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Abstract

The microstructure of 6XXX aluminum alloys deeply affects mechanical, crash, corrosion and
aesthetic properties of extruded profiles. Unfortunately, grain structure evolution during
manufacturing processes is a complex phenomenon because several process and material parameters
such as alloy chemical composition, temperature, extrusion speed, tools geometries, quenching and
thermal treatment parameters affect the grain evolution during the manufacturing process. The aim
of the present PhD thesis was the analysis of the recrystallization kinetics during the hot extrusion of
6XXX aluminum alloys and the development of reliable recrystallization models to be used in FEM
codes for the microstructure prediction at a die design stage. Experimental activities have been carried
out in order to acquire data for the recrystallization models development, validation and also to
investigate the effect of process parameters and die design on the microstructure of the final
component. The experimental campaign reported in this thesis involved the extrusion of AA6063,
AA6060 and AA6082 profiles with different process parameters in order to provide a reliable amount
of data for the models validation. A particular focus was made to investigate the PCG defect evolution
during the extrusion of medium-strength alloys such as AA6082. Several die designs and process
conditions were analysed in order to understand the influence of each of them on the recrystallization
behaviour of the investigated alloy. From the numerical point of view, innovative models for the
microstructure prediction were developed and validated over the extrusion of industrial-scale profiles
with complex geometries, showing a good matching in terms of the grain size and surface
recrystallization prediction. The achieved results suggest the reliability of the developed models and
their application in the industrial field for process and material properties optimization at a die-design

stage.
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1. Introduction

1.1  Extrusion Process of Aluminum Alloys

The extrusion of aluminum alloys is a manufacturing process that allows the production of profiles
with constant cross-section and complex geometry [1-3]. During this process, a pre-heated billet is
forced to flow through the die opening/s generating the shape of the extruded profile. A simple
schematization of the direct extrusion process is reported in Fig. 1.1. In this figure, the main process
components are shown: the cylindrical billet is placed inside a container and the pressure is applied
by the ram which is regulated by a hydraulic press. The billet must have slightly lower diameter in
order to be inserted into the container. In the first step of the ram stroke, there is the upset of the billet
which corresponds to its first compression until it reaches the same diameter as the container. After
this phase, the material starts to flow inside the die and through its exit section. The thinner section
of the die gives the external final shape to the profile and it is called the “bearing zone”. This
configuration is called “direct extrusion” and it is characterized by the same direction between ram

and extruded profile motion.

Container
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Figure 1.1: Schematization of the direct extrusion process [1].

There is also the possibility to perform the “indirect extrusion”, which is schematized in Fig. 1.2.
Using this setting, the direction of the extruded profile is opposed to the ram direction thus causing a
decrease in the friction between billet and container. This results in a decrease in the extrusion force
and an increase in the process speed [1]. The main issue of the latter is the limit in the geometries
achievable from the process since the die, as shown in Fig. 1.2, must move inside the container and

perform the work made by the ram in the direct extrusion (Fig. 1.1).

However, the most common and important method used in the extrusion of lightweight alloys is

the direct extrusion process. In Fig. 1.3, it is reported an example of the achievable complexity of the



extruded profile geometry in multi-hollow profiles, thin gauges, profiles with sophisticated

appendixes and wings etc.

Container Sealing
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Figure 1.2: Schematization of the indirect extrusion process [1].

Fig. 1.3: Examples of profiles achievable with the hot extrusion process [3].

In order to control the hot extrusion process, several key-aspects must be taken into consideration.
These aspects deal with the design of the tools, the extrusion main process parameters and the

thermodynamics of the extrusion process.

1.1.1 Die Design

The most important part of the process tools equipment is the die, typically made by tool steels
(AIST H-11 or H-13) or sintered carbides due to the high stresses and temperature reached during the
manufacturing process. The design of the dies requires a particular experience as each die is
characterized by a unique geometry for the production of a particular extruded profile. Therefore, the
design requirements are often very stringent thus causing the high cost for the realization of the

extrusion tool setup.

There are three different types of extrusion dies available [2, 3]: solid dies, semi-solid dies and

hollow dies. Each one of them is used for the production of solid, semi-solid and hollow profiles,
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respectively. They are made in order to provide high mechanical, temperature and wear resistances
to increase the die life and, consequently, reduce the costs. Together with the die, supporting tools
are present also made of hardened tool steel. These tools are known as backers, bolsters and sub-

bolsters and support the die during the whole extrusion process (Fig. 1.4a).

In Fig. 1.4b and Fig. 1.4c, examples of a solid die and a hollow die are reported, respectively. The
simplest type of solid die is the flat-face die: by using the latter, the billet material flows directly into
the openings which have the exact same shape as the extruded profile. In order to have more control
over the welding of subsequent billets during the continuous extrusion or over the spread of the
aluminum in different areas of the die, pocket dies or feeder dies may be used which are characterized
by intermediate cavities between the container and the bearing zone. In order to produce profiles with
voids, hollow dies must be used as they present a component called “mandrel” for the realization of
the internal shape of the voids in the profile (Fig. 1.4c). The semi-hollow die comes from the
comparison between the area of the partially enclosed void and the square of the size of the gap called
the “tongue ratio”. With respect to the tongue ratio, semi-hollow dies can present several settings

(flat, pocket, etc.).
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Figure 1.4: Schematization of a) die support tools, b) solid die, c) hollow die [3].



1.1.2 Extrusion Process Parameters

In Fig. 1.5, the typical extrusion load behaviour is reported for direct and indirect extrusion. The
total extrusion force is affected by the plastic deformation of the material and the frictional forces
which oppose to the movement of the billet material. In the first part of the ram stroke, the force
increases until the extrusion chamber is filled (upsetting). In the case of direct extrusion, the force
reaches a higher value as the initial frictional detachment between the surfaces of the billet and the
internal walls of the tools must be overcome; on the contrary, this condition does not occur during
indirect extrusion, so the extrusion force, in this configuration, is significantly lower and constant

during the ram stroke with respect to direct extrusion case.

Direct Extrusion

II

Extrusion Load

Indirect Extrusion

Ram stroke

Fig. 1.5 Evolution of the extrusion load during the ram stroke [1].

The main extrusion process parameters are summarized as follows [1, 2]:

e extrusion ratio;
e working temperature;
e extrusion speed;
o flow stress.
The extrusion ratio ER is defined as:

Ac
ER = — (L.1)

where 7 is the number of symmetrical holes, Ac is the area of the container, and A is the area of the

extruded profile. By analysing the extrusion ratio, information about the amount of mechanical work
to reach the final shape of the profile will be acquired. Consequently, by increasing the extrusion ratio

also the extrusion load will be increased. The normal ER range reached for soft alloys is 10-100 while,

for hard alloys, 10-35.

The extrusion temperature is another important parameter because it affects the flow stress of the

billet material. In order to decrease the total required extrusion load, high temperature must be

achieved.



The extrusion speed is a key-parameter to control the productivity of the process. However, an
increase in the speed, which is an increase in the strain rate, leads to an increase in the extrusion load.
Even if also the working temperature increases with the ram speed, the influence of the strain rate is

predominant in terms of extrusion load increase.

The material flow stress o defines the extrusion load and is directly related to the chemical

composition of the alloy and the process parameters (strain, strain rate and temperature).

o =f(&éT) (1.2)

1.1.3 Thermodynamics

The control over the temperature during the hot extrusion of aluminum alloy is mandatory in order
to achieve profiles with particular mechanical, corrosion and crash properties. Moreover, is a
fundamental parameter because it may cause the formation of defects and limit the process
productivity [4-6]. The main contributions to the thermal field are the heat generated by the plastic
deformation of the billet material, the friction between aluminum and tool steel or dead metal zones,
the convection between billet and air during the movement from the oven to the press, the conduction
between billet and extrusion tools and by air/water (depending on the quenching system) at the die

exit (Fig. 1.6). In Tab. 1.1, the typical range of temperature reached during the extrusion process is

reported.
Table 1.2: Temperature ranges during hot extrusion processes.
Component pll?eill}g:lt Ram Container Die preheat  Exit profile
Temperature
440-480°C  300-400°C  400-450°C 450-500°C 520-570°C
range

<

E.D

HEAT TRANSFERRED ;

+41 31

Figure 1.6: Schematization of the heat transfer history in hot extrusion process.
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1.2  Grain Size Measurement Methods

The average grain size dimensions reported in this thesis were calculated according to the ASTM-
E112 regulation [7], which contains a number of methods to determine the average diameter of
equiaxed-shaped grains. It also contains information about measurements when grains have been

elongated during the manufacturing process.

Three basic procedures are reported: the Comparison Procedure, the Planimetric Procedure and
the Intercept Procedure (Fig. 1.7). The Comparison Procedure (Fig. 1.7a, as suggested by the name,
involves the visual comparison of the investigated grain structure to a series of graded images of
known grain size either in the form of a wall chart, clear plastic overlays or an eyepiece reticle. The
user choose the standard image that looks more similar to the investigated microstructure. There are

several types of comparison charts depending on what type of microstructure is investigated.

The Planimetric Procedure (Fig. 1.7b) involves the actual count of the number of grains within a
particular known area. This number called N, is used to determine the G value (ASTM grain size
number, Fig. 1.8) which is a number that will then be entered in a standard table reported in the
ASTM-E112 regulation to find the average grain diameter of the investigated microstructure. The

accuracy of the method is a function of the number of grains counted.

b)

Figure 1.7: Examples of grain size measurement methods: a) Comparison, b) Planimetric, ¢,d)
Intercept.
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Grain Size No. NA Grains/Unit Area A Average Grain Area d Average Diameter ¢ Mean Intercept N,

G No./in? at 100X  No./mm? at 1X mm? pm? mm pm mm pm No./mm
00 0.25 3.88 0.2581 258064 0.5080 508.0 0.4525 452.5 2.21
0 0.50 7.75 0.1290 129032 0.3592 359.2 0.3200 320.0 3.12
0.5 0.71 10.96 0.0912 91239 0.3021 302.1 0.2691 269.1 3.72
1.0 1.00 15.50 0.0645 64516 0.2540 254.0 0.2263 226.3 442
1.5 1.41 21.92 0.0456 45620 0.2136 2136 0.1903 190.3 5.26
2.0 2.00 31.00 0.0323 32258 0.1796 179.6 0.1600 160.0 6.25
25 2.83 43.84 0.0228 22810 0.1510 151.0 0.1345 1345 7.43
3.0 4.00 62.00 0.0161 16129 0.1270 127.0 0.1131 113.1 8.84
3.5 5.66 87.68 0.0114 11405 0.1068 106.8 0.0951 95.1 10.51
4.0 8.00 124.00 0.00806 8065 0.0898 89.8 0.0800 80.0 12.50
4.5 11.31 175.36 0.00570 5703 0.0755 755 0.0673 67.3 14.87
5.0 16.00 248.00 0.00403 4032 0.0635 63.5 0.0566 56.6 17.68
55 22.63 350.73 0.00285 2851 0.0534 53.4 0.0476 476 21.02
6.0 32.00 496.00 0.00202 2016 0.0449 449 0.0400 40.0 25.00
6.5 45.25 701.45 0.00143 1426 0.0378 37.8 0.0336 33.6 29.73
7.0 64.00 992.00 0.00101 1008 0.0318 31.8 0.0283 28.3 35.36
75 90.51 1402.9 0.00071 713 0.0267 26.7 0.0238 238 42.04
8.0 128.00 1984.0 0.00050 504 0.0225 225 0.0200 20.0 50.00
85 181.02 2805.8 0.00036 356 0.0189 18.9 0.0168 16.8 59.46
9.0 256.00 3968.0 0.00025 252 0.0159 159 0.0141 14.1 70.71
95 362.04 5611.6 0.00018 178 0.0133 13.3 0.0119 1.9 84.09
10.0 512.00 7936.0 0.00013 126 0.0112 1.2 0.0100 10.0 100.0
10.5 724.08 11223.2 0.000089 89.1 0.0094 9.4 0.0084 8.4 118.9
11.0 1024.00 15872.0 0.000063 63.0 0.0079 7.9 0.0071 71 141.4
1.5 1448.15 224464 0.000045 446 0.0067 6.7 0.0060 5.9 168.2
12.0 2048.00 317441 0.000032 315 0.0056 5.6 0.0050 5.0 200.0
125 2896.31 448929 0.000022 223 0.0047 4.7 0.0042 4.2 2378
13.0 4096.00 63488.1 0.000016 15.8 0.0040 4.0 0.0035 3.5 282.8
135 5792.62 89785.8 0.000011 1.1 0.0033 33 0.0030 3.0 336.4
14.0 8192.00 126976.3 0.000008 7.9 0.0028 2.8 0.0025 25 400.0

Figure 1.8: Grain Size Relationships Computed for Uniform, Randomly Oriented, Equiaxed Grains
[7].

The Intercept Procedure (Fig. 1.7c¢,d) involves the count of the number of grains or grain
boundaries intercepted by a test line in a known area to calculate the mean linear intercept length I. [
is used to find the G value and then the average grain size as described above. As for the Planimetric
Procedure, the accuracy of the method is a function of the number of intercepts or intersections

counted.

The average grain size measurements reported in this thesis represent the mean value between the

average grain size calculated according to the Planimetric Procedure and the Intercept Procedure.

It is important to understand that, by using these test methods, the measurement of average grain
size is not an exact measurement. A grain structure is a number of three-dimensional grains of
different sizes and shapes. The grain cross-section is a random plane through such a structure, would
have a distribution of areas varying from a maximum value to zero, depending upon where the plane
cuts each individual crystal. Clearly, no two plains of observation can be exactly the same and this is

the reason why there is always a slight error in the average grain size measurement.

1.3 The Influence of Microstructure on Material Properties

The microstructure of aluminum alloys significantly affects mechanical, aesthetic, corrosion and
crash properties [8-12]. Especially in the transportation field (i.e. aecronautical, automotive, railway,

etc.), requirements in terms of grain structure need to be matched in order to ensure the quality of the
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product. This condition imposes control over the evolution of the microstructure during the hot
forming processes and the heat treatments of aluminum alloys. Unfortunately, the grain structure
evolution is a complex phenomenon being affected by several process parameters such as the alloy
chemical composition, temperatures, extrusion speed, tools geometries, quenching and thermal
treatment settings. To date, the mechanisms occurring during recrystallization are not fully
understood and, consequently, investigations are needed to evaluate the influence of the process

parameters on the microstructure evolution for critical aluminum alloys.

The properties of the engineering materials are related to the atomic arrangement, the presence of
crystal defects and the morphology and distribution of the constituting particles/phases. Moreover,
grain size and texture deeply affect the mechanical strength, the corrosion resistance, the aesthetic

properties and the crash performances of the extruded profile.

