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Abstract

Peripheral Coarse Grain (PCG) is an undesirable defect that may occur in the extrusion of medium-
strength Al-Mg-Si aluminum alloys. This phenomenon usually degrade extruded profiles in
mechanical, crash, corrosion, fracture and surface quality properties thus precluding their
applicability in the automotive sector. In this work, an experimental campaign was carried out
involving the extrusion of two different AA6082 profiles in a wide range of process parameters.
The microstructural analysis of these profiles was conducted in order to investigate the impact of
die design and process parameters on PCG occurrence. According to this analysis, it was detected a
clear influence of the ram speed and of highly dynamic recrystallized (DRX) zones on the PCG.
The modeling for the PCG evaluation was then developed and implemented into the commercial
FEM code Qform Extrusion® for the simulation of the extrusion process together with the DRX
and the PCG predictions. The numerical results were further compared to the collected experimental
data thus proving the reliability of the proposed model.
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Introduction

The hot extrusion of AI-Mg-Si alloys is a manufacturing process increasingly used for the
production of complex lightweight profiles with high functional and mechanical properties [1, 2].
However, these properties may be affected by the presence of the Peripheral Coarse Grain (PCG),
which occurs as a surface recrystallized layer, especially during the extrusion of medium-strength
alloys such as AA6082 [3]. Unfortunately, the control over the formation of the PCG structure is
challenging in relation to the high number of factors potentially affecting the defect behaviour.

From the process parameters prospective, the PCG formation is typically related to higher extrusion
temperatures, high ram speeds, high extrusion ratios and low cooling rates [4]. Moreover, the defect is
affected by the presence of dispersoids and alloying elements in solid solution which may act as
pinning particles for subgrain, grain boundaries or growing recrystallized grains, retarding the
formation of the PCG in favor of a complete fibrous structure. These small particles are formed
mainly during the homogenization of the billets as a consequence of the presence of particular
alloying elements such as Mn, Cr or Zr [5]. While it seems quite clear how these particles affect
recrystallization and PCG formation [6], there is a lack of knowledge on which are the main
parameters that are responsible for the PCG formation. In addition, it is still not clear how the
typical PCG structure with smaller grains on the external surface and coarser grain in the internal
part is formed.

Several authors investigated the PCG formation and different theories have been proposed. Van
Geertruyden W.H. et al. [7] carried out theoretical studies showing that high peripheral strain rates (¢ >
45 s may lead to the increase of the energy stored and, consequently, to the formation of PCG. Parson
N. et al. [8] studied the influence of different die geometries, billet temperatures and ram speed during
the extrusion of a AA6082 round bar, detecting that the presence of a choke angle act in opposition to
the PCG formation. A similar study was conducted by Mahmoodkhani et al. [9], further proving the
retarding effect on the recrystallization of the choke angle. De Peri Jr L. and Misiolek W.J. [10] and
Van Geertruyden W.H. et al. [11] proposed that the defect behaviour may be related to a very fine grain
structures produced in the external layer due to the Geometric Dynamic Recrystallization (gDRX) or
Continuous Dynamic Recrystallization (cDRX), which under certain conditions lead to the formation of
large grains at the surface of the extruded profiles. Eivani A.R. et al. [2] suggested an improvement to
this theory: due to a combination of large second-phase particles, high strains and strain rates at the
surface layer of the extruded profiles, static recrystallized (SRX) grains may nucleate. These SRX
grains, together with the DRX grains formed due to the high strain field, may growth with the
difference that SRX grains boundaries enlarge faster than DRX grains, justifying the existence of finer
grains at the surface and coarser grains in the inner part of the PCG layer. Furthermore, Tang J. et al.
[12] investigated the formation of surface coarse grains on a ZK60 Mg profile extruded using a porthole
die. Charit I. and Mishra R.S. [13] investigated the Abnormal Grain Growth (AGG) in the friction stir
welding of 7xxx aluminum alloy suggesting that the dissolution of Mg-Zn particles allow the drop of
the local pinning pressure (Zener-Drag pressure) thus leading to a fast recrystallization and grain
growth. Zhao H. et al. [14] studied the influences of process parameters on the PCG formation during
the extrusion of a AAG005A aluminum alloy and found out that a low ram speed is able to inhibit the
occurrence of the abnormal grain growth. It is worth noting that all of these experimental investigations
were carried out on laboratory round bar extrusions, thus limiting the range of analyzed process
conditions for the experimental validation of the proposed theories.



