a certain value of strain and SGB 
corresponds to the subgrain which has a dimension 
higher than a critical subgrain size δ*. These values 

are calculated according to Refs. [15,27]:  
*

d z

4= γ
P P

δ
−                             

(12) 

 4
1 2 3

0

1( ) [ exp   ]( )pA ε p p p ε
D

= −
             

(13) 
 
where D0 is the billet grain size, and p1, p2, p3 and 
p4 are constants (p1=1.90, p2=1.06, p3=exp(−7), and 
p4=6.00 [27]). 
 
4.2 DRX 

The grain size immediately after the extrusion 
process, before the occurrence of the static 
recrystallization, was calculated [5]:  

t 0 ss 1 ss( 2.5 ) 2.5d d k εδ δ= − ⋅ +             (14) 
 

2
l 2 3 0 d k k dε ε= − +  if ε<εp                        (15) 

 
l 4 ss 10md k ε δ−= +  if ε>εp                        (16) 

 
where dt and dl represent the thickness and length of 
the dynamically recrystallized grain, respectively,  
εp is the critical pinch-off strain (εp=3 [5]), δss is  
the subgrain size at the steady-state condition 
(δss=8.4 µm [5]), and m, k1, k2, k3 and k4 are material 
constants (m=4.75, k1=0.4, k2=85.192, k3=14.88, 
and k4=1.68×105 [5]). 

 

 
Fig. 6 Internal dislocation density (a) and subgrain misorientation angle (b) as function of Zener−Hollomon parameter 
(Z) and strain (ε) 
 

 
Fig. 7 Comparison between strain values calculated according to proposed subroutine (max strain rate values during the 
material path) (a) and Qform standard output (b) 
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5 FEM simulations 
 

Qform Extrusion® was used to perform the 
simulations of the investigated process. This 
software is an Arbitrarian Lagrangian Eulerian 
FEM code optimized for the simulation of the hot 
extrusion. The following simulation parameters 
were considered: 

(1) According to Ref. [27], the sticking 
friction condition was applied to the billet-die/  
ram/container interfaces, while a Levanov friction 
model with m=0.3 and n=1.25 was applied to the 
bearing zone. 

(2) The material parameters for the AA6063 
aluminum alloy were taken from the Qform 
material database. 

(3) Hensel−Spittel plastic flow constitutive 
model [27] was used (Eq. (17)), where σ  is the 
flow stress, ε  is the strain, ε  is the strain rate, 
and T is the temperature (K). The Hensel−Spittel 
material coefficients are reported in Table 2 [32].  

32
1 4xp( ) xe e p( / )mmA m T mσ ε ε ε−−= ⋅ ⋅ ⋅ ⋅ ⋅  

 
5 8 9

7(1 () )expm T m T mm Tε ε ε+ ⋅ ⋅ ⋅       (17) 
The predicted extrusion load and the exit 

temperature of the profiles were further compared  
 
Table 2 Hensel−Spittel material coefficients for AA6063 
aluminum alloy [32] 

Parameter Value 

A/MPa 1014.7 

m1/K−1 −0.00438 

m2 0.2425 

m3 −0.0965 

m4 −0.000438 

m5/K−1 −0.000766 

m7 0.002939 

m8/K−1 0.000291 

m9 0 

 
to the ones experimentally acquired in order to 
validate the simulation outputs. In Table 3 and 
Fig. 8, the results of the simulation of Profile Hydro 
are reported, showing the good accuracy of the 
simulations. A similar precision was found for the 
numerical analysis of all the other process 
conditions in Profile Hydro, Profile A and 
Profile B. 

The strain, strain rate, and temperature 
variables were calculated using FEM simulation. 
These values were used in the post-processing 
analysis as input data for the calculation of the final 
grain size of the profile. The material constants for 
the 6xxx recrystallization model were calculated 
using an optimization approach that made use of 
both the results of the FEM simulation and the 
acquired experimental data. These constants given 
in Table 4 were computed by using the Levenberg− 
Marquardt non-linear regression algorithm [33]. 
After this calculation, the model was implemented 
in a user subroutine within the Qform extrusion 
environment for the recrystallization analysis. 
Using the developed routine, the model was run in 
post-processing, with the output of the extrusion 
simulation as input data for the recrystallization 
analysis. 