The grains are individual crystals within the polycrystalline material [13-16]. Depending on the
basic crystal structure (face-centered cubic FCC, body-centered cubic BCC, hexagonal closed-packed
HCP, and tetragonal), atoms are arranged. In this context, the presence of several imperfections in
the atomic structure may occur thus influencing the properties of the material. These defects are
distinguished into point defects (vacancies and interstitial atoms), line defects (dislocations), planar
defects (stacking faults, twin boundaries) and volume defects (voids or cavities). In order to study the
plastic deformation theory, dislocations are very important because their motion represents the
response of the material to the applied shear stress. Consequently, hindering the motion of these linear
defects is the primary strengthening mechanism of metallic materials. To obstruct this motion,
dislocations must encounter obstacles that can be represented by precipitate particles. However, some
distinctions are needed because the influence of precipitates on material properties changes with the
volume fraction, size, distribution, type of precipitate and arrangement in the microstructure. In this
sense, the production of fine, equiaxed and uniformly dispersed metastable precipitates provides the
most adaptable strengthening solution for metallic materials such as aluminum alloy in addition to
solid solution strengthening. Moreover, the production of extremely small (nanosized) particles called

dispersoids may act as a strengthening mechanism.

13



Line tension, T Particle T

Dislocation

Y Resisting force, F

Figure 1.9: Balance of forces acting during particle resistance to dislocation movement [17].

In general, as previously stated, the motion and the number of dislocations affect the mechanical
strength of the investigated material. To retard this motion and increase the strength, several solutions
can be adopted: on the one hand, internal stresses must be generated which will act in opposition to
the movement of dislocations; on the other hand, particles must be produced by precipitation to act
as obstacles to their motion. Similar to precipitation hardening, solid solution hardening may be used
as an effective method to increase the mechanical properties because, when an alloying atom is
dissolved into the matrix, it may act as an obstacle to the motion of dislocations. There is also the
work hardening phenomenon which is based on the cold working theory of metallic materials. When
there is the application of a deformation at low temperature, an increase in the number of dislocation
is caused and, as a consequence, the mean distance between dislocations decreases. Since, on the
average, the dislocation-dislocation interaction is repulsive, the resistance to the dislocation motion

and, consequently, the strength of material increase.

It has been universally observed that the strength of the material is also dependent on the grain
size. Hall-Petch equation [18, 19], correlates tensile yield stress and average grain size as reported in

the following equation:

o, =0y +kyd/? (1.1)

where gy, is the yield stress of the investigated material, d is the average grain size, g is the friction
stress and k,, is the stress intensity coefficient associated with the stress required to extend the

dislocation activity in to the adjacent unyielded grains. This equation shows that the final yield stress

of the material is associated with the reciprocal value of the square root of the average grain size. The
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strengthening resulted from the grain boundary capability of blocking the dislocation movement. This
mechanism can be explained with two main reasons: on the one hand, since the grains are
characterized by different crystallographic orientations, if a dislocation moves from one grain to
another it must change direction and it is as difficult as the misorientation between to adjacent grains
increase. On the other hand, boundaries represent barriers to dislocation motion. Consequently, if the
grain is smaller, the total grain boundary area increases retarding the motion of dislocations and
increasing the mechanical properties of the material. Several authors investigated the effect of the
grain size on the mechanical properties. As an example, Lin A.Y. et al. [18], studied the effect of
different microstructures in an AI-5Mg-0.5Mn alloy and the results are summarized in Fig. 1.10. As
expected, smaller grain size (Fig. 1.10a) resulted in higher yield stress and ultimate tensile strength,
while coarser grain size (Fig. 1.10c¢) in lower YS and UTS. The same trend was also observed by Liao

Q. et al. [19] and the result of this work is reported in Fig. 1.11.

Vi .:-. ?
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YS UTS UE TE
450F 198.6 MPa 339.3MPa 24.4% 29.9%
650F 176.9 MPa 335.2MPa 23.5% 28.5%
850F 163.0 MPa 319.0MPa 26.4% 30.9%

YS: yield strength, UTS: ultimate strength,
UE: uniform elongation, TE: total elongation.

Figure 1.10: Influence of grain size on the tensile properties [18].
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Pass 1

Pass 2

Pass 3

Pass 4

Sample UTS (MPa) YS (MPa)

As-extruded 269.7+2.2 141.5+1.6
As-rolled (pass 1) 201.7+1.5 177.7+2.1
As-rolled (pass 2) 311.5+1.1 1792+ 1.8
As-rolled (pass 3) 311.2+20 193.9+1.7
As-rolled (pass 4) 3128+1.6 196.3+1.6

Figure 1.11: Microstructure characteristics and tensile properties of the alloy after the multi-rolling
processes [19].

It has been also proven that the chemical composition and grain size of the investigated alloy have
a huge effect on the corrosion resistance. Intergranular corrosion (IGC) is one of the main defects
which may occur in AI-Mg-Si-Cu alloys because of the Cu addiction, which results in the increase in
the mechanical properties but also in a decrease in the corrosion resistance. In 2002, Minoda T. and
Yoshida H. [20, 21] investigated this defect behaviour in an AA60601 aluminum alloy by performing
several tests: the authors found that precipitate-free zones (PFZs) have an impact in the matter as they
cause a decrease in the corrosion resistance. In 2015, Zander D. et al. [20] investigated the influence
of grain shape on IGC: it results that elongated grains (Fig. 1.12) show an increase in the resistance
to the penetration depth of the IGC if compared to grains without a predominant direction. In 2010,
Bauger . and Furu T. [21] investigated the effect of the grain size and chemical composition with
accelerated corrosion testing (Fig. 1.13). Several profiles of different 6XXX and 7XXX aluminum
alloys were tested and it results that a recrystallized surface layer with grains almost perpendicular to

the surface seems to be subjected to intracrystalline corrosion down to the underlying structure with
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stronger texture. It can be assumed that, if the surface recrystallized layer is characterized by grains
with an average smaller dimension, there is more grain boundary area and the corrosion penetration

will be decreased.

Electrolyte ectrolyte D
Passive layer HEmR | [Passivelayer ’
o —
—

Figure 1.12: Influence of grain shape on the penetration morphology of IGC; strongly elongated
grains (a) and grain shapes without predominant direction (b) [20].

Figure 1.13: IGC and grain size [21].

The grain size has also an effect on the fatigue crack growth. Turnbull A. and De Los Rios E.R.
[22] investigated this behaviour in an aluminum magnesium alloy: they tested and studied the growth
of fatigue surface cracks in an Al-2.63Mg alloy at two levels of applied stress (280 MPa and 310
MPa) and three of grain size dimensions (22.3 pum, 36.6 um,108.3 um). Single cracks were formed
in the two samples with finer grains but failure in the sample with 108.3 um occurred, caused by the
coalescence of three sub-cracks. In conclusion, as the grain size is refined, the initial crack growth
rate is successively reduced (Fig. 1.14) because the distance which the cracks extend, per load cycle,
is a function of the crack tip plastic displacement. They also found out that, as the crack grows, the
effect of the grain size on fatigue crack propagation became less significant. The growth of the longer
cracks is independent of the surrounding microstructure and can be described by the continuum
fracture mechanics analyses. Moreover, according to the work of Yue T.M. et al. [23], the

microstructure with coarser grains, by imposing tortuous crack paths, exhibits higher crack resistance
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but finer-grained material results in an increase in the fatigue strength due to the greater difficulty of

fatigue crack initiation and early growth in small-grains microstructures (Fig. 1.15).
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Figure 1.14: Effect of grain size on crack growth rate and mean crack length [22].
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Figure 1.15: S/N curves for (a) A1-7010; (b) Mg-AZ91. Squares: smaller grain samples, black
circles: coarser grain samples [23].

The study of the component microstructure is mandatory also because it deeply affects the crash
performances of extruded profiles. In the last two decades, several research activities have been
carried out in order to investigate how grain size and texture affect the crash properties because of
the increasing interest in applying extruded 6 XXX profiles in the automotive and transportation sector
[24-27]. In order to understand the influence of the microstructure in the crash behaviour of aluminum
alloy components, some basic concepts need to be introduced. In response to the need of reducing the
weight of components in automotive production, the use of lightweight alloys such as 6XXX

aluminum alloy becomes increasingly important. The design aims to minimize the weight of
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components without affecting the functionality, safety and life in operation. The main parameter that
needs to be introduced to characterize crash profiles is the specific energy absorption (SEA): this
parameter describes the profile ability to absorb energy per unit of weight. The SEA is depending on
the mean crash force MCF, which is the average force absorbed by the profile during a quasi-static
compression test. This parameter allows the design of the structure because the MCF has a direct
influence on the deceleration and the length reduction of the structure of a car in case of a collision.
There are two limits that must not be exceeded in order to guarantee the driver survival during an
event of crash: the survival limit and the design limit. In Fig. 1.16, a schematization of these limits is
reported. In the x-axis, there is the reduction of the structure length during the crash while in the y-
axis, the deceleration caused by the impact. If the design limit is passed, the reduction of the length
of the car became too high and the components hit the driver, if the survival limit is passed, the
deceleration becomes too high for the human body resistance given by biomechanical parameters.
For these two reasons, the deceleration must be as indicated in the figure, in which an example of the
deceleration produced by an optimized structure is reported. Moreover, if the MCF value goes to 0,
the limit along the x-axis will be exceeded, if it goes to infinite values, the limit along the y-axis will
be exceeded. In order to design the correct structure, it is important to analyse the quality of the folds
resulting from the quasi-static compression of crash structures. In order to do this, the developed
crush rating system is reported in Fig. 1.17. In order to control the MCF and to achieve the best results
in terms of energy absorption behaviour, the grade of the crash component should be as close as
possible to grade 1. If the component shows a behaviour like in grade 9 (complete fragmentation), it

will result in a significant drop of the MCF.
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Figure 1.16: Schematization of the mean crash force MCF, survive limit and design limit in crash
behaviour.
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Grade 2
No cracks One small corner crack Few small comer cracks

Grade 4 Grade 5 Grade 6
Few decper comer cracks | Multiple decp comer cracks | Internal  shallow transverse
crack and muluple deep
| corner cracks

Grade 7 Grade 9
Intemal  and  external | Deep transverse cracks and |  Entire box fragmentation
transversc  cracks  and | fragmentation, scvere
severe corer cracking comer cracking

Figure 1.17: Crash rating system [24].

The microstructure of the crash components deeply affects the crash performances in terms of
crash rating (Fig. 1.17). In this sense, the work of Parson N. et al. [24] resulted helpful to understand
the characteristics of this influence. In this work, several 6XXX alloys were analysed and the data
about microstructures, tensile strengths and crash performances were acquired. The first result was
that the MCF did not correlate well with the Y'S or tensile elongation but it was found an almost linear
relationship with the UTS (Fig. 1.18a,b). Moreover, the use of the true fracture strain resulted to give
a clear cut off for cracking/no cracking conditions and a near linear deterioration in the crash rating
with a decrease in the fracture strain (Fig. 1.18d). The work is also focused on the importance of the
quenching properties on the crash rating. Two main concepts have been proven: on the one hand,
having an increase in the recrystallized surface layer and an increase in the grain size of this layer
leads to an increase in the crash grade of the profile (decrease in the crash performances). On the
other hand, the water quenching resulted in an increase in the true fracture strain of the component,
decreasing the crash grade (increase in the crash performances). In more detail, the use of air

quenching allows the coarsening of the grains and Mg»Si precipitates which resulted in a reduction

20



the grain boundary strength. For this reason, if the goal is to produce an extruded profile optimized

for crash application, the water quenching must be used after the extrusion process (Fig. 18c,e,f).
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Figure 1.18: a) Correlation between MCF and YS, b) correlation between MCF and UTS, c)
correlation between true fracture strain and UTS, d) correlation between crash rating and true
fracture strain, ¢) folds with water quenched profiles (small recrystallized layer), folds with air

quenched profiles (huge recrystallized layer) [24].
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The microstructure may also be the cause of aesthetic defects in extruded profiles [28-30]. In
several applications such as the architectural one, surface appearance provide an important
characteristic for high quality structures. In this contest, streak defects, which are aesthetic defects
occurred in anodized profiles, prevent the applicability of the components. In 2009, Zhu H. et al. [29]
investigated the possible causes of the streaking defects after the anodization process (Fig. 1.19). The
first cause may be the chemical composition: in case of big pre-chamber, when there is the change of
billet material, the welding area may have a mixture of different chemical compositions and,
consequently, different microstructures. The second cause may be a non-uniform microstructure due
to the thermal or strain field applied during the extrusion process. In addition to that, streaks may be
also caused by the presence of charge/seam welds or billet skin particles that interact with the surface.
Moreover, Babaniris S. et al. [30], investigated the streaks in the hot extrusion of AA6060 profiles.
The authors found that the perceived lightness of an etched profile directly correlates with the
roughness. This is primarily dependent on the size and distribution of grain etching steps, which in

turn are related to the size of the etched grains (Fig. 1.20).

c)

Figure 1.19: Streaks caused by: a) different chemical compositions, b) different microstructures, c)
billet skin particle inclusions [28].
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Figure 1.20: Influence of grain size on the streak defect [29].

The grain size is not the only microstructural factor that affects the properties of the material but
also the texture of the extruded profile should be considered. This is because the texture has an
important role in the definition of the mechanical properties of the material. The results of the work
of Zhang L. et al. [31], in which is reported a detailed study of the mechanical properties, texture and
microstructural evolution of an AA6111 aluminum alloy subject to rolling deformation, show that the
shear and recrystallization texture mainly influence the anisotropy of the tensile elongation along the
three directions of 0°, 45° and 90° with respect to the rolling direction. However, this effect on the
anisotropy was not detected for the yield stress. On the contrary, the rolling texture has an influence
on the yield stress along the three directions but less effect on the anisotropy of the elongation. In
addition, the results of the work of Liao Q. et al. [19], in which is reported the analysis of
microstructure, mechanical properties and texture evolution in extruded and rolled sheets, shows that
the texture has less effect on the yield stress if compared to the grain refinement, but the finer-grains
with relatively weak basal texture display randomicity on grain orientation resulted in an increase in
the ductility of the material. Westermann . et al. [32] studied the effect of microstructure and texture
on bendability. Three-point plane-strain bending tests were performed on AA7108 alloy with
different microstructures: as-cast, homogenized, fibrous extruded, cold rolled and recrystallized. The
results of this work show that the texture influences the bendability of the alloy by initiation of the
shear bands. As-cast and homogenized material performed very poorly in the test mainly due to large
grains and constituent particles aligned on grain boundaries and in the dendritic as-cast structure. An

increase of 10 pct was found when the banding angle (BA) was aligned with the extrusion direction
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(ED) or 45° to the ED with respect to the force observed when the BA was aligned to the transversal
direction (TD): this force anisotropy may be a consequence of the crystallographic texture. The cold
rolled and recrystallized material with a very weak texture, on the other hand, exhibits a nearly

isotropic behaviour.

The reported literature review has been made to demonstrate the importance of the microstructure
in the characterization of the properties of extruded profiles. Consequently, in order to optimize these
properties and allow the application of these profiles in structural and automotive fields, it is
mandatory to consider and control the evolution of the microstructure during the plastic deformation

and heat treatment processes.
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2. Recrystallization During the Extrusion of 6XXX Aluminum Alloys

2.1 Introduction

The deformation of metals affects the microstructure in several ways. Firstly, it influences the
shape and distribution of the grains, modifying the total area of the grain boundaries [1-4]. This occurs
because some of the dislocations formed due to plastic deformation are accumulated in the grain
boundaries. Secondly, even the smallest grain structures such as dislocation cells or subgrains also
change their shape. The sum of accumulated dislocations represents the energy stored in the material

and this stored energy is the driving force for recrystallization.

Furthermore, during plastic deformation, the shape and orientations of the grains of a
polycrystalline metal vary by changing direction. This change will be dependent on the components
of the stress applied to our base material. As a consequence, grains can acquire a particular shape and
a preferential orientation, called Texture, which also affects the stored energy of the deformed

material [5-6].

There are different mechanisms investigated in literature that describe the recrystallization kinetics
of metals and, in particular, 6XXX aluminum alloys during the hot deformation. The most general
classification distinguishes dynamic recrystallization (DRX) from static recrystallization (SRX) [7-
10]. The dynamic recrystallization kinetics depend on the properties of the investigated material and
involves, for LSFE (Low Stacking Fault Energy) materials, nucleation and growth of new grains
during deformation or, for HSFE (High Stacking Fault Energy) materials such as aluminum alloys,
different mechanisms that are still under investigation from the research community. The static
recrystallization mechanism may occur after the deformation causing the rearrangement of the
microstructure through nucleation and growth. Moreover, there are other recrystallization
mechanisms that led to the loss of some of the energy stored during the deformation that must be
considered: Recovery and Grain Growth [1,11,12]. The first occurs as a rearrangement of the
dislocations into more stable substructures, forming Low Angle Grain Boundaries (LAGB) and
subgrains. The second mechanism leads to the growth of the grains, decreasing the total amount of

grain boundary area.

2.2 Recrystallization during the extrusion process of 6XXX aluminum alloys.

In Fig. 2.1 is reported the schematization of the microstructural evolution during the hot extrusion

process of aluminum alloys. In more detail, Fig. 2.1a shows the microstructure of the starting billet
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Microstructure evolution during extrusion process.

Figure 2.1
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material, which is fully recrystallized due as consequence of the casting phase and further
homogenization process. Once the extrusion begins, the dynamic recrystallization (DRX) may occur
as a result of the strain field applied to the material and the high frictional coefficients. This evolution
leads to the condition reported in Fig. 2.1b, where an example of fibrous microstructure is reported.
The fibrous grains are marked by a dimension along the extrusion direction several times greater than
the width and thickness. After the extrusion, depending on several factors such as the exit
temperature, the level of strain applied during extrusion, the chemical composition of the alloy and
the quenching conditions (media and time), the static recrystallization (SRX) may also occur. This
phenomenon involves the nucleation and growth of new grains. The static recrystallization may be

total (Fig. 2.1c¢), partial (Fig. 2.1¢e) or absent (Fig. 2.1d).

Moreover, in the specific case of the extrusion process, the phenomenon of Abnormal Grain
Growth (AGG) or Peripheral Coarse Grain (PCG) may occur as a disproportionate growth of some
grains located on the surface of the profiles (PCG, Fig. 2.2) or on the inner parts of the profile material,
typically in welding zones (AGG) [13-14]. These mechanisms may cause a degradation in
mechanical, crash, corrosion, fracture and surface quality properties thus precluding their

applicability in the automotive sector.

Figure 2.2: Transverse section of the tube extruded from alloy A. Higher magnification view of (b)
region A and (c) region B in part (a). Arrows indicate the weld seams. [14]
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2.3 Dynamic and Static Recovery

Recovery is a softening mechanism which occurs in metals as a microstructural reorganization to
release some of the stored energy accumulated during the deformation [15-22]. If recovery occurs
during the deformation of the metal, then it is referred to as “Dynamic” (DRV), while if it occurs after
the material processing is called “Static”. Its main effect is the lowering of the flow stress due to the
rearrangement of the dislocations in more stable substructures, increasing the ductility of the
investigated material. The presence of alloying elements or impurities may reduce the improvement

of ductility in DRV metals due to the pinning effect on dislocations.

Materials with High Stacking Fault Energy (HSFE) such as aluminum alloys, alpha-iron and
ferritic steels frequently exhibit dislocation climb, cross-slip and glide, which are the main
mechanisms of dynamic recovery, resulting in the formation of low angle boundaries and subgrains
(Fig 2.3, 2.4) [1]. From a microscopical point of view, this rearrangement led to an increase in the
size of the substructures in the hot worked materials and, consequently, to an increase in ductility and

a decrease in the flow stress.

Deformed state Recovered Partially recrystallized Fully recrystallized Grain growth

High defect density Partial defect annihilation Moving grain boundaries Deformation substructure  Competitive coarsening
High internal stresses  and rearrangement Sweeping substructure removed

Figure 2.3: Schematization of the recrystallization mechanism [23]

Figure 2.4: Al-01%Mg deformed in plane strain compression. a) EBSD map showing LAGBs
(white) and serrated HAGBs (black); (b) SEM channeling contrast image showing the subgrain
structure [1].
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During the hot deformation of metals, dislocations interact, grow and increase as the driving
pressure and the rate of recovery. In the same period, the low angle grain boundaries and the subgrains
develop and grow. At a certain level of strain, the rates of the work hardening and recovery reach a
dynamic state of equilibrium [1]. As a result, the steady-state flow stress remains almost constant as
shown in Fig. 2.4. It must be noticed that, if the heat generated by the processing of the material
cannot be removed from the specimen, it may result in a further decrease in the flow stress of the

material at high strains and strain rates larger than 1 s
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Figure 2.5: Flow stress curves at different strain rates [24]

Static recovery can be observed as a decrease in the fraction of the residual strain hardening shown
in Fig. 2.5. It occurs as the reorganization of the dislocation substructures due to the internal elastic
stresses of the material caused by the prior plastic deformation. More in detail, the recovery led to the
annihilation of the point defects and dislocations associated with the higher mobility, forming the
subgrain and grain boundaries without any nucleation stage or modification in the grain structure
(High Angle Grain Boundaries HAGB). This mechanism produced a modest and gradual reduction

in hardness and internal stress fields.
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Figure 2.6: Fraction residual strain hardening behaviours after time at different temperatures [25]
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2.4 Dynamic Recrystallization (DRX)

Dynamic recrystallization is a complex mechanism which may occur on materials due to plastic
deformation processes; it depends on a number of influencing factors: the Stacking Fault Energy
(SFE), the thermo-mechanical conditions of the manufacturing process, the initial grain size in the
billet material, the chemical composition of the alloy in terms of chemical elements and precipitates

[26-28].

For materials with low stacking fault energy (LSFE) such as Cu, Ni, discontinuous dynamic
recrystallization (DDRX) usually occurs, involving the nucleation and growth of new equiaxed grains
during deformation as shown in Fig. 2.7 [26]. The discussion on this mechanism will not be further
detailed in this work since it is rarely reported in aluminum alloys, although it has been occasionally

observed in Al alloys as AA7050 or AA7055 [29, 30].
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Figure 2.7: Schematization of DDRX mechanism. [31]

However, for materials with high stacking fault energy (HSFE), such as aluminum alloys, there
are different theories proposed in literature which explain the microstructural evolution under plastic
deformation conditions. In this work, the following three types of DRX will be considered: Geometric
Dynamic Recrystallization (gDRX), Continuous Dynamic Recrystallization (¢cDRX) and Joint
Dynamic Recrystallization (jDRX).
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The gDRX mechanism was first theorized by McQueen [32] in 1985. The research involved a
campaign of torsion tests on pure aluminum specimens exposed to high deformations. The geometric
dynamic recrystallization was also observed by a number of researchers in different materials: copper
[33], Al-Mg alloys [34, 35], AA5083 [36], AA6015 [37], magnesium alloys [38-40], a-Zr [41]. All
the cited works refer to experiments in which the materials were subjected to high compressive or
torsion deformations. During these experiments, the formation of new subgrains involves the
evolution of HAGBs toward the distortion of boundaries caused by the applied strain field [42-44].
According to this theory, the original grain is deformed during the manufacturing process and, when
the thickness becomes about 2-3 times the subgrain size, the opposite subgrain boundaries approach
and contact thus splitting the grain into two new grains (“pinch-oft”). In Fig. 2.8, the mechanism of
gDRX is schematically reported. In Fig. 2.9, the influence of the strain level on the occurrence of the
gDRX is shown. At lower strains (Fig. 2.9a), the flattened old grains containing subgrains are seen,

but at large strains (Fig. 2.9b), the microstructure shows that almost equiaxed grains have formed in
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Figure 2.8: Schematization of the gDRX mechanism. Black lines represent HAGBs while grey
lines are the LAGBs (subgrains).
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Figure 2.9: EBSD maps showing geometric dynamic recrystallization in an Al-3Mg-0.2Fe alloy
deformed at 350°C in plane strain compression: (a) lower strain values; (b) higher strain values.
HAGBSs are shown in black and LAGBs in white [34].

The recent review by Huang and Loge [42] summarizes the main characteristics of gDRX and a

brief summary is provided below:

e gDRXis found in materials with high stacking energies (HSFE), strained at high temperatures

and low strain rates.

e Subgrains are formed when a certain strain threshold is exceeded and remain constant as the
strain varies. The stationary dimensions of the substructures decrease with the increase in the

Zener-Hollomon parameter [44].

The cDRX mechanism theorized by Gourdet S. et al. [28] in 2003, proposed that the formation of
new grains during the deformation is caused by the evolution of the misorientation angle of subgrains,
which increase till the LAGB (low angle grain boundaries, which surround the subgrains within the
grain) become HAGB (high angle grain boundaries, which surround the grains). An example is given

in Fig. 2.10.
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Figure 2.10: Development of new grains during CDRX: (a) schematic illustration, (b) experimental
observation (EBSD IPF maps) of as-annealed pure Al (99.99%) deformed by high-pressure torsion

at room temperature. [27]
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According to “A Review of Microstructural Evolution and Modelling of Aluminium Alloys under
Hot Forming Conditions™ [27], the cDRX is the most active mechanism for the hot forming processes
in aluminum alloys. The gDRX sometimes is interpreted as a cDRX since both involve the absence
of nuclei and a continuous increase in the area of HAGB. The main difference between the two
theories is the evolution of LAGB misorientation due to the applied strain field. Moreover, in
manufacturing processes which involve large deformation, for example the porthole extrusion, the

gDRX was observed to be a secondary mechanism in addition to the cDRX [45].

The third investigated mechanism is the jJDRX, theorized by De Pari L. and Misiolek W. [46] and
further investigated by Donati L. et al. [44], which combines the gDRX and cDRX into a unified
model validated in the hot rolling process of an AA6061 aluminum alloy. More in detail, both the
nucleation of new subgrains and the thinning of the grains as the deformation proceeds are

contemplated, for this reason it has been defined as a "joint" (Fig. 2.11).
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Figure 2.11: Schematization of new grains formation during the dynamic recrystallization
according to the jDRX theory [46].

2.5 Stored Energy and Zener-Drag Pressure

In order to study the nucleation and growth in aluminum alloys after hot deformation or during

annealing processes, the driving and retarding forces for the recrystallization must be investigated.

During the manufacturing of metals, such as extrusion, a small amount of the deformation work is
stored in the material in the form of point defects and dislocations [26, 47]. With the increase in the

deformation, material grains change their shape, leading to an increase in the total grain boundary
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area. The rate of growth in this area depends on the mode of deformation (Fig. 2.12, Fig. 2.13). This

is due to the incorporation of a part of the dislocations that are created during the process. Moreover,
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Figure 2.22: Rate of growth of grain boundary area per unit volume Sv for different deformation
processes assuming an initial cubic grain of size Do [48].

another consequence of the accumulation of dislocation is the appearance of internal structures called
subgrains. This sum of energy contribution of dislocations and new interfaces represents the driving
force for the recrystallization and it is called Stored Energy [49]. This energy accumulation is the
reason for the property changes typical in deformed metals as a consequence of the energy absorption

of point defects and dislocation generated during the manufacturing process.
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Figure 2.13: Grain boundary area S compared to the original grain boundary area So assuming
spherical initial grains as a function of the total strain. [50]
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If the dislocation density and formation during the deformation provide the driving force for the
recrystallization, the presence of secondary particles (i.e. dispersoids) or atoms in solid solution could
provide a retard in the nucleation and boundary migration [51]. The reason is their pinning effect on
grain boundaries thus limiting the boundary mobility. This force that suppresses the recrystallization
was first investigated by Smith and Zener and it is known as Zener-Drag Pressure. The main
contribution to the pinning force is given by nanometre sized dispersoids according to their fraction

volume and size [52].

The homogenization parameters, such as heating rate, soak temperature and cooling rate together
with the alloy chemical composition have a direct effect on the size and distribution of dispersoids
(Fig. 2.14). It has been proven that the presence of alloying elements such as Mn, Cr or Zr may lead
to the precipitation of dispersoids during the homogenization process [53-57]. This presence not only
affects the recrystallization behaviour of the alloy during and after the extrusion process, but also the

work hardening behaviour, fracture toughness and quench sensitivity in aluminum alloys.

Figure 2.14: TEM images of 6082 alloy showing Mn containing dispersoids homogenized for 2
hours at (a) 520 °C and (b) 585 °C [58]

2.6  Static Recrystallization (SRX)

The static recrystallization mechanism is defined as a process in which a deformed material is
transformed into a "strain free" structure thanks to the succession of phases of nucleation and growth
of new grains promoted by a thermal gradient, with the aim of achieving a condition of energy
stability [1,59,60]. This mechanism may occur if the material temperature is higher than the
recrystallization temperature of the investigated aluminum alloy. The achievement of the condition

of total static recrystallized structure and grain size are influenced by several factors: material
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conditions in terms of temperature and holding time, strain and strain rate of the deformation process,
size of the sub-grains [61], chemical composition of the investigated alloy [62] and distribution of
precipitates and dispersoids [63]. Therefore, the final microstructure is thermodynamically more

stable with a lower dislocation density if compared to the pre-recrystallized one.

> Initial microstructure Nucleation Recrystallized microstructure >

Figure 2.15: Schematization of nucleation and growth

During the nucleation phase in deformed materials, small regions called critical embryos grow as
new strain-free grains. Nuclei are not homogeneously distributed in the material but their position
depends on different factors. The new grains form and grow in the deformed matrix by boundary
migration and they are of a central importance because, together with the orientation, they determine
the microstructural evolution in terms of grain size, shape and texture of the fully recrystallized

structure.

There are different mechanisms responsible for the nucleation [1]: Strain-Induced Boundary
Migrating (SIBM) involves a portion of pre-existing HAGB bulging, and leaving a relative
dislocation—free region behind the migrating boundary (Fig. 2.16). If the bulge is sufficiently large,

it will become a nucleus.

(a) (b) (c)

Figure 2.16: Critical embryo creation by strain induced boundary migration (SIBM). A part of the
HAGB bulges out into the grain with the higher stored energy and, if the driving force is high
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enough, it will keep bulging until it reaches the size of a critical embryo. (a) Initial bulge on a
HAGB; (b) multiple subgrain SIBM; and (c) single subgrain SIBM [1].
Another mechanism of nucleation is called Subgrain Coalescence (Fig. 2.17). According to this
theory, two or more subgrains merge by reducing the LAGB energy into one larger subgrain which

may become a new embryo.

Figure 2.17: Embryo formation by subgrain coalescence. The LAGB (B to C) disappears due to the
rotation of a subgrain: (a) Two subgrains divided by a LAGB; (b) The subgrains have coalescence
into one bigger subgrain (embryo) [1].

Moreover, Subgrain Coarsening is an alternative mechanism according to which a new embryo
may occur by the merging of two or more close subgrains (Fig. 2.18). This merging is caused by the

migration of the LAGB, which may be absorbed by a closer grain boundary. This mechanism has

been proven to be the main nucleation type in regions with large orientation gradients.

Figure 2.3: Embryo formation by subgrain coarsening: The LAGB (line from B to C) moves (see
arrow) through the left subgrain, eventually being absorbed in the left boundary. (a) Two subgrains
divided by a LAGB; (b) The two subgrains have coarsened into one bigger subgrain (embryo) by
LAGB migration [1].

In order to describe nucleation mechanisms that may occur in HSFE materials such as aluminum
alloys, another type should be added to the ones previously described, which is the Particle Stimulated

Nucleation (PSN). If smaller particles, with an average diameter lower than 1 um, act retarding the

recrystallization as inhibitors of the grain boundary mobility, particles larger than 1 um may act in
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favour of the nucleation as they can produce, when the material is deformed, local concentration of
stored energy and large misorientation in boundaries. In fact, during deformation, the microstructure
tends to rotate around particles during deformation and create an increase in the local misorientation,
depending on the strain values. If the strained region is larger than a critical nucleus size, nuclei may
form. The critical size of the particles was investigated by Eivani in the hot deformation of Al-4.5Zn-
I1Mg alloy finding out that this size and the density of nuclei are dependent on the deformation

temperature and strain rate (Fig. 2.19).
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Figure 2.19: Critical particle size and number density of particles depending on deformation
temperature and strain rate [61]

Grain growth occurs after the hot deformation or during the annealing process to reduce the
residual internal energy. This growth is based on the migration of the HAGB driven by the mobility
of boundaries and the stored energy for the recrystallization (Fig. 2.20). The mobility can be reduced

by the presence of solute atoms, impurities or second-phase particles.

Original Grain Normal Growth

/

(a) (b)

Figure 2.20: Grain growth of aluminium alloys. (a) Schematic and (b) corresponding experimental
observation for normal grain growth [64].
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Several authors investigated the SRX in the hot deformation processes of 6XXX aluminum alloys,
focusing on how the different material and process parameters may affect the recrystallization
behaviour. Sellars C.M. and Zhu Q. [65] proposed a model able to evaluate all the internal variables,
such as dislocation density, subgrain size or misorientation angle between subgrains, which influence
the static recrystallization of the investigated material. Vatne H.E. et al. [66] calculated the SRX grain
size as a function of the nucleation, according to which depends on the sum of three contributions:
the particle stimulated nucleation, the cube bands nucleation and the grain boundaries nucleation. The
evaluation of these three nucleation contributions was further investigated by Eivani A.R. et al. [61]
in the hot deformation of Al-4.5Zn-1Mg aluminum alloy. Moreover, several studies have been carried
out to validate the modeling of the recrystallization behaviour in the extrusion of aluminum alloy by
means of FEM codes comparing the results of the simulations to the experimental trials [44, 62, 67-

70].

2.7 Peripheral Coarse Grain (PCG) and Abnormal Grain Growth (AGG)

The hot extrusion of Al-Mg-Si alloys is a manufacturing process increasingly used for the
production of complex lightweight profiles with high functional and mechanical properties. 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 [69], or Abnormal Grain Growth (AGQG), which typically occur in welding zones in
aluminum alloy extruded hollow profiles. Unfortunately, the control over the formation of the
AGG/PCG structure is extremely difficult because of the high number of factors that influences the
defect behaviour. Both of these phenomena involve the fast grain growth of a few grains within a
matrix of fine grains thus forming strong microstructural heterogeneities that may affect the properties
of the material. Especially in the automotive sector, the profiles must avoid the presence of PCG

structure because it greatly affects the crash behaviour and, therefore, determines its applicability.

In the extrusion process of aluminum alloy, the PCG formation is typically related to higher
extrusion temperatures, high ram speeds, high extrusion ratios and low cooling rates [71]. 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 favour 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. While it seems quite clear how these particles affect

recrystallization and PCG formation, i.e. considering a direct proportionality between volume fraction
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and the inverse of size with the retarding force for the recrystallization [52], there is a lack of
knowledge on which are the main parameters 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
grains in the internal part is formed. Several authors investigated the PCG formation and different
theories have been proposed. Van Geertruyden W.H. et al. [72] carried out theoretical studies showing
that high peripheral strain rates (¢ > 45 s-1) may lead to the increase in the energy stored and,
consequently, to the formation of PCG. Parson N. et al. [73] studied the influence of different die
geometries, billet temperatures and ram speed during the extrusion of an AA6082 aluminum alloy
round bar, founding out that the presence of a choke angle act in opposition to the PCG formation. A
similar study was conducted by Mahmoodkhani et al. [74], further proving the retarding effect on the
recrystallization of the choke angle. De Peri Jr L. and Misiolek W.J. [75] and Van Geertruyden W.H.
et al. [76] 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. [71] 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 grow with the difference that the SRX
grains boundaries enlarge faster than the DRX grains, justifying the existence of finer grains at the
surface and coarser grains in the inner part of the PCG layer. Furthermore, Charit I. and Mishra R.S.
[77] investigated the Abnormal Grain Growth (AGG) in the friction stir welding of 7xxx aluminum
alloy suggesting that the dissolution of Mg-Zn particles allows the reduction of the local pinning

pressure (Zener-Drag pressure) thus leading to a fast recrystallization and grain growth.
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Figure 2.21: Example of PCG/AGG formations.
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2.8 Modeling of the Recrystallization Mechanisms

From the analytical perspective, several studies have been carried out in order to investigate the

recrystallization modeling of AA6XXX series aluminum alloy.

2.8.1 Modeling of the Dynamic Recrystallization
In 1990, Castro-Fernandez [ 78] proposed a model for the evaluation of the subgrain size validated
over a compression test of an Al-1Mg-1Mn alloy. According to this study, the Zener-Hollomon

parameter Z and the subgrain size § are calculated as follow:

Z = Eexp (RQ_T) (2.1)

% =Aln(Z) - B (2.2)

where R is the universal gas constant (8.341 J/mol), Q is the activation energy of the aluminum alloy,
T is the temperature and € is the strain rate. A and B are material constants, which are calculated as
0.165*%10° m™ and 3.87*10° m™!, respectively, for the Al-1Mg-1Mn alloy. However, there is a
problem with the Eq. 2 since, for Z values lower than the asymptotic value Z = ¢ exp (B/A), return

negative values of the subgrain size.

In 1995, Nes et al. [79] suggested an innovative equation for the subgrain evaluation which solve
the mentioned problem of Eq. 2. This model was further validated in 1996 by Vatne et al. [66] in a
hot torsion test of AA3004 and AA1050 samples. The subgrain is calculated as:

1 RT <252>
—=—In (2.3)

6 A B*

where A* and B* are material constants (0.026 and 0.06, respectively).

The problem of Eq. 2 was also solved by the model proposed by Donati et al. [44] in 2013. In the
work, hot torsion tests were performed on a AA6060 aluminum alloy and the following subgrain

model was suggested:

1
== C(In2) (2.4)

where C and n are material constants with a value of C=3.36x10° m™! and n=5.577.
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In Fig. 2.22, the difference between the subgrain size predictions made according to different
models is reported and compared to the data collected from the experimental campaign described in
the work of McQueen et al. [80]. As clearly visible from the figure, the model of Donati (represented

with the line in red).
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Figure 2.22: Relationship between subgrain size and Zener-Hollomon parameter according to
different models [44].

Many authors in literature proposed analytical models for the prediction of the dynamic

recrystallization during the hot deformation of aluminum alloys.

In 2002, Gholinia et al. [34] used the following model validated in the hot compression test of an
Al-3Mg-0.2Fe alloy, for the calculation of the DRX:

e=In ( do ) (2.5)

ddrx

do

& =1In (F) (2.6)

Ifdg<6thendy, =6

where d, is the grain size before the deformation, d ., is the dynamic recrystallized grain size, € is
the strain and &, is the critical strain after which the pinch-off mechanism takes place. According to

the modeling, if d 4, is lower than the subgrain size §, then d4,, = 6 (Fig. 2.23).
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Figure 2.23: Schematic representation of the strain influence on grain thickness D and sub-grain
size d, where HAGBs and LAGBs are shown as heavy dark and light lines, respectively [34].

In 2006, Fluher et al. [81] suggested a DRX model within the DEFORM software environment
which was further investigated by Donati et al. in 2008 [82]. The investigated equation was the same
one used to describe the DDRX in LSFE materials. It was adjusted and tested for the description of
the dynamic recrystallization behaviour of HSFE materials as AA6060 [45] and AA6082. The

modeling was made as follows:

dgry = agdy e éMsexp (£> + cg 2.7)
RT
If ddrx > dO thel’l ddrx = do

where ag hg ng mg cg are experimental material constants.

In 2008, De Pari et al. [46] Proposed a jDRX model further investigated by Donati et al. [44] in
2013 (Fig. 2.24). According to the latter, the dimensions of length and thickness of the dynamically

recrystallized grains after the hot extrusion of aluminum alloy can be calculated as follow:

dy = (dg — 2.5 x 8g) * (k) + 2.5 * 5 (2.8)
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dy = k&2 — ksE+dy  ife< g, (2.9)

d = k& + 1085, ife > ¢, (2.10)

where d; and d; are the average thickness and length of the grains immediately after the bearings
zone, &, is the critical level of strain for the pinch-off onset which corresponds to a value of 3, &, is

the subgrain size at the steady-state condition (8¢, = 8.4 um) and m, k4, k,, k3, k, are material

constants (m =4.75, k,=0.4, k,=85.192, k;=14.88, k, =1.68*10° [44]).
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Figure 2.24: (a) Grain thickness and (b) grain length predictions (lines) vs experimental data (dots)
[44]

In order to investigate the dynamic recrystallization, the following equation investigated by

Schikorra in 2008 [45] was used to predict the percentage of DRX occurred in an extruded profile:

Koy = 1 exp [_ P (e :c)m] 2.11)

where ¢, is critical strain corresponding to the beginning of DRX, &, is the saturated strain meaning

that the DRX completely occurred, f and m are material constants (f=1.823 and m=1.109 [9]).

2.8.2 Modeling of the Static Recrystallization
Several authors proposed analytical models to describe and predict the static recrystallization

behaviour after the hot deformation of aluminum alloy.

In 1941, Avrami M. et al. [83] proposed the Kolmogorov-Johnson-Mehl-Avrami (JMAK) equation
validated over hot rolling processes. The JMAK calculates the fraction of statically recrystallized

surface and it can be expressed as follow:
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£\ K
Xpex =1 —exp {—0.693 * (—) } (2.12)

tso

where X, is the percentage of SRX, 5 is the time needed to have the 50% of static recrystallization,

t 1s the time and k is the Avrami coefficient.

In 1979, Sellars and Whiteman [84] proposed a new SRX model validated over hot deformation

tests of steels with low carbon content. This model is described as follow:

tso = c;do“eZ Kexp (%) (2.13)

Aoy = Codt €™ Z 7K (2.14)

where ¢4, ¢,,C,C’, K, K' are material constants.

In 1996, Vatne et al. [66] suggested an innovative model for the prediction of the grain size after

recrystallization considering the sum of three nucleation contributions:

D,., = DN~1/3 (2.15)

N:NPSN+NGB+NC (216)

where D is a material calibration constant and N is the nucleation density. N was considered as
sum of different nucleation components: Npgy, Ngg and Ni. Npgy is the nucleation occurred on large
particles (larger than the critical particle size) around which the deformation zones may form. It is
frequently the main nucleation mechanism in the commercial alloys which contains large
undeformable particles, and involves the growth of nuclei in turbulent deformation zones with
random orientations. N is the nucleation from old grain boundaries and N is the nucleation from
retained cube grains, present in the initial material, which survived the applied deformation. Both
N¢p and N are dependent on the subgrain size and density, grain boundary area per volume and grain

size before deformation.

According to [66], these three contributions were calculated as follows:
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—Apg
Npsy = Cpsy €xp (ﬁ) (2.17)
Neg = Cgp 6 A(€) Sgg (2.18)
NC = CC o) A(S) SC (219)

where Cpsy, Apsy, Cqp and C are the material constants, Pd is the Stored Energy and Pz the Zener
Drag Pressure. A(¢) is the grain boundary area per volume at a given strain and S;g, which can be
assumed as S;p=S-=S [66], is the number of subgrain larger than a critical subgrain size §*, calculated

as followed:

4y
L SR 2.20
0 Pd — Pz ( )

According to what reported in literature [66], A(€) was modeled as:

1

A(e) = 4

[(exp(e) + exp(—¢) + 1)] (2.21)
In 1999, Furu et al. [85] proposed a SRX model validated over compression tests of a Al-1Mg
alloy. The calculation of the final grain size is the same as in Eq. 15 but the total nucleation

contribution is calculated as follow:

N, = (ﬁ> S, () (2.22)
2
S,(e) = d_o [(exp(e) + exp(—¢) + 1)] (2.23)

where C, is a material constant and S,,(¢) is the equivalent of the grain boundary area per volume
A(€) calculated in [66]. Moreover, the authors suggested the following equations for the calculation

of the time needed to have the 50% of static recrystallization tz:

Ysg = <%b_v)> 91+ In (%) (2.24)
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r=-6p (2.25)
P, ?B +pT (2.26)
1
fg = —2t (L>3 2.27)
MggPp \N,

where is Cy, Mg, @ are material constants, G is the material shear modulus (2.05x10'° Pa), b the

Burgers vector (2.86x107'° m), pi the dislocation density, & the subgrain size, @ the misorientation

angle and Oc the misorientation angle limit (15°).
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Figure 2.25: Predicted and measured recrystallized grain size after being deformed at (a) constant
strain rate; (b) varying strain rate. Typical uncertainty in the model is shown by the error bars.
Predicted and measured time to 50% recrystallized t50 following tests at: (a) constant strain rate; (b)
varying strain rate. Typical uncertainty in the model is shown by the error bar [85].