Numerous studies have been done on the modeling and simulation of the microstructural evolution
of AA6XXX aluminum alloy [15-17]. However, only a few studies performed FEM simulations of
the parameters affecting the PCG layer formation [9, 18]. As for the reported experimental
investigations, all of these numerical works were conducted on simple extruded round bars and
none of these proposed a unified modeling for the PCG prediction using FEM simulations.

In this context, aim of this work was to investigate the conditions contributing to the formation of
PCG and to propose a theoretical framework explaining the kinetics of this defect. In conjunction
with the experimental investigation, the aim of these activities was also to develop a robust model
for predicting PCG through Finite Element Method (FEM) simulations. This would enable
industries to utilize numerical tools for identifying optimal parameters for extruding profiles with
specific mechanical and crash properties.

In this work, experimental and numerical activities were carried out. From the experimental point of
view, two different profiles made with industrial complexity were extruded, one solid and one
hollow, both made of the same AA6082 aluminum alloy. A vast range of process conditions was
investigated: for each condition, data and images of the microstructure were collected and analyzed
in order to calibrate and validate the numerical model. Moreover, Scanning Electron Microscope
(SEM) analyses were conducted to study the dispersoids distributions both in the billet and in the
extruded profiles. After the experimental analysis, a new theory was proposed which may explain
the role of all the analysed parameters in the PCG formation. From the numerical point of view, the
simulation of the extrusions was carried out using the commercial FEM code Qform UK
Extrusion®, which is an Arbitrarian Lagrangian Eulerian (ALE) software optimized for the
investigated process. Furthermore, an innovative model for the dynamic recrystallization and PCG
prediction was developed and validated, comparing the numerical and the experimental results.

Experimental procedure

The AA6082 profiles were extruded by Hydro plant in Finspang (Sweden) with a 10 MN extrusion
press. In Fig. 1, the geometries of profiles and dies are shown. In Table 1 and Table 2, the AA6082
chemical composition and the extrusion process parameters of the two profiles are reported,
respectively.
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Figure 1: Investigated profiles and die geometries. a) Profile a. b) Profile b

Table 1: AA6082 chemical composition

Element [Wt %]  Si Fe Cu Mn Mg Cr Ni Zn

1.00 020 0.03 049 062 <0.01 <0.01 001




As shown in Table 2, Profile a was extruded with three different billet temperatures and three
different ram speeds while Profile b with one billet temperature and five ram speeds. The large
range of process conditions was selected in order to have a reliable amount of data for the correct
understanding of the PCG kinetics and for the model validation. In this experimental campaign, the
same billet material and homogenization cycle (565°C - 2h) was used for the two extrusions. All the
data about profile exit temperatures and extrusion loads were collected during the extrusion of the
two profiles in order to validate the numerical simulations.

Table 2: Process parameters and geometry tolerances

Process parameters and geometry tolerances Profile a Profile b
Aluminum alloy AAG082 AA6082
Extrusion ratio 18.2 315

Ram speed [mm/s] 2/5/10 2/5/10/15/20
Container temperature [°C] 410 410

Billet temperature [°C] 350/450/500 500

Die temperature [°C] 480 480

Ram acceleration time [s] 5 5

Billet length [mm] 400 350

Billet diameter [mm] 100 100
Container diameter [mm] 107 107

Billet Rest length [mm] 15 15

Billet Homogenization 565°C - 2h 565°C - 2h

In Fig. 2, the images of the anodized sample and the SEM analysis of the billet material are
reported.

Figure 2: a) Microstructure of the billet, b) SEM analysis of the billet material.

The microstructure of Fig. 2a shows a complete recrystallized structure as consequence of the billet
casting and further homogenization process with an average grain dimension of 121 um. All the
grain size measurements were performed according to the ASTM-E112 regulation. In Fig. 2b, the
SEM acquired image of the billet material is shown, evidencing the secondary particles (Mn-
dispersoids) characterized with small dimensions (typically 10-500 nm) and precipitated during the



homogenization from alloying elements in solid solution, the primary particles (lron-phase
particles) solidified during the casting and the Mg,Si constituent particles.