 
6 Results and discussion 
 
6.1 DRX 

Figures 9 and 10 illustrate a comparison 
between experimental and numerical grain sizes 
after dynamic recrystallization immediately after 
the bearing zone. Figures 9(a, c) present the 
numerical results compared with experimental data 
(Figs. 9(b, d)), as well as the data in Fig. 10. 
Randomly selected points within the fibrous region 
of the analyzed profile, corresponding to the inner 
part of the profile extruded with a ram speed of 
1.1 mm/s, were used for comparison of both 
numerical and experimental data. Both numerical 
and experimental data were compared and collected 
in the graph shown in Fig. 10(a) (for the grain 

 
Table 3 Comparison between experimental and numerical peak loads and profile exit temperatures 

Condition 
Peak load/MN  Exit temperature/°C 

Experimental Numerical Error  Experimental Numerical Error 

Low ram speed 3.47 3.20 0.27  433 438 5 

High ram speed 4.77 4.64 0.13  551 546 5 
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Fig. 8 Profile Hydro simulation: (a, b) Comparison between experimental and numerical extrusion load and exit 
temperature in extrusion with ram speed of 1.1 mm/s; (c, d) Comparison between experimental and numerical extrusion 
load and exit temperature in extrusion with ram speed of 10.4 mm/s 
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Table 4 Recrystallization model material constants of 
AA6063 

Material constant AA6063 

CPSN 4.99824e13 

APSN 864753 

CGB 0.00022279 

CC 0.00022279 

 
thickness prediction) and Fig. 10(b) (for the grain 
length prediction). In Fig. 10, the x-axis and     
the y-axis represent the experimental and numerical 
dimensions of the grain size, respectively. 
Consequently, the red 45° line corresponds to 100% 

matching between numerical and experimental 
values. In addition, two green lines corresponding 
to an error of 25% were reported. 25% was  
selected as the error range considering both the high 
number of metallurgical and process factors that 
affect the final grain size and the approximations 
derived from the measurement methodology chosen 
for the experimental analysis of the average grain 
diameter. For these reasons, this range, also used  
by DONATI et al [5] for the investigation of a 
laboratory-scale extruded profile microstructure 
prediction, is considered an excellent accuracy 
range. As evidenced by the graphs in Figs. 10(a) 
and (b), 100% of the points are within the 25%  

 

 
Fig. 9 Profile Hydro: (a) Numerical grain thickness; (b) Experimental microstructure (cross section); (c) Numerical 
grain length; (d) Experimental microstructure (longitudinal section) 
 

 
Fig. 10 DRX analysis: (a) Comparison between experimental and numerical grain thickness of Profiles Hydro;       
(b) Comparison between experimental and numerical grain length of Profile Hydro 
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error lines for both the prediction of length and 
thickness of the fibrous grains, thus confirming  
the model reliability for dynamic recrystallization 
evaluation. 
 
6.2 SRX 

In Fig. 11, the outputs of the simulation 
involving the prediction of recrystallized layer 
thickness are reported and compared to the 
experimental microstructures. The area in red 
indicates the part of the profile where the static 
recrystallization occurred, while the area in blue 
indicates where the grain structure remains fibrous. 
Since the microstructure of the “front” samples is 
almost the same as the “back” samples (Fig. 3), 
only the images of the “front” part are reported for 

the comparison. In AA6063 aluminum alloy, due to 
a low or absent dispersoid concentration [4], SRX is 
extremely likely to occur after the profile exits the 
die. Consequently, all the investigated profiles 
present a completely recrystallized structure except 
the one extruded at the lowest speed (Fig. 11(a)), 
which is only partially recrystallized. In such a  
case, the simulation reports, in agreement with the 
experimental evidence, a partially recrystallized 
microstructure (Fig. 11(b)). In all the remaining 
cases, in accordance with the experimental evidence, 
the computed/modeled microstructure is completely 
recrystallized. 

After the SRX thickness investigation, a 
comparison between the predicted and experimental 
grain sizes was carried out. In Fig. 12, the data 

 

 
Fig. 11 Recrystallization thickness analysis (Red area: SRX area; Blue area: No SRX area) 
 

 

Fig. 12 Grain size analysis after SRX 
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about Profile Hydro are reported. The images 
shown with each microstructure (Figs. 12(b, d, f)) 
report the results of the grain size prediction 
simulation. In these figures, the values of the 
average diameter are reported, with a scale bar 
ranging from 40 µm (blue) to 110 µm (red). The 
numerical predictions show that the sample 
extruded with a ram speed of 2.1 mm/s presents  
the coarser grain size in the inner area (Fig. 12(b)), 
while the sample extruded with a ram speed of 
9.2 mm/s has smaller one (Fig. 12(d)), in 
accordance with the experimental tests, thus 
proving the stability of the numerical computation. 