In 2000, Sellars C.M. and Zhu Q. [65] proposed the following equation for the Stored Energy

computation:
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Gb? 26 0
Pd = = | pi(1-In(105p )+ 5 (1 +n (FC))] 6.1)

where G is the material shear modulus (2.05x10'° Pa), b the Burgers vector (2.86x107'° m), pi the
dislocation density, § the subgrain size, ® the misorientation angle and @c the misorientation angle
limit (15°).

In 2002, Sheppard and Duan [86] used a simplified formula to calculate the dimension of the grain
after static recrystallization validated over the hot rolling of AA5083 samples:

4.79 d,Z~0075
drex = 377+ 72

(2.28)

In 2013, Donati et al. [44] introduced in the nucleation formula the variables d; and d; calculated

with Eq. 2.8-2.10 (Fig. 2.26, 2.27). The following model was proposed:

Dyex = DNv_1/3 (2.29)
4 (o) ICexp(e) + exp(—e) + 1] (2.30)
= —\—77 explLe exXpl—E& .
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Figure 2.26: Prediction of the grain size in different deformation conditions [44]
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Figure 2.27: Comparison between experimental and numerical grain size [44]

In 2016, Furu T. et al. [62], investigated the recrystallization kinetics using the standard JIMAK
(Johnson-Mehl-Avrami-Kolmogorov) theory. In this work, the following modeling was used to

evaluate the fraction of the recrystallized grain after a hot deformation process:

dx
drtex = N(1 = Xy, ) 4115 Gy (2.31)
dr;
Gy = d(t) =M(Pp — Pz) (2.32)
M, UGB)
M = - .
C..RT P ( RT (2.33)

where X.¢y is the fraction of recrystallized grains, N is the total contribution for nucleation, 74y and

4
G(t) are the radius and the growth rate of recrystallized grains, M is the mobility, My= 0.5*10° mT

is the constant value for the mobility calculated for an AA6060 alloy [87], Cs is the effective solid

solution concentration based on individual element concentrations after homogenization and Ugp is

the activation energy for grain boundary migration.
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The modeling of the recrystallization behaviour used for the numerical analysis reported in this
thesis was developed starting from the models described in the current analysis. The subgrain size
evolution and the dynamic recrystallization kinetics were calculated according to the modeling of
Donati L. et al. [44] while the impact of the static recrystallization in the microstructure evolution
was calculated according to the modeling of Sellars C.M. and Zhu Q. [65] and Vatne et al. [66] with
different improvements reported in paragraph 4.2, 5.2, 6.1.2 and 6.2.2.
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3. FEM Simulation of the Extrusion Process

The "Finite Element Method" (FEM) was born in the second half of the XX century for structural

analysis and then applied for the approximate solution of differential equations systems.

The main advantage of this method is the capability of solving complex problems despite the high
computational time required to obtain solutions that satisfy adequate criteria of accuracy and
precision. This problem of the calculation time is relatively solved thanks to the use of modern
workstations which, due to a constant improvement of the computing calculation power over the
years, have made it possible to use and apply the FEM method in various fields of engineering [ 1-4].
The FEM method allows to solve several problems (for example structural, thermal, etc.) expressed
by systems of very complex differential equations and, also through simplifying hypotheses, to reach

a sufficiently accurate solution.

FEM
\

e} Pt T 2t ey 9

Structural problems Thermal problems

——

Fluid dynamic problems

il ...and many more
Figure 3.1: Application fields of the FEM method.
3.1 FEM simulation of manufacturing processes

The FEM method is particularly suitable for the investigation of manufacturing processes, as it
allows the calculation and prediction of displacements, distortions, stresses, strains, temperatures,

heating and cooling phases and the possible onset of local defects [5-7].

63



3.2 Approaches of FEM Codes

The application and development of FEM codes to plastic deformation processes is possible
because of the high versatility and ability to simulate even complex cases with various boundary
conditions (heat treatments, external loads, friction conditions, etc.) in a short period of time. As
previously mentioned, several numerical codes are available on the market, each one of them uses
different simulation methodologies and approaches. In general, three main types of simulation

approaches can be distinguished [1, 2, 6]:

» Lagrangian approach: it deals with individual particles and calculates each particle separately
(Fig. 3.2). By using this approach in plastic deformation problems, the mesh is deformed as the
material flow during the manufacturing process. Despite a great accuracy in the simulation, it is
difficult to use a pure Lagrangian approach in the simulation of processes which involve large
deformation because of the high computational time. This is because, once the elements are severely
deformed, an operation called “remeshing” is needed. For this reason, if the process led to high
deformations, the number of remeshing phases increases as the simulation time. Examples of codes

that use this type of approach are Deform and QForm.

A v=v(s(7))

Lagrangian approach

»
»

Figure 3.2: Lagrangian approach: the elements of the mesh move (with respect to the fixed
reference system) and deform together with the material flow.

* Eulerian approach: it deals with the calculation of the problem variable in a fixed control volume
(Fig. 3.3). Consequently, the mesh is fixed while the material is deforming and act as a background
grip. As a consequence, is a simpler approach if compared to the Lagrangian one but it requires the

knowledge of the final geometry of the product in order to be applied.
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Eulerian approach

>
\

Figure 3.3: Eulerian approach: the elements of the mesh remain fixed (with respect to the fixed
reference system) while they are crossed by the flow of material in deformation.

* Arbitrarian-Lagrangian-Eulerian approach (ALE): using this combined approach, the computational
mesh inside the domains moves arbitrarily in order to optimize the elements shape, while the mesh
on the boundaries and interfaces of the domains can move along with materials to precisely track the
boundaries and interfaces of a multi-material system. It represents a suitable choice for the simulation
of the manufacturing process because it requires less computational time if compared to the pure

Lagrangian approach.

1 Y EULERIAN
) (-
/ :
- |
X | X
I ¥ LAGRANGIAN
X X
4y y .
X X

t=t, t>1,

Figure 3.4: Schematization of the Eulerian, Lagrangian and Lagrangian-Eulerian (ALE) approach

[1].
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3.3 Qform UK® software

Qform UK is one of the commercial codes capable of simulating plastic deformation processes,
such as forging and rolling. In particular, the Qform Extrusion tool is optimized to simulate the
extrusion process [8, 9]. The program is able to perform coupled simulations between the material

flow and the die (thermal and mechanical problems).

The software adopts two types of approaches in order to simulate the extrusion processes: the
Lagrangian and the Arbitrarian-Lagrangian-Eulerian. As mentioned earlier, if the user chooses to
simulate the process with a pure Lagrangian approach, it will be possible to simulate all the various
phases of the process (including the die filling) at the expense of a high computational time. If, on the
other hand, an ALE approach is chosen, the billet and the outgoing profile will be simulated with a
mesh that deforms according to the material flow, while the material inside the die (because of the
constant flow volume) is simulated considering an Eulerian approach, where the mesh is fixed and
material velocities and stresses are calculated in the fixed nodes of the domains. In this way, it is

possible to save computational time for the simulation.

Profile velocity along 2 axis. Hollow profile Profile velocity along Z axis. Thin hollow profile

Figure 3.5: Qform extrusion: example of the simulation results.

Over the last 10 years, the code has released some updates which have made it more precise in
modeling (for example in friction, heat exchange, flow stress setups) and have made it increasingly
versatile and full of options to obtain a large number of information, both on the material under

deformation and the tools.

3.3.1 Numerical Modeling of the Extrusion Process using Qform Extrusion
In this work, the ALE simulation of the extrusion process is analysed. By selecting “Extrusion” in
the “Operation type” listed in Qform (Fig. 3.6), the user chooses to perform the ALE simulation which

automatically involves the calculation of the viscous-plastic deformation of the material, the thermal
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problem, the heat transfer to the workpiece with tool and environment, the heat conductivity and the

heat generation as a result of deformation and friction.

- "New operation

Operation < Back [=’wForward][ v OK
ﬁj Process name

Geometry ] \ l

Operation name

Extrusion J
Andl Operation type
4 © General forming

Boun.o.ary j © Cooling/Heating

conditions )
\_”] Cyclic tool heating
1y

©Ring rolling

© Wheel rolling

© Longitudinal rolling

© Cross rolling

O Reverse rolling

© Extrusion

O Electric upsetting

© Sheet-bulk forming
Additional parameters

[VIWith thermal process

Simulation
parameters j

Figure 3.6: Operations in Qform.

The second step of the modeling is the meshing phase. In order to simulate the extrusion process,
it is required to merge die plate, mandrel and backer into a single body. Once the CAD geometry is
ready, it has to be imported into the Qform meshing tool called Qshape. This software is capable of
generating and optimizing the mesh of the tool in order to perform the simulation of the extrusion
process achieving the required level of accuracy. If a great precision is needed, the mesh should be
finer, if the user needs to perform quick simulations saving computational time, it should be made
with bigger finite elements. In any case, the structure of the mesh is always constant and consists of

tetrahedral elements in all the parts but the exit profile, where the elements are prismatic.
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Figure 3.7: Qshpae interface.

Figure 3.8: Example of meshing with Qshape.

During the meshing step, the tool allows the parametrization of the bearings lengths, with allows
the user to easily modify these parameters to get the required balance in the profile exit speed.

Moreover, it is also possible to insert choke/relief angles.

[0 — s ]
i
]
i
H
t
L

Figure 3.9: Bearings parametrization with Qshape.

It is important to specify that the meshing phase is done automatically by Qshape software, with

element size generated according to geometrical gradients of the components (for high gradients, the
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dimensions of the elements are reduced and consequently their number increases) and without the
possibility to arbitrary modify the mesh properties in selected zones. However, it is possible to adjust
specific parameters (adjustable rates of meshing) during the mesh preparation which allows the

generation of a finer or bigger mesh in pre-selected regions (bearings, welding chamber, etc.).

Once the mesh is prepared, it can be imported into the project and the modeling of the extrusion
process begins.
As shown in Fig. 3.10, several input variables need to be defined.

LLL] Load default parameters

L’él%] Properties

Rrojec = Problem type
©) Profile flow after die filling
] © Whole billet length simulation
Operation J © Flow analysis mode
= Process
&J @ Velocity of ram [mmj/s] 5
Geometry O Velocity of profile [m/min] 942
Indirect extrusion ]

=) Filling stage
©) Equal to main stage
© Ram wvelocity [mm/s]

{}&5 (O Filling duration [s]
Bo;\:ary = Workpiece
conditions J Material Extrusiony6082
Billet temperature [°C] 450
@ Temperature taper [°C] 0
Simulation Billet diameter [mm] 100

arameters
- J Billet length [mm)] 350

E@ = Tool

S Material H13 HRC50
J Friction conditions Extrusion\Extrusion
@ = Temperature [ ]
Simulation Die set [*C] 430
state J Bolster and sub-bolster [°C] 350
Ram {dummy block) [°C] 410
Container [°C] 410
Grain size evolution ]

Figure 3.10: Extrusion process parameters in Qform extrusion.

e Problem type: different types of problems are available. The first is called “Profile flow
after die filling” and refers to the stage where the die is already filled with the workpiece
material. It can be used for the prediction of the material flow at the velocity steady-state
stage of the process. The second is called “whole billet length simulation”, it calculates

from the start of the ram stroke and is generally used to evaluate the extrusion load graph
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and optimize the temperature-velocity mode. The last one called “Flow analysis mode”

allows the animation of the material flow through the tool cavities.

Process: in this section the user defines the velocity of the ram or the profile to be used in
the simulation. If “Velocity of ram” is selected, the program will automatically determine
the exit speed of the profile based on the extrusion ratio and vice versa. There is also the

option to simulate the indirect extrusion by adding the container velocity.

Filling stage: in this section the user defines the type of filling of the die that the program
must simulate. “Equal to main stage” means that the ram velocity does not change between
before and after the die is completely filled. “Ram velocity” allows the user to define a
different ram speed for the die filling stage. “Filling duration” should be selected if the

filling time is known in advance.

Workpiece: in the current section the workpiece properties must be defined. The user can
choose to use one of the material models already present in the database or create a new
material with customized properties such as flow stress law (formula, table function,
constant value), density, thermal conductivity, specific heat, Young module, Poisson
coefficient, Thermal expansion and also additional properties as damage or
recrystallization models (Fig. 3.11). After this step, the user must define the billet
temperature, diameter and length and the taper parameters (if present). The taper is a
temperature gradient between the front and the back of the billet often used in the industrial
practice to avoid an excessive increase in the exit temperature of the profile in the last part
of the extrusion ram stroke and, consequently, achieve a stability in the exit temperature of

the profile.
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Figure 3.11: Material parameters.

Tool: in this current section the user selects the tool material and temperatures with the
same modus operandi seen in “Workpiece”. Moreover, the user select the fiction conditions
from the standard database: the user may select between Siebel, Levanov, Coulomb or

Hybrid friction laws.

The Coulomb friction law is modelled as follows:

T = WU Oy 3.2

. .. . 1 .
where T is the shear stress, | the friction coefficient (0 < p < 7 ) and Oy, is the normal

contact pressure. This model should be used if the friction condition depends only on the
contact pressure between two bodies and, consequently, when the pressures are low. It is

used mainly in processes when there is no plastic deformation.

The Siebel friction law is modelled as follows:

71



72

T =m-—2 3.3

where m is the friction factor (0 <m < 1) and oeq is flow stress of the material. This

model describes the case in which, considering a strong level of pressures acting between
two materials, the sliding occurs by plastic deformation and not by splitting of the weld
areas created between the extremities in contact with the two bodies. For this reason, this
modeling is preferred to the Coulomb one for the simulation of plastic deformation

processes.

The Levanov friction law combines the Coulomb and the Siebel approaches and is

modelled as follows:

T=m-——- (1l—e 'oeq) 3.4

where n is the Levanov coefficient (0 < n < 1,25). Using this model the friction law is

accurate both for high and low values of pressure between two bodies. The difference in

the trends of Coulomb, Siebel and Levanov laws is reported in Fig. 3.12.
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Figure 3.12: Shear stresses versus normal contact pressure according to Siebel and Levanov

friction laws (m=0.8, =300 MIla, n=1.25), and Coulomb law (x=0.4).

It is also possible to use a Hybrid friction law which is a generalization of the Coulomb
and Siebel. Coulomb law is used until a specific pressure is not exceeded, after that Sibel

law occurs.
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After setting all the extrusion parameters, the boundary conditions must be defined. Although the

3.5

temperatures of the tools are defined in the Extrusion tab, the user can introduce the temperature and
heat transfer of die holder, pressure ring and define the heat transfer with the environment. There are
also other settings that may be introduced such as boundary conditions of load, velocity, pressure,

heat transfer, rotation or pusher on the workpiece setup and also the possibility to add sprayer group.
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Figure 3.13: Boundary conditions.

After the definition of the boundary condition, the user needs to set up the simulation parameters.
In this section, the user is able to customize the simulation stop conditions by defining the records
count, activating the steady-state criterion and defining a limit value for its application. Moreover, it

is possible to define:
e the accuracy of the thermal problem solving;

e the convergence parameters which are the velocity norm, the stress norm and the maximum

number of iterations;

e the mesh adaptation factor and acceleration coefficient which affect the number of finite
elements in volume of the workpiece (by increasing the adaptation factor, the elements are

proportionally increased);
e the weight consideration option;
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e the coupled tools simulation which allows the combined simulation between deflection of

the die and deformation of the workpiece;

e the direct recalculation of the nodal loads option which may increase the accuracy in the

“whole billet length simulation”;

e the iteration parameters of the tool for the simulation of the elastic problem (it should be

mentioned that the software calculates the tools only by solving the elastic problem).

Simulation parameter:
D Reset settings to default

General

=} Simulation stop conditions

Records count 20
-1 Steady-state criterion @]
Criterion value 0.99
=} Workpiece
Temperature calculation Very fine (slow) v
=1 Iteration
Velocity norm 0.02
Stress norm 0.02
Maximum number of iterations 100

= Mesh adaptation in workpiece
Adaptation factor 1.5
Acceleration coefficient 1.4
\ifeight consideration ]
= Tool
Coupled tools simulation V]

Direct recalculation of nodal loads

=} lteration
Maximum number of iterations 50
Relative simulation accuracy 0.0

Figure 3.14: Simulation parameters.

3.3.2 Post-Process Analysis through the Use of Sub-Routines
A useful feature of Qform software is the capability of developing subroutines, which are models
to calculate user-defined quantities and variables otherwise not considered in the program. There are

two types of subroutines:
e processing subroutines which are run during the main simulation;

e post-processing subroutines which are run after the main simulation.
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There are some standard subroutines already developed by the Qform research group which
calculate some parameters specific to each investigated process. In the extrusion case, the standard

subroutines are reported in Fig. 3.15.
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Simulation I  OK I[ © Cancel
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Figure 3.15: Standard subroutines.

The only requirement for implementing a user-defined subroutine in QForm is that it must be
written in the Lua programming language. Lua is a very simple and extremely flexible programming
and scripting code, created by the programmer Roberto Ierusalimschy in 1993. Lua is normally used
to extend run-time applications. It is widely used in the PSP (PlayStation Portable) environment and

many game and 3D graphics programs.

The user has the ability to recall and use fields already calculated by the code during the main

simulation of the process both referring to workpiece and tools and using them as new inputs (Fig.
3.16).

Post-processing subroutines can correctly interact with the software following the reported steps:

* indicate the object of the simulation: workpiece (set target workpiece ()), profile

(set_extrusion_trace ()) and tools (set_target tool ());
» specify user-defined fields by the function result ();

» specify additional input parameters by the function parameters ();
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» create functions in which user-defined fields are computed UserFields ().

As an example, a user-subroutine that calculates the heating/cooling rate of a forged part during the
deformation is reported in Fig. 3.18 while another user-subroutine that calculates the maximum strain

rate reached during the material flow from the billet to the extruded profile is reported in Fig. 19.

Variable Name in QForm interface 10 Description Unit of meas. in
Lua
Available in subroutines
T
Time Time at current point location along the trace |sec
de
Step Time step between cumrent and previous point | sec
locations along the trace
T
Temperature Temperature %C
stress mean
- Mean Stress Mean Stress Pa
stress flow
- E ffective stress Flowstress (Mises criterion) Pa
strain
Plastic strain Strain intensity —_
strain rate
- Strain rate Strain rate intensity 1/sec
X, ¥r =
—_ Coordinates ofthe FE node m
di , di , di
PR S S Displacement Elastic displacements m
V_X, V_Ys V_Z - g
Velocity \elocty components of FE node m/s
node id
- — Number of FE node —_—
bearing =z
- — zentry level of bearings m
stream id
- Material streams Indication of each stream —
stream border
- M aterial streams borders Welding seam indicator —
trace id
- —_ Unique trace identifier. Equal to trace number | —
in interface
exez_pzessuze
Contact pressure Contact pressure Pa
=tress_Xxx, stress_yy,
=tres== zz, =tres= xy, Stress tensor Stress tensor components Pa
:e:ess:yl. HQZQSS:IX
stress 1, stress 2, =tress 3
- - - Principal stresses Princpal stresses Pa
Available in postprocessor subroutines for workpiece target only
=train xx, =train_yy, - -
=train zz, =train xy, Strain tensor Strain tensor components Pa
se:ain:yl. sbzain:lx
strain 1, =train 2, =train 3
- - - Principal strain Principal strain —
1 x, 1y, 1z
— Components of a unit normal vector for a | —
surface node

Figure 3.16: Variables table for Lua subroutines.
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Figure 3.17: Visualization of the subroutines results.

1 set target extrusion trace()

2 scale = parameter('"scale", 1)

3 rate_of_T = result("rate of T", 0)
4 function UserFields(T, prev T, dt)
5 local rT = scale*(T - prev T)/dt
6 store (rate_of_T, rT)

7 end

Figure 3.18: Example of a user-subroutine for the computation of the heating/cooling rate of a
forged part during the deformation.



set_target extrusion trace()
MAX StrainRate = result("MAX StrainRate")

Hfunction fact (m)
é if m==0 then
return
else
return m*fact (m-1)
end
end

Hfunction UserFields (strain rate, prev MAX StrainRate, t, T)

T=T +
=] ik > then
= if strain rate > S max then
S max = strain rate
else
S _max = prev_MAX StrainRate
- end
else
S max = -
- end
b = S max
store (MAX StrainRate, S max)
-end

Figure 3.19: Example of a user-subroutine that calculates the maximum strain rate reached during
the material flow from the billet to the extruded profile.

3.4 Validation of the FEM code in the extrusion of aluminum alloys

The Qform code has been extensively tested in order to validate the results of the extrusion
simulation in the work of Bandini C. [10]. In this work, visioplasticity experimental tests were
conducted at the "Institute of Forming Technology and Lightweight Construction" of the University
of Dortmund (Germany) with the aim of obtaining data on the flow trend of the AA6060 alloy in the
extrusion processes and determining the optimized settings that foresee the experimental conditions
and use them to validate the QForm software. Moreover, several extrusions were performed in a

temperature-controlled condition. Thermocouples were used to acquire data on the thermal evolution
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in the die/container/ram and the profile exit temperature was also acquired. These data were then used
to validate the code in the evaluation of the heat exchanges and temperatures reached during the

process.
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4. Modeling of the Recrystallization Behaviour of AA6063 Aluminum
Alloy Extruded Profiles

The control over the microstructure during the aluminum alloy extrusion is of primary importance
if mechanical, crash, corrosion and aesthetic properties need to be guaranteed. To date, the relation
between extrusion parameters and grain structure evolution is not fully understood due to the high
number of factors that affects the final microstructure of the profile. For this reason, the scientific
community is pooling its efforts to investigate the laws that regulate the recrystallization of aluminum
profiles during the extrusion process and, consequently, to develop reliable models for the prediction

of the profile microstructure.

In the last decades, different studies have been carried out to validate the modeling of the
recrystallization behaviour in the extrusion of aluminum alloy by means of FEM codes comparing
the results of the simulations to the experimental trials. However, none of these works proposed a
combined DRX/SRX simulation of the evolution of grain size after the extrusion and of the profile
recrystallization thickness after the static recrystallization. In addition to that, the proposed models
were not extensively tested on industrial-scale or complex geometry profiles, thus limiting the strain

and strain rate fields for the modeling validation.

In this work, the experimental campaign involved the extrusion of three different AA6063 profiles.
The first solid profile was extruded with different billet temperatures and ram speeds in order to have
a reliable amount of data for the model calibration, the other two industrial-scale profiles, one solid
and one hollow, were used for the model validation. The numerical simulations involving Finite
Element (FE) analysis of the three experimental extrusions were performed with the commercial
Qform Extrusion® code. An innovative recrystallization model was developed and optimized by
comparing the results of DRX/SRX simulations with the microstructural data experimentally
acquired. The final aim of this work reported in this chapter was to propose, optimize and validate a
reliable recrystallization model for the prediction of the microstructural behaviour in the hot extrusion

of AA6063 aluminum alloy profiles.

4.1 Experimental Investigation

The AA6063 profile was extruded by Hydro plant in Finspang (Sweden) with a 10 MN extrusion
press. In Fig. 4.1, the geometries of profile and die are shown. In Table 4.1, the extrusion process and

the tool geometry parameters of the two profiles are reported.
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a) b) c)

Figure 4.1: Investigated profiles and die geometries. a) profile geometry; b,c) die geometry (from
CAD)

Table 4.1: Process parameters and geometry tolerances

Process parameters and geometry tolerances Profile Hydro
Aluminum alloy AA6063
Extrusion ratio 46

Ram speed [mm/s] 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

The profile Hydro experimental campaign involved the extrusion of 20 billets: a combination of
four ram speeds (1.1 mm/s, 2.1 mm/s, 9.2 mm/s and 10.4 mm/s) and two different billet temperatures
(420 °C and 490 °C) were tested. After the extrusion, part of the profiles were water-quenched while
the other part was not quenched. In order to collect data on the grain size of the profiles, samples were
grinded, polished and then etched with electrolytical etching. For each profile, two different
microstructures are shown, one taken from the beginning of each extruded length (“front” in Fig. 4.2)
and one from the end (“back™ in Fig. 4.2). Through the use of a pyrometer, the profile temperature
trends at the exit of the extrusion die were recorded. The temperature was measured in the centre of

the solid round part of the profile (this point is evidenced by the start of the blue arrows in Fig.
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4.10b,d). These data were used to validate the numerical simulations. Fig. 4.2a,b represent the grain
structures result from the extrusion made with a billet temperature of 420°C and a ram speed of 1,1
mm/s. Fig. 4.2c,d represent the grain structures result from the extrusion made with a billet
temperature of 480°C and a ram speed of 2,1 mm/s. Fig. 4.2e,f represent the grain structures result
from the extrusion made with a billet temperature of 480°C and a ram speed of 9.2 mm/s. Fig. 4.2g,h
represent the grain structures result from the extrusion made with a billet temperature of 480°C and
a ram speed of 10.4 mm/s. In Fig. 4.3a, the microstructure of the billet is reported, with an average
grain size of 137 um. As clearly visible from the images, Fig. 4.2a,b present a partially recrystallized
microstructure, while all other cases present a fully recrystallized grain structure. Twenty points were
chosen for measurement for each acquired microstructure: in each point, the grain 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 described in the Numerical
Modeling section. The other ten measurements were used to check and validate the model accuracy

by comparing the data with the results of the numerical prediction.
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Microstructures of the Hydro extruded profiles

Figure 4.2
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Figure 4.3: a) Microstructure of the billet, b) microstructure of the entire Hydro profile

In order to ensure the reliability of the model, the results of the recrystallization prediction were

validated not only on the Hydro case, but also on two other industrial-size AA6063 profiles. The data

of the grain size of profile a were taken from the work of Gamberoni A. et al. [1], while, for profile

b, were experimentally acquired. The two extrusions reveal different characteristics in terms of

temperatures, profile shapes, dimensions and extrusion ratios, thus producing a reliable amount of

data for the numerical model validation. The extrusion parameters are reported in Table 4.2.

Table 4.2: Process parameters and geometry tolerances of Profile a and Profile b

Process parameters and geometry tolerances Profile a Profile b
Aluminum alloy AA6063 AA6063
Extrusion ratio 9.6 44

Ram speed [mm/s] 8.5 6.44
Container temperature [°C] 420 430
Billet temperature [°C] 470 530

Die temperature [°C] 450 450
Ram acceleration time [s] 5 5

Billet length [mm)] 815 670
Billet diameter [mm] 247 254
Container diameter [mm] 257 264
Billet Rest length [mm] 55 15

In Fig. 4.4, the geometries of the investigated profiles are reported together with the CAD image

of the dies.

85



» 195

2106

-3
113_‘3
X
46
[,

R 05 = - ! . 4-'“‘
R1 &l R 025 ,l - ]:\Ei ] O; I\C‘?? m
8| 843 o r} 2
o8| ST S T
a) b) 159

e)

Figure 4.4: Investigated profiles and die geometries: a) profile a, b) profile b, ¢) top view of profile
a, d) top view of profile b, e) side view of die for profile a, f) side view of die for profile b.

The microstructure of profile a is shown in detail in Fig. 4.5: the image was acquired by using
polarized light microscopy of electrolytical etched samples. Each measurement of the average grain
dimension was carried out according to the ASTM-E112 regulation. The analysed samples were taken
at the middle length of the extrusion profile once the process has achieved the thermal steady-state
condition. As for profile a, a merge of the different micrographs is reported, revealing a completely
recrystallized microstructure, within a minimum grain dimension of 55 pm (top-right part of Fig.
4.5c). The maximum grain dimension (around 500 pm) is detectable where the profile shows PCG,
as revealed in Fig. 4.5¢, and AGG (Abnormal Grain Growth) structures, localized in the seam welds
(Fig. 1b). This structure is 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 detail in Fig. 4.6a-e. The figure clearly shows a

completely recrystallized structure, within an average dimension range from 40 um to 170 pm.
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Figure 4.5: Microstructure of profile a: a) overview of the microstructure of the entire profile, b)
focus on zone 1, c¢) focus on zone 2, d) focus on zone 3, e) focus on zone 4.
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Figure 4.6: Microstructure of profile b: a) overview of the microstructure of the entire profile, b)
focus on zone 1, ¢) focus on zone 2, d) focus on zone 3, ) focus on zone 4
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4.2 Modeling of the AA6063 Recrystallization Behaviour

The static recrystallization of a 6XXX aluminum alloy was modelled according to Vatne et al. [2]:

D,ec = DN71/3 (4.1)

N = NPSN + NGB + NC (42)

where D is a material calibration constant and N is the nucleation density. N was considered as sum
of different nucleation components: Npgy, Ngg and N.. Npgy is the nucleation occurred on large
particles (larger than the critical particle size) around which the deformation zones may form. It is
frequently the main nucleation mechanism in the commercial alloys which contains large
undeformable particles, and involves the growth of nuclei in turbulent deformation zones with
random orientations. N is the nucleation from old grain boundaries and N is the nucleation from
retained cube grains, present in the initial material, which survived the applied deformation. Both
N¢p and N are dependent on the subgrain size and density, grain boundary area per volume and grain

size before deformation.