In Fig. 3, the microstructures of Profile a extruded with different process conditions are shown. The
analysed samples were taken at the middle length of the extrusion profile where the process
achieved the thermal steady-state condition. For each sample, the billet temperature “Tb”, the ram
speed “Vram” and the profile exit temperature “Texit” acquired from a pyrometer are reported. The
first result is that the investigated billet temperature range has a negligible influence on the PCG
behaviour since the microstructures of the specimens with billet temperature of 450°C (Fig. 3a-c)
and 500°C (Fig. 3d-f) are quite identical. Considering the extrusions made with both billet
temperatures, the increase in ram speeds corresponds to the increase in exit temperature and the
PCG thickness. In Fig. 4, the zoom-in images of the Th=450°C specimens are reported in order to
better show the evolution of the defect with the ram speed increase.
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Figure 3: Microstructures of Profile a extruded with different process conditions.
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Figure 4: Microstructures of Profile a with Th=450°C extruded with different ram speeds (zoom-in images).
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In Fig. 5, the microstructure of the PCG zones was further examined combining the results of cross
and longitudinal sections in order to investigate the influence of the fibrous grains dimensions on
the PCG zones. Fig. 5a shows the microstructure of the extruded profile at 2 mm/s, which is
completely fibrous. From the analysis of Fig. 5b and Fig. 5¢ which correspond to sections A-A and B-
B of Fig. 5a, it can be seen that the grains in the inner part of the material are elongated in
extrusion direction, as can be reasonably expected due to the applied strain filed, with a thickness
average dimension of 20-40 um and a length average dimension reaching values up to 50 times
higher than the grain thickness. However, in Zone 1 (Fig. 5b) and Zone 2 (Fig. 5c), grains show a
different shape, with a similar average thickness of 5-15 um but a different average length of 20-40
um, extremely lower if compared to the inner grains. It is reasonable to assume that this difference is
caused by the very high strain values reached in Zone 1 and Zone 2 due to the process strain field and
high values of friction, leading to the serration and grain pinch-off on the deformed the original grain.
According to De Pari Jr. L. and Misiolek W.Z. [10], which theorized a combined gDRX-cDRX
model called Joint Dynamic Recrystallization (JDRX), during the manufacturing process the grain is
initially elongated along the main direction of deformation. As the strain increases, a critical value is
reached and the original grain is divided into two grains. By further increasing the strain, these
divisions multiply until the original elongated grain is converted into a set of fine equiaxed grains.
In this context, Zone 1 (Fig. 5b) and Zone 2 (Fig. 5c) present fine grains thus justifying the
assumption of the dynamic recrystallization occurrence. These DRX zones match with those in
which the PCG occurs when ram speed is increased (Fig. 5c-e). This result is in accordance with
several works [2, 8, 9], where is proposed that highly DRX zones may lead to the formation of the
PCG. This theory is also confirmed by the comparison between Fig. 5g and Fig. 5f, where the
microstructures of the cross sections of Profile a extruded with ram speed of 2 mm/s (Fig. 5g) and 5
mm/s (Fig. 5h) are reported. The Surface Area 1 of Fig. 5g presents a layer of fine equiaxed grains at
the edge of the profile, while the grains in Surface Area 2 are coarser and not equiaxed. It Fig. 1j, the
grain structure of the longitudinal section of Surface Area 1 (Fig. 1g) is reported, where is
pointed out the occurrence of pinch-off kinetic due to the double action of highly deformed material
for shear zones and high friction at the bearings zone. The It is reasonable to assume that this is
caused by the higher strain values and, consequently, higher DRX occurrence in grains of Surface
Area 1 with respect to the grains of Surface Area 2. To support the assumption, in Fig. 1i is reported
the numerical simulation of the strain values: according to the results, the strain of Surface Area 1 is
significantly higher than the one of Surface Area 2. This difference may lead to the PCG formation in
Surface Area 1 and not in Surface Area 2 when the ram speed is increased to 5 mm/s (Fig. 5h).

In order to show some evolutions of the grains from the longitudinal section perspective, Fig. 6 and
Fig. 7 are reported. In Fig. 6, the A-A section (see Fig. 5) of the profiles extruded with billet
temperature of 450 °C and ram speeds of 2, 5 and 10 mm/s are shown in order to highlight the
difference in the thickness and length of grains based only on the extrusion speed and,
consequently, on the strain rate reached during the process. In Fig. 7, it is reported the A-A section of
the profile extruded with billet temperature of 500 °C and ram speed of 5 mm/s. In this figure, is it
possible to see the difference between the grains of the inner material and the welding. In the
latter, the dynamic recrystallization seems to strongly occur, causing the formation by DRX of
small and equiaxed grains, similar to the one occurred in the surface zones when PCG does not
occur (Fig. 5b).
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Figure 5: Microstructure investigations on Profile a extrusions.
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Figure 7: Microstructure of profiles extruded with billet temperature of 500 °C and ram speeds of 5 mm/s.

In order to understand which parameter between temperature and ram speed has the main influence
on the PCG formation in the high DRX zones, two additional extrusions were performed with billet
temperature of 350 °C and ram speeds of 5 mm/s and 10 mm/s. The results are shown in Fig. 8. Fig.
8a reports the microstructure of the profile extruded with ram speed of 5 mm/s and billet
temperature 450 °C, which is similar to the microstructure of Fig.8c, where the profile was extruded
with the same ram speed but lower billet temperature and, consequently, lower profile exit
temperature. The same match occurs for the profiles extruded with ram speed of 10 mm/s but
different billet and exit temperatures (Fig. 8b and Fig. 8d). Moreover, the profiles in Fig. 8a and
Fig. 8d extruded with the same exit temperature but different ram speeds show different PCG
thicknesses. After this comparison, the authors reasonably assumed two conclusions: on the one
hand, there is a direct proportionality between the ram speed and PCG thickness. On the other hand,
the temperature must be higher than a critical value to trigger the conditions necessary for



recrystallization but it has less influence on the PCG formation if compared to the ram speed and,
consequently, to the achieved strain rate.

In Fig. 9, the SEM analysis of the Profile a extruded with billet temperature of 450 °C and ram
speeds of 2 mm/s, 5 mm/s and 10 mm/s is reported. For each sample, two different points were
investigated, one taken from the surface of the profile P1 and one from the inner part P2. In these
points, the dispersoids analysis was carried out, in order to understand the influence of ram speed
and exit temperature on the dispersoids fraction volume and size. As a result, no significant
difference in the dispersoid distribution between P1 and P2 was found for all the analysed samples.
However, with the increase in the ram speed and, consequently, the profile exit temperature, the
dispersoids total number increase and the average dimension decrease (Fig. 9g), evidencing the
precipitation of small Mn-dispersoids during the extrusion process with the increase in the profile
exit temperature. In Fig. 10, the Energy Dispersive Spectroscopy (EDS) is reported, showing the
composition of small dispersoids (Fig. 10d-f) and primary iron-phase particles (Fig. 10g-i).
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Figure 8: Microstructures of Profile a with Th= 450 °C and Tb=350 °C.
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In Fig. 11, the microstructures of Profile b extruded with billet temperature of 500 °C and different
several ram speeds are reported. As for Profile a, the analysed specimens were taken at the middle
length of the extrusion profile where the process achieved the thermal steady-state condition. In Fig.
11a, the profile extruded with 2 mm/s is reported, presenting a complete fibrous microstructure.
With the increase in the ram speed, the PCG occurs and grows until it reaches a maximum thickness
in the condition with ram speed of 10 mm/s (Fig. 11c). In the 15 mm/s and 20 mm/s ram speed
conditions (Fig. 11d,e), the PCG thickness remains similar to the 10 mm/s condition.
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Figure 11: Microstructures of Profile b with Th= 500°C extruded with different ram speeds.

In Fig. 12, a similar investigation to the one shown in Fig. 5 was carried out. Two different sections
were analysed in order to investigate the fibrous grain dimensions in the inner material and in the
edge material where the PCG occurred. As already described for Profile a in Fig. 5, the grains of
Zone 1 (Fig. 12b) and Zone 2 (Fig. 12c) are finer and almost equiaxed, thus proving the incidence
of the DRX in the high strain zones. In contrast with these zones, the grains on the inner part of the
profile are elongated along the extrusion direction, with an average length dimensions several times
greater than the average thickness.
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Figure 12: Microstructure investigations on Profile b extrusions.