In order to illustrate the accuracy of the 
prediction using developed AA6063 recrystallization 
model, Figs. 13 and 14 show qualitative and 
quantitative comparison between the numerical and 
experimental grain sizes of Profile Hydro extruded 
with ram speeds of 2.1 and 9.2 mm/s in three 
between the set of validation points. Figures 13 and 
 

 
Fig. 13 Comparison between experimental and numerical 
grain size of Profile Hydro extruded with ram speed of 
2.1 mm/s: (a) Numerical results; (b) Experimental results; 
(c) Microstructure of Zone 1; (d) Microstructure of Zone 
2; (e) Microstructure of Zone 3 

 

 

Fig. 14 Comparison between experimental and numerical 
grain size of Profile Hydro extruded with ram speed of 
9.2 mm/s: (a) Numerical results; (b) Experimental results; 
(c) Microstructure of Zone 1; (d) Microstructure of Zone 
2; (e) Microstructure of Zone 3 
 
14 demonstrate that the recrystallization model 
provides an reliable estimation of the average grain 
size under varying process conditions. Notably, 
from an experimental perspective, it is apparent  
that adjustments in the extrusion velocity and, 
subsequently, the process strain-rate, lead to 
observable size variations in the central region of 
the Profile Hydro. Specifically, when the ram speed 
is set at 2.1 mm/s, a larger grain size is observed in 
contrast to the condition with a ram speed of 
9.2 mm/s. This variation is correctly replicated by 
the simulation, as depicted in Figs. 13 and 14, 
which predict a reduced maximum grain size in  
the case of extrusion at 9.2 mm/s, as opposed to 
2.1 mm/s. 

The grain size prediction was also carried  
out both for Profile A and Profile B using the  
same numerical model. The comparison between 
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numerical and experimental diameters of the 
recrystallized grain for Profiles Hydro, A and B   
is reported in Fig. 15. A representative number    
of points taken randomly from the profiles 
investigated were selected, where blue dots 
highlight the points taken from PCG/AGG areas. If 
the blue dots are excluded from the analysis, almost 
the whole sampling/population (over 90% if the 
PCG/AGG points are not excluded) is within the  
25% error, thus proving the good accuracy and 
excellent reliability of the numerical model for the 
grain size prediction. 
 

 
Fig. 15 Comparison between experimental and numerical 
grain size of Profiles Hydro, A and B 
 
7 Conclusions 
 

(1) An extensive analysis of three AA6063 
aluminum alloy profiles, including variations in ram 
speeds and billet temperatures, provided the data 
required for calibrating the recrystallization model. 
Additionally, microstructural data from two 
industrial-scale AA6063 aluminum alloy profiles 
were considered to validate the model. 

(2) The study introduced a novel approach to 
developing a recrystallization model for 6xxx  
alloys. This method employed a regression-based 
technique to determine the material constants, 
addressing limitations and errors associated with 
existing literature assumptions. Notably, two new 
equations were proposed for calculating the internal 
dislocation density and the subgrain misorientation 
angle. The model was calibrated using experimental 
data on grain size for AA6063 aluminum alloys, 
enabling accurate predictions of recrystallization 
layer thickness and final grain size after dynamic 
and static recrystallization. 

(3) The model developed using the proposed 
methodology demonstrated the good agreement 
between experimental and numerical results, 
specifically in predicting recrystallization thickness 
and grain size. This success underscores the 
model’s reliability and robustness in forecasting 
microstructural evolution in AA6063. 
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摘  要：介绍了一种开发 AA6063 铝合金再结晶模型的创新方法。该方法结合了基于回归分析的材料常数测定技

术，并引入了评估晶粒尺寸演变的新方程。该方法的校准和验证结合了从 3 种 AA6063 铝合金型材的挤压实验中

获得的显微组织数据和使用 Qform Extrusion UK 有限元代码模拟的结果。结果表明，显微组织演化的实验结果与

数值模拟的预测结果相吻合。该方法准确模拟了动态再结晶和静态再结晶后晶粒尺寸随不同工业参数变化的趋势，

在几乎整个抽样计算中，误差都小于 25%。 
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