According to [2], these three contributions were calculated as following:

—Apsn
Npsy = Cpsy €Xp (m) (4.3)
Ngg = Cgp 6 A(e) Sea (4.4)
NC = CC o) A(S) SC (45)

where Cpgy, Apsn, Cop and Ce are the material constants. These constants need to be calculated in

order to optimize the model for the particular investigated 6XXX alloy.

Pd is the Stored Energy and Pz the Zener Drag Pressure. The Stored Energy, driving force for
recrystallization, acts in the form of dislocation substructures and concentrations of vacancies [3].
The Zener Drag Pressure, retarding force for recrystallization, depends on the alloying elements in

solid solution and dispersoids size and density [4]. Pd and Pz were calculated according to [3, 5]:

89



Pd = 61_12)2 [pi(l—ln(IObpiO's))+% * (1 +In (%))] (4.0)

_3+fy (4.7)

P
z 4*r

where G is the material shear modulus (2.05x10'° Pa), b the Burgers vector (2.86x107'° m), pi the
dislocation density, § the subgrain size, ® the misorientation angle and @c the misorientation angle
limit (15°). The dislocation density pi and the misorientation angle & were calculated according to
[3]. The dislocation density depends on the strain € and Zener-Hollomon parameter Z(Fig. 4.7a). The

misorientation angle depends on the strain rate €, the temperature T and the strain € (Fig. 4.7b).

15
107E

0 (°)

Figure 4.7: a) Dislocation density [3], b) Misorientation angle [3].

The subgrain size and the Zener-Hollomon parameter were calculated according to [15]:
1
5=CUn2)" (4.8)

Z = Eexp (RQ_T> (4.9)

where C=3.36x10° m'!, n=5.577, Q is the activation energy of the AA6063 (232350 J/mol*K), 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.
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In the Zener Drag pressure calculation (Eq. 7), f and r are the fraction area and the mean size of

. : . . . )i .
the dispersoids, respectively, and y is the grain boundary energy (0.3 o [6]). In this work, values for
f and r were taken from [7], where the microstructures of different 6XXX were analysed. In the

AA6063 aluminum alloy, obtaining an average value of 0.023% for the fraction area and around 60

nm for the mean size of the dispersoids.

A(e) is the grain boundary area per volume at a given strain and S;g, which can be assumed as
See=Sc=S [19], is the number of subgrain larger than a critical subgrain size 6*, calculated as

followed:
4y

0r = ———— 4.10

Pd — Pz (4-10)
According to what reported in literature [2], A(e) was modeled as:

1

A(e) = D [(exp(e) + exp(—¢) + 1)] (4.11)
0

Considering Eq. 4.11, since this equation was investigated in rolling processes with stain values
lower than 10 [8], it has been noticed that for strain values higher than 10 (Fig. 4.8a), typical of

industrial-scale extrusion processes, unreasonably high values of A(e) are obtained and,
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Figure 4.8: a) A(g) calculated according to Eq. 4.11, b) schematic behaviour of A(g) calculated according

to Eq. 4.12
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consequently, of N;g and N. For this reason, A(g) has been calculated according to eq. 4.12,

limiting the growth of the parameter to a maximum value (Fig. 4.8b):

1

Ae) = D—O[p1 —p, eP3 €] (4.12)

where p4, p,, P3, P4 are material constants which depend on the investigated 6XXX alloy.

Regarding the dynamic recrystallization, in accordance with the work of Donati L. et al. [9], the

average thickness d; and length d; of the grains immediately after the bearing zone was calculated as

following:

dy = (dg — 2.5 % 8g5) * (k)& + 2.5 * 5 (4.13)
d=k,&% — kyi+d, ife< e, (4.14)
d; =k, e™+ 108, if €> g, (4.15)

where g, is the critical level of strain for the pinch-off onset, which correspond to a value of 3, & is
the subgrain size at the steady-state condition (8¢, = 8.4 um) and m, k4, k5, k3, k, are material

constants (m = 4.75, k; = 0.4, k, = 85.192, ks = 14.88, k, = 1.68 * 10° [9]).

4.3 Numerical Simulation of the Extrusion Processes

Figure 4.4: FEM simulation of the extrusion process
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The simulations of the investigated extrusions were performed using Qform Extrusion®, an
Arbitrarian Lagrangian Eulerian FEM code. The constitutive model used for the description of the
AA6063 flow stress was proposed by Hensel-Spittel [ 10]: according to the equation, the material flow

stress & depends on the contribution of strain g, strain rate £ and temperature T:

G = A emT Ee e g (14 )T - M L EmT L T (4.16)

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

4.3 and Tab. 4.4.

Table 4.3: Hensel-Spittel and for the AA6063 aluminum alloy [11].

Parameters AA6063

A 1014.7 [MPa]
ml -0.00438 [K1]
m2 0.2425

m3 -0.0965

m4 -0.000438

m5 -0.000766 [K™]
m7 0.002939

m8 0.000291 [K]
m9 0

Table 4.4: Material parameters for the AA6063 aluminum alloy

Material Properties AA6063
Density [Kg/m3] 2690
Specific heat [J/kg K] 900
Thermal conductivity [W/m K] 200
Thermal expansivity [m/K] 2.34*10-5
Young’s modulus [GPa] 68.9
Poisson’s ratio 0.33

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. 4.5).
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Table 4.5: 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 analysis, the predicted extrusion load and profile
exit temperature were compared to the experimental ones. In Fig. 4.10, the results of the simulation
of profile Hydro are reported: Fig. 4.10a and 4.10c show the investigations of the extrusion peak loads
for the extrusions made with a ram speed of 1.1 mm/s and 10.4 mm/s, respectively. In the low ram
speed condition (Fig. 4.10a), the experimental peak was found at 3.47 MN while the numerical at
3.20 MN. In the high ram speed condition (Fig. 4.10c), the experimental peak was found at 4.77 MN
while the numerical at 4.69 MN. About the profile exit temperature at a thermal steady state condition,
in the low ram speed condition (Fig. 4.10b), the acquired experimental value was 433°C while the
numerical 438°C. In the high ram speed condition (Fig. 4.10d), the acquired experimental value was
551°C while the numerical 546°C. The average error in the extrusion load and temperature prediction
was found below the 3.5%, thus proving the reliability of the simulations. A similar accuracy was
found for the numerical analysis of all the other process conditions of profile Hydro, profile a and

profile b.
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Figure 4.10: Profile Hydro simulation: a) comparison between experimental and numerical
extrusion load in the extrusion with ram speed of 1.1 mm/s, b) comparison between experimental
and numerical exit temperature in the extrusion with ram speed of 1.1 mm/s, ¢) comparison between
experimental and numerical extrusion load in the extrusion with ram speed of 10.4 mm/s, d)
comparison between experimental and numerical exit temperature in the extrusion with ram speed
of 10.4 mm/s.
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4.4 Comparison Between Numerical and Experimental Results

The model material constants were found using an optimization algorithm, the Levenberg-
Marquardt non-linear regression algorithm [12]. As input variables, the calibration set of
measurements was used together with the values of strain, strain rate and temperature from the

simulation of the extrusion process. The AA6063 material constants are summarized in Tab. 4.6.

Table 4.6: Recrystallization model material constants AA6063

Material constants AA6063
Cpsn 4.99962 '3
Apsn 864686

Csp 0.00022279
Cc 0.00022279
D1 1.9

D> 1.06

P3 le”

2 6

After calculating these constants, the model was implemented within the Qform Extrusion

environment for the recrystallization analysis.

Since the profile extruded with ram speed of 1.1 mm/s present a partially recrystallized
microstructure, the analysis of the dimensions of the fibrous grains in the inner part of the profile was
carried out in order to acquire the data of the grains after DRX and check the accuracy of the dynamic
recrystallization model. In Fig. 4.11 and Fig 4.12, the comparison between experimental and
numerical grain size after the dynamic recrystallization, immediately after the bearing zone is shown.
The numerical results of Fig. 4.11a, 4.11c are compared with the experimental data taken from Fig.
4.11b, 4.11d. The results of this comparison are reported in Fig. 4.12. A number of points were taken
randomly on the fibrous part of the investigated profile. In these points, both numerical and
experimental data were compared and collected in the graph shown in Fig. 4.12a (for the grain
thickness prediction) and Fig. 10b (for the grain length prediction). In this figure, 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 the 100% matching between numerical and
experimental values. The more the numerical prediction differs from the experimental values, the
more the red dots diverges from the red line. 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
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metallurgical and process factors that affect the final grain size and the approximations deriving from

the measurement methodology chosen for the experimental analysis of the average grain diameter.

For these reasons, this range, also used by Donati L. et al. in [9] for the investigation of a laboratory-

scale extruded profile microstructure prediction, is considered an excellent accuracy range. As

evidenced by the graphs of Fig. 4.12a and Fig. 4.12b, the 100% of the points is the + 25% error lines

for both the prediction of length and thickness of the fibrous grains, thus confirming the good

reliability of the model for the DRX evaluation.

Figure 4.11: Profile Hydro: a) numerical grain thickness b) experimental microstructure (cross
section) numerical grain length d) experimental microstructure (longitudinal section)
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Figure 4.12: DRX analysis: a) comparison between experimental and numerical grain thickness of
profiles Hydro, b) comparison between experimental and numerical grain length of profiles Hydro
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In Fig. 4.13, the outputs of the simulation involving the recrystallization thickness prediction 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 where the grain structure
remains fibrous. Since the microstructure of the “front” samples is almost the same as the “back”
samples (Fig. 2), only the images of the “front” part are reported for the comparison. In AA6063
aluminum alloy, due to a low or absent dispersoids concentration [13], 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 shown in Fig. 4.13a, where is partially recrystallized. In that
case, the simulation reports, in agreement with the experimental evidence, a partially recrystallized
microstructure (Fig. 4.13b). In the remaining cases, always in accordance with what was

experimentally reported, the expected microstructure is completely recrystallized.

a) 1,1 mm/s - front ¢) 2,1 mm/s - front e) 9,2 mm/s - front g) 10,4 mny/s - front

b) 1,1 mm/s - front d) 2,1 mm/s - front f) 9,2 mm/s - front h) 10,4 mm/s - front

Figure 4.13: Recrystallization thickness analysis: a), ¢), €), g) experimental, b), d), f), h) numerical
(red area = SRX area, blue area = No SRX area)

After the SRX thickness investigation, the comparison between the predicted and experimental
grain size was carried out. In Fig. 4.14, the data about profile Hydro are reported: Fig. 4.14a, Fig.
4.14c and Fig. 4.14e show the microstructures of the extrusions made with a billet temperature of
480°C and a ram speed of 2.1 mm/s, 9.2 and 10.4 mm/s, respectively. The images shown under each
microstructure (Fig. 4.14b, Fig. 4.14d and Fig. 4.14f) report the results of the grain size prediction
simulation. In these figures, the values of the average diameter are reported, with a scale bar range
from 40 pm (blue) to 110 um (red). Consequently, the red areas represent the points where the

predicted grain size has higher dimension while the green/blue areas the lower dimension. In
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accordance with the experimental tests, the numerical predictions show that the sample extruded with
aram speed of 2.1 mm/s present the coarser grain size in the inner area (Fig. 4.14b), while the sample
extruded with a ram speed of 9.2 mm/s the smaller (Fig. 4.14d), thus proving the good accuracy of

the numerical computation.

a) 2,1 mm/s - front ¢) 9,2 mm/s - front e) 10,4 mm/s - front

b) 2,1 mm/s - front d) 9,2 mnv/s - front f) 10,4 mm/s - front

Figure 4.14: Grain size analysis after SRX: a), ¢), e) experimental grain size, b), d), f) numerical
grain size

Using the same numerical model, the grain size prediction was carried out both for Profile a and
Profile b: the results are shown in Fig. 4.15 and Fig. 4.16, respectively. As clearly visible by
comparing Fig. 4.15b with Fig. 4.15¢c-f, a good matching between zones with smaller and coarser
grains was found. Moreover, the good correlation is also highlighted by the comparison between Fig.
4.15b, 4.15d, 4.15f with Fig. 4.16a, 4.16c, 4.16e. In Fig. 4.16, the numerical simulation was capable
of predicting the bigger grains in the massive zones of the profile close to the round hole (Figs.4.16c-
d) rather than in the thinner section (Figs. 4.16e-f). The only areas where the numerical prediction is
less accurate, as in Fig. 4.16¢ zone A-B, are characterized by the phenomenon of PCG (Peripheral
Coarse Grain) or AGG (Abnormal Grain Growth), grain growth mechanisms not modelled in the

algorithm used for the grain size forecast.
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Figure 4.15: Comparison between experimental and numerical grain size of profile a: a)
experimental, b) numerical, ¢) focus on zone 1, d) focus on zone 2, e) focus on zone 3, f) focus on
zone 4
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Figure 4.16: a), ¢), ) Experimental and b), d), f) numerical grain size of profile b
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Together with the qualitative analysis, a quantitative analysis, similar to the one reported in Fig.
4.17, was carried out on the predictions of the diameters of the recrystallized grain for the Hydro, a
and b profiles. A considerable number of points taken randomly on the profiles investigated were
selected.-The yellow dots represent the investigated points on the profiles and the blue dots the points
taken from PCG/AGG areas. If the blue dots are excluded from the analysis, almost the entire amount
of the dots is within the + 25%, thus proving the excellent accuracy and reliability of the numerical

model for the grain size prediction.
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Figure 4.17: Comparison between experimental and numerical grain size of profiles a, b, Hydro
4.5 Remarks

In the present work, the development of the recrystallization model of the AA6063 aluminum alloy
was carried out together with the FEM simulation of three industrial-scale extrusions using Qform
Extrusion FEM code. The microstructural analysis of the three profiles were performed and the
collected data were used for the validation of the proposed model. The microstructural data of the

Hydro profile were used to calibrate the AA6063 recrystallization model, then it was validated over
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two other industrial-scaled extruded AA6063 profiles. The main outcomes of this work can be

summarized as follows:

* The results of the extensive experimental analysis on the recrystallization of a AA6063
aluminum alloy were collected and discussed: the microstructures of the Hydro profile were
used for the calibration of the model while the microstructures of Profile a and b for the model

validation.

* An innovative static recrystallization model was developed and optimized for the prediction

in AA6063 aluminum alloys.

* FEM simulation of the analysed extrusion processes were carried out with an average error in
the extrusion load and temperature prediction below the 3.5%, thus proving the reliability of

the simulations.