Numerical Procedure
PCG Modeling

According to the work of [6], the formation and growth of new grains in 6XXX aluminum alloy
profiles after the extrusion process is related to the difference between driving force and retarding
force for the recrystallization. During the manufacturing processes, a part of the deformation energy
is stored in the material in the form of dislocations and point defects and depends on dislocation
density and subgrain misorientation angle [19]. This energy, called Stored Energy, act in favour of
the recrystallization and it can be calculated as follow [20]:

pd = Gb? 05\, 20 Oc (1)
where G is the material shear modulus (2.05x10% Pa), b the Burgers vector (2.86x10™° m), p; the
dislocation density, & the subgrain size, ® the misorientation angle and @c the misorientation angle
limit (15°). The dislocation density p; and the misorientation angle @ were calculated according to
[21], where both parameters were evaluated as a function of the Zener-Hollomon parameter Z and
the strain €.

The subgrain size and the Zener-Hollomon parameter were calculated according to [22]:

1
5=CWn2) (2)

. Q
= —) @3
- on() ©
where C=3.36x10° m™, n=5.577, Q is the activation energy of the AA6082 (182000 J/mol*K [23]),
R is the universal gas constant (8.341 J/mol) and & is the maximum strain rate for each point of
material flow during the extrusion deformation path.



The retarding force for the recrystallization is due to dispersoids, i.e. Zener Drag Pressure, and
alloying elements in solid solution, which pin the nucleated grains and prevent growth from
occurring [6]. According to the work of [24], the Zener Drag Pressure calculation resulted in:

_ 3xfxy (@)
4xr

where f and r are the fraction area and the mean size of the dispersoids, respectively, and y is the
grain boundary energy. At coarse approximation, it is possible to extend the Eq. 4 of retarding force
given by dispersoids to the retarding force due to solute atoms. In this case, the atom fraction and
atomic radius is used instead of volume fraction and dispersoid average. However, it is very
difficult to correctly evaluate the total value of the retarding force for two main reasons: on the one
hand, the concentration of dispersoids is not homogeneous within the material and is not always
stable from the homogenized billet to the extruded profile as proved by the experimental
investigation. On the other hand, it is really hard to evaluate the atom fraction and atomic radius of
the elements in solid solution. Moreover, the elements pinning effect depends on the velocity of the
moving boundaries [6].

Pz

In order to investigate the dynamic recrystallization, the following equation proposed by [25] was
used to investigate the percentage of DRX occurred in the extruded profile:

Xprx =1 —exp [—ﬁ (8 — £C>m] ®)

&s

where ¢ is the strain, &, is critical strain corresponding to the beginning of DRX, &, is the saturated
strain where the DRX happens completely, § and m are material constants (£=1.823 and m=1.109

[25]).

According to experimental evidence, the formation of PCG is primarily triggered by the
simultaneous occurrence of three conditions: high dynamic recrystallization zones, elevated
temperature, and high maximum strain rate during material deformation. In regions where these
three conditions coincide, the force favoring recrystallization becomes greater than the retarding
force, leading to the occurrence of PCG. The increase in PCG is observed with higher exit
temperatures and ram speeds, while the stored energy decreases with an increase in process
temperature. This suggests that PCG is favored due to a decrease in the retarding force for
recrystallization. Fig. 13 provides a schematic representation of the principle of PCG, illustrating
the behavior of the total pressure opposing recrystallization P; and the Stored Energy Pgq. As
depicted in the figure, in high DRX zones where high temperatures and maximum strain rates are
reached, this pressure is lowered. When the P; value becomes lower than the Stored Energy Py,
which typically reaches its highest values in the profile surface areas, PCG formation occurs. The
strain rate plays a crucial role in determining the intensity of dynamic recrystallization, where
extruding at a faster rate increases the exit temperature of the profile, resulting in a slight decrease
in stored energy Py. Simultaneously, the higher strain rate reduces the total pressure opposing
recrystallization, as indicated by the decrement of P; in the figure, particularly near the edge of the
specimens where high strain rates are reached. Consequently, at high strain rates, the reduction in
the force opposing recrystallization exceeds that of stored energy, leading to the dominance of
stored energy P4 over P; and the subsequent formation of PCG.
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Figure 13: PCG modeling schematization.