* An excellent experimental-numerical agreement was achieved in terms of recrystallization
thickness and grain size prediction: In the DRX modeling, the analysed points reveal an error
between measured and predicted length and thickness of the fibrous grains always below the
+ 25%, thus confirming the reliability of the model for the dynamic recrystallization
evaluation. In the static recrystallized thickness, an almost perfect matching between
experimental and numerical data was found, as for the prediction of the static recrystallized
grain size, which present an error always below + 25%. However, the grain size prediction of
AGG/PCG grains needs to be further improved to increase the accuracy and the reliability of
the proposed model.
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5. Modeling of the Recrystallization Behaviour of AA6060 Aluminum
Alloy Extruded Profiles

In order to extend the work made on the AA6063 aluminum alloy reported in chapter 4, the same

experimental-numerical type of activity was made for a AA6060 extruded profile.

In this work, an industrial-scale extrusion of AA6060 aluminum alloy hollow profile was
investigated. Numerical activities involving Finite Element (FE) simulation of the extrusion were
performed with the commercial Qform Extrusion® code. Moreover, an innovative recrystallization
model was developed, comparing the achieved results with the microstructural data experimentally
collected for the industrial-scale profile. The final aim of this work was to propose a reliable model
able to accurately predict the microstructural behaviour in the hot extrusion of AA6060 aluminum

alloy profiles.

5.1 Experimental Investigation

The geometry of the profile under investigation is reported in Fig. 5.1. It was produced by the
Profilati SpA plant of Medicina (Italy). The production batch involved the extrusion of 17 billets and
the data about profile exit temperature and extrusion load were acquired during the whole process
and used to validate the numerical simulation results. The analyzed sample comes from the extrusion

of the seventh billet in order to have steady-state conditions in the tool-die set.

128.7 E
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Figure 5.1: Investigated profiles and die geometries: a) die, a) cross-section of the extruded profile.

In Table 5.1, the extrusion process and the geometry parameters of billet and tools are reported.

The microstructure of the profile is reported in Fig. 5.2b-g: the images of the anodized samples
were acquired by using polarized light microscopy and the measurement of the average grain
dimension was carried out according to the ASTM-E112 regulation. The images of Fig. 5.2 clearly
show a fully recrystallized microstructure, within an average dimension range of 45 um to 110 pm.

The analysed samples were taken at the middle length of the extrusion profile, corresponding to a
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ram stroke of 475 mm. From the entire cross-section of the profile, six zones were selected (Fig. 5.2b-
g). From each zone, 10 points were extracted and in each of these, the dimensions of the statically
recrystallized diameter were measured. Half of these points were used for the model calibration and

the other half for the validation.

Table 5.2: Process parameters and geometry tolerances

Process parameters and geometry tolerances Profile
Aluminum alloy AA6060
Extrusion ratio 27
Ram speed [mm/s] 8
Container temperature [°C] 430
Billet temperature [°C] 480
Die temperature [°C] 510
Ram acceleration time [s] 5
Billet length [mm)] 950
Billet diameter [mm] 203
Container diameter [mm] 211
Billet Rest length [mm] 44
6 1
5 2
4 3

b) Zone 1 d) Zone 3

e) Zone 4 f) Zone 5 g) Zone 6

Figure 5.2: Microstructure of the investigated AA6060 profile
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5.2 Modeling of the AA6060 Recrystallization Behaviour

The modeling of the AA6060 aluminum alloy was the same to the one reported in the 4.2
paragraph.

5.3 Numerical Simulation of the Extrusion Processes

b)

Figure 5.3: FEM simulation of the extrusion process

The simulation of the analysed extrusion process was performed using Qform Extrusion®, a
commercial ALE (Arbitrarian Lagrangian Eulerian) FEM code. The constitutive model used for the
description of the AA6060 flow stress was proposed by Hensel-Spittel [1]. According to the proposed
equation (Eq. 5.1), the material flow stress & depends on the contribution of strain g, strain rate & and

temperature T:

my
E

G=A-e™mT.gM2.gM3.g7E - (1+4g)MsT . gMsE. gMaT . TMo (5.1)

The values of the Hensel-Spittel constants (m1-m9) used for the simulation of the AA6060

aluminum alloy, reported in Tab. 5.2, were taken from the Qform material database.
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Table 5.2: Hensel-Spittel and for the AA6060 aluminum alloy.

Parameters AA6060

A 280 [MPa]
ml -0.00461 [K1]
m2 -0.16636

m3 0.12

m4 -0.02056

m5 0.00036 [K!]
m7 0

m$ 0 [K™]

m9 0

The friction conditions between workpiece and tools were also taken from the software database

according to the default values optimized for extrusion (Tab. 5.3).

Table 5.3: 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)

The values of the material properties used in the simulation are reported in Tab. 5.4.

Table 5.4: Material parameters for the AA6060 aluminum alloy.

Material Properties AA6060
Density [Kg/m3] 2690
Specific heat [J/kg K] 900
Thermal conductivity [W/m K] 200
Thermal expansivity [m/K] 2.34*10-5
Young’s modulus [GPa] 68.9
Poisson’s ratio 0.33

In order to validate the results of the simulation, the values of the numerical extrusion load and
profile exit temperature were compared to the experimental ones (Fig. 5.5). With regard to the
extrusion load, the experimental peak value was found at 23.4 MN while the numerical one at 23.3
MN. Consequently, the numerical error in the extrusion load prediction was under the 1%. Moreover,

the experimental exit temperature of the profile was experimentally found at 557 °C (through the use
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of a pyrometer pointed in the point indicated in Fig. 5.5b by the start of the red arrow) while the
numerical one at 562 °C, with a prediction error close to the 1%. As a result, the average error in the
extrusion load and temperature prediction was found below the 1%, thus proving the reliability of the

simulation.
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Time, s
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Experimental Temperature = 557 °C
Numerical Temperature = 562 °C

b)

Figure 5.5: Experimental-numerical comparison between extrusion load and profile exit
temperature.

5.4 Comparison Between Numerical and Experimental Results

According to the methodology reported in paragraph 4.4, the material constants of the
recrystallization model were obtained by applying the Levenberg-Marquardt non-linear regression
algorithm [2], implemented in Matlab®, using as input data the “calibration set” of points in which

the grain size was experimentally calculated. For each considered point, the values of temperature,
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strain and maximum strain rate were calculated by the FEM simulation using Qform software. A
different set of points (“validation set”) were used to validate the results of the numerical

microstructure prediction.

The outputs of the non-linear regression method are summarized in Tab. 5.5. After acquiring these
values, the model was implemented into Qform Extrusion and used to calculate the average grain size
of the extruded profile. The values of p;, p,, p3, p, were taken from the optimization of the AA6063

aluminum alloy reported in paragraph 4.4.

Table 5.5: Recrystallization model material constants AA6060

Material constants AA6060
Cpsn 5.00021 '3
Apsy 872954
Ccp 0.0002145
Cc 0.0002145
D1 1.9

D> 1.06

p3 le’

P4 6

In Fig. 5.6, the simulated trends of the profile exit temperature, maximum value of strain rate and
plastic strain are reported. The acquired values are similar to the ones obtained in the same analysis
for the AA6063 aluminum alloy reported in paragraph 4.4. This result confirms the reliability of the
methodology, since is reasonable to assume similar recrystallization behaviours in alloys (AA6063

and AA6060) with low or absent dispersoids content.
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Figure 5.6: a) Profile exit temperature, b) maximum value of strain rate and c) plastic strain
simulations.

In Fig. 5.7, the numerical simulation of the grain size after the complete SRX is reported. Red and
blue areas correspond to the part of the profile in which the grain size has higher and lower
dimensions, respectively. The numerical range of grain size dimensions resulted between 52 um and
96 um. Fig. 5.8 shows a visual comparison between the predicted and the experimental

microstructures.
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Figure 5.7: Numerical average grain size of the investigated extruded profile.
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Figure 5.8: Visual comparison between the predicted and the experimental microstructures.
In Fig. 5.9, the quantitative comparison between experimental and numerical grain size calculated
in the “validation set” of points is reported. In detail, the x-axis represents the diameter of grains
experimentally measured while the y-axis represents the numerically predicted dimensions.

Consequently, if the numerical measure perfectly matches the experimental one, the point is expected
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to be exactly on the 45° green line. In order to facilitate the understanding of the prediction accuracy,
two additional red lines were reported corresponding to a + 25% of error. Since the high number of
both process and metallurgical factors affecting the final grain size, the industrial complexity of the
analysed extruded geometries and the approximations deriving from the selected measurement
methodology for the experimental analysis of the grain dimension, the range of = 25% of error, also
used by Donati L. et al. in [3] for the analysis of a laboratory-scale extruded profile, should be
considered as a range of excellent prediction accuracy. As can be seen in Fig. 5.9, over the 95% of
the blue dots fall within the red lines, thus proving the accuracy of the developed recrystallization

model.

Experimental - Numerical Comparison
120

110

—
o
(=}

o]
(=]

e SRX Average Grain Size
-100% matching

70 —+25% error

Numerical D, [um]
(o]
(=)

—-25% error

60

50

40
40 50 60 70 80 90 100 110 120

Experimental D, [um]

Figure 5.9: Comparison between experimental and numerical grain size.

5.5 Remarks

In the present work, the development of the recrystallization model of the AA6060 aluminum alloy
was carried out together with the FEM simulation using Qform Extrusion FEM code. The
microstructural analysis of the profile was performed and the collected data were used for the
calibration of the proposed AA6060 recrystallization model. The main outcomes of this work can be

summarized as follows:

*  The final microstructure of the AA6060 hollow profile was experimentally analysed.
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An innovative static recrystallization model was developed and optimized using the data

experimentally acquired from the investigate AA6060 extruded profile.

FEM simulation of the analysed extrusion processes were carried out with an average error in
the extrusion load and temperature prediction below the 1%, thus proving the reliability of the

simulations.

The prediction error of the average grain size in over the 95% of the analysed points remain
below the + 25% thus proving the good experimental-numerical agreement and the reliability
of the proposed model. Further investigations with profiles extruded with different die designs
and process conditions are still needed to validate the model in different AA6060 extruded

profiles.



References

[1] A. Hensel, T. Spittel (1978) Kraft und Arbeitsbedarf bildsamer Formgeburgsverfahren, 1.
Auflage, Leipzig: VEB Deutscher Verlag fur Grundstoffindustrie.

[2] P.E. Gill, W. Murray (1978) Algorithms for the Solution of the Nonlinear Least-Squares
Problem, SIAM Journal on Numerical Analysis 15(5): 977-992.

[3] L. Donati, A. Segatori, M. El Mehtedi, L. Tomesani (2013) Grain evolution analysis and

experimental validation in the extrusion of 6XXX alloys by use of a lagrangian FE code,
International Journal of Plasticity 46: 70-81.

115



6. Modeling of the Recrystallization Behaviour of AA6082 Aluminum
Alloy Extruded Profiles

The hot extrusion of Al-Mg-Si alloys is a manufacturing process increasingly used for the
production of complex lightweight profiles with high functional and mechanical properties. 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. Unfortunately, the control over the formation of the PCG structure is extremely difficult

because of the high number of factors which influences the defect behaviour.

It is worth noting that all of the experimental investigations reported in 2.7 paragraph are carried
out on laboratory round bar extrusions, thus limiting the range of analyzed process conditions for the
experimental validation of the proposed theories. Moreover, only a few studies performed FEM
simulations of the extrusion processes to study the parameters which lead to the PCG layer. As for
the reported experimental investigations, all of these numerical works are conducted on simple
extruded round bars and none of these proposed a unified modeling for the PCG prediction using the

FEM simulation.

In this context, aim of the work presented in this chapter was to investigate the conditions that lead
to the formation of the PCG and propose a theory that explains the defect kinetics. Together with the
experimental investigation, purpose of this activity was also to develop a reliable model for the PCG

prediction by means of FEM simulations.

In this work, experimental and numerical activities were carried out. Two cases were analysed. In
the first case, the analytical modeling of the stored energy evolution in the extrusion of a AA6082
profile under different processing conditions was developed and discussed. The experimental tests
were performed by Parson N et al. [1] and involved the analysis of the microstructures of AA6082
round bar profiles extruded with different bearings geometries, pre-heating temperatures, ram
velocities and quenching conditions. The final aim of this work was to assess the influence of different
die designs on the extruded profile, implement the developed stored energy evaluation model in the
commercial FEM code Qform Extrusion®, apply the model in the extrusion of AA6082 aluminum
alloy round bars and compare the numerical results with the experimental microstructures reported in
[1]. In addition, the work proposed an innovative approach to determine the recrystallization
behaviour of aluminum alloys extruded profiles by the modeling of the stored energy and the Zener

Drag Pressure.
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In the second case, two different profiles with industrial complexity were extruded, one solid and
one hollow profile, both with the same AA6082 aluminum alloy. A huge range of process conditions
was investigated: for each condition, data and images of the microstructure were collected and
analysed in order to calibrate and validate the numerical modeling. Moreover, Scanning Electron
Microscope (SEM) analysis 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.

6.1 Casel

6.1.1 Experimental Investigation

Different die geometries with various bearing lengths, choke lengths and choke angles were tested
in the extrusion of round bar with a 25 mm diameter made by AA6082 aluminum alloy (Mg: 0.70
wt%, Si: 1.00 wt%, Fe: 0.17 wt%, Mn: 0.5wt%) and the data of the microstructure were collected and
discussed. In Fig. 6.1, images of the dies together with data of the bearings geometries (Tab. 6.1) are
described. For the purpose of this work, the microstructural data of the profiles extruded with the R6
-1.5°, R12 +1°, R25 +0° and R35 +3° dies are considered and then compared with the results

1
Choke
angle
H
. choke
a) R6 —1.5°, zero bearing b)R12 +1°
ieF
' Bearing length EnaEste

-
-

Extrusion Direction

e) Bearings scheme

c)R35+3°

Figure 6.1: images and scheme of the die geometries [1]
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Table 6.1: bearings data [1]

ID Bearing Length [mm] Choke Length [mm] Angle deg.
R6 - 1.5° 6 Zero bearings -1.5
R12 +1° 12 6 +1
R25 +0° 25 Flat 0
R35 +3° 35 17.5 +3

of the developed simulations. The experimental campaign consisted of extrusion with two billet pre-
heating temperatures Tb (350 °C and 500 °C) and four ram speeds (5 mm/s, 20 mm/s, 30 mm/s, 40
mm/s). For the extrusion made at Tb=350 °C, the tools (die, bolster and container) were pre-heated
at 330 °C, while, for the extrusions made at Tb=500 °C the tools were heated at 480 °C. In Fig. 6.2
and Fig. 6.3, all the microstructures of the different extruded profiles are reported both in the press-
quenched condition (without any solution treatment) and after the solution treatment (30 min at 540°C
using a salt bath). Specimens were taken at the middle of the length of the extruded profiles. The x-
axis reports the type of bearing geometry tested during the extrusion while the y-axis the ram speed.
As it can be seen from the pictures, all the profiles extruded with Tv=350 °C and press-quenching
(Fig. 3a) present