Numerical Simulation

The simulations of the investigated extrusions were performed using Qform Extrusion®, an
Avrbitrarian-Lagrangian-Eulerian FEM code. The material properties used in the simulation are
reported in Tab. 3.

Table 3: Material parameters for the AA6082 aluminum alloy

Material Properties AA6082
Density [Kg/m3] 2690
Specific heat [J/kg K] 900
Thermal conductivity [W/m K] 200
Thermal expansivity [m/K] 2.34*10°
Young’s modulus [GPa] 68.9
Poisson’s ratio 0.33

The constitutive model used for the description of the AA6082 flow stress was proposed by Hensel-
Spittel [26]: according to the equation, the material flow stress & depends on the contribution of
strain €, strain rate & and temperature T:

g=A-eMmT.gmz2.g-m3. e% (14 g)msT - eM7E . gmeT . My (8)

The values of the Hensel-Spittel constants (m1-m9) are reported in Tab. 4.

Table 1: Hensel-Spittel and for the AA6063 aluminum alloy [27].

Parameters AA6082

A 270 [MPa]
ml -0.0045 [K™]
m2 -0.127

m3 0.13

m4 -0.016

m5 0.00026 [K™]
m7 0

m8 0[K™]

m9 0




The friction conditions between workpiece and tools during the manufacturing process were set
according to the default values optimized for extrusion in the Qform database (Tab. 5).

Table 5: Friction conditions.

Surface Friction condition
Billet-Container Sticking condition
Billet-Ram Sticking condition
Billet-Die Sticking condition
Bearings Levanov model (m = 0.3, n = 1.25)

In order to validate the results of the numerical simulations, the predicted extrusion load and profile
exit temperature were compared to the experimental ones (Fig. 14,15). The exit temperature was
acquired by the use of a pyrometer pointed in the top-centre of profile a (the point is indicated in
Fig. 15 by the start of the white arrows). The average error in the extrusion load and temperature
prediction was in all cases found below the 5%, thus proving the reliability of the simulations.
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Figure 14: Experimental vs numerical peak extrusion load on the extrusion of Profile a.
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Figure 15: Experimental vs numerical exit temperature on the extrusion of Profile a.



Results and Discussion

In order to predict the extension of the PCG zones, simulations of the extrusion processes were
carried out and the values of temperature, strain and strain rate were collected. The recrystallization
model was developed and implemented within the Qform UK® environment with the aim of
calculating the required parameters for the prediction of the defect.

In Fig. 16, the results of the DRX simulations for the Profile a extruded with Th=500°C are
reported. The areas with XDRX value of O represent the zones of the profile in which the strain
value is below the critical strain .. The areas with XDRX value of 1 represent the zones of the
profile in which the strain value is higher than the saturated strain ;. The values of €, and &5 were
obtained by comparing the numerical and experimental results for the Profile a extrusions (.= 3,
&s= 16), specifically considering variations in the dimensions of dynamically recrystallized grains
and the corresponding thicknesses of PCG layers with the strain values calculated through finite
element simulation. Once these values were regressed, it was possible to assess XDRX and compare
these values, along with the trends in strain rates, to identify parameter combinations leading to
PCG formation. Only the values from Profile a were utilized in this calibration phase, reserving the
data related to Profile b to verify the accuracy of the proposed model. As clearly visible from Fig.
14, there is no significant difference between the three cases in terms of DRX, as the simulated
strain values are stable with the variation of the extrusion speed (Fig. 17). DRX zones with XDRX
values of 1 match the PCG zones when the profile is extruded at high ram speed. This
consideration, combined with the fact that high DRX areas do not always correspond to PCG, lead
to the conclusion that high DRX is a condition but not the only one that leads to the formation of
the defect.

a) T,=500° C/V,,=2 mm/s b) Ty=3500° C/ V=5 mm/s ¢) Ty=500° C/ V=10 mm/s d)

Figure 16: DRX simulation results.

Plastic strain

DV Auto ¥

105

a) Ty= 500°C /V,, =2 mm/s |b) T,=500°C / V= Smm/s |c) Ty=500°C/V, = 10 mm/s |d)

Figure 17: Simulation of the ram speed influence on the strain.



In Fig. 18 and Fig. 19, the prediction of the Stored Energy Pd and the maximum value of strain rate
reached during the deformation path are reported for Profile a extruded with Th=500°C. Two
different trends can be noticed by analyzing the results of Fig. 18. First of all, as previously
discussed in the PCG Modeling section, the values of Pd increases from the inner part to the edge of
the profile. Moreover, the values of the Stored Energy decrease with the increase of the ram speed.
This is explainable because, as the ram speed increase, the temperature increase leading to lower the
dislocation density and, consequently, the Pd values [24]. About the maximum value of strain rate
reached during the deformation path, as expectable, Fig. 19 shows that higher ram speeds led to
higher values of the maximum strain rate.

a) T,=500° C/V,,=2mm/s

¢) Ty=500° C/ V=10 mm/s

a) T,=500° C/V,,=2mms

b) T,=500° C/ V=5 mm/s

Figure 19: Maximum strain rate simulation results.

After the simulations of the parameters that lead to the PCG formation, the defect prediction was
carried out according to the proposed modeling (Fig. 13). All the values of Profile a were used for
the calibration of the model, while the data of Profile b were used for the validation. During the
calibration phase, the limit values of the three conditions leading to the formation of PCG were
found. Regarding the dynamic recrystallization condition, the limit value of XDRX was set to 0.70,
by comparing the output of the numerical simulation of XDRX with the PCG layers related to the
experiments. About the maximum strain rate condition, it was found that the PCG occurs when its
value is high than 125 s™. Regarding the temperature condition, a recrystallisation limit temperature
of 460 °C has been set for the investigated alloy [28]. When these three conditions occurs at the
same time, the simulation predicts the PCG defects.

In Fig. 20 and Fig. 21, the results of the PCG simulation of Profile a is reported. The areas in red are
the PCG areas while the ones in blue are the areas without PCG formation, where the grains are
fibrous. As clearly visible from the comparisons reported in Fig. 20 and Fig. 21, the matching



between the experimental (Fig. 20d,e,f and Fig. 21d,e,f) and numerical (Fig. 20a,b,c and Fig.
21a,b,c) PCG formation is good both for the extrusions made with billet temperature of 450 °C and
500 °C. Moreover, the same recrystallization model was applied in the extrusion of Profile b,
showing the same level of reliability (Fig. 22). In this case, the model was tested in a wider range of
ram speeds without losing the accuracy shown for the prediction of the defect behaviour in Profile
a.
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T,=450 °C T,=450 °C T,=450 °C
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Figure 20: Comparison between predicted and experimental PCG formation in the extrusion of Profile a with T, = 450 °C
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Figure 21: Comparison between predicted and experimental PCG formation in the extrusion of Profile a with T, =500 °C
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Conclusions

In the present work, the development of the recrystallization model for the AA6082 aluminum alloy
was carried out together with the FEM simulation of two different extrusion profiles using Qform
Extrusion® FEM code. The microstructural analysis of the two profiles were performed and the
collected data were used for the calibration and validation of the proposed model. The main

outcomes of this work can be summarized as following:

Figure 22: Comparison between predicted and experimental PCG formation in the extrusion of Profile b




e The results of the extensive experimental analysis on the recrystallization of a AA6082 alloy
were collected and discussed by comparing the microstructures of the extruded profiles with
the research activities already reported in literature. As a result, the main parameters that
lead to the PCG formation were identified: high DRX zones, high temperature and high
maximum strain rate reached during the deformation of the material.

e From the SEM analysis of the extruded profiles it can be noticed that the distribution of
dispersoids is not constant from the billet to the extruded profile. This distribution varies
according to the temperatures reached during the extrusion process. In fact, in case of
extrusion at high speeds and therefore high exit temperature of the profile, an increase in the
number of small-sized dispersoids (0-50 nm) was found.

e An innovative modeling for the evaluation of the PCG formation in the extrusion of
AA6082 aluminum alloys was proposed and tested. The results show a good correlation
between numerical predictions and experimental data in the PCG thickness both for the
hollow and the solid profiles in all the different process conditions.
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Article Highlights

e Experimental investigation of the PCG defect during the extrusion of AA6082 profiles.

e Modeling of the PCG defect behaviour in AA6XXX extruded profiles.

e Simulation of the PCG defect during the extrusion of two industrial-scale AA6082 profiles
in a wide range of process conditions.

e Validation of the proposed model by comparison between experimental and numerical
results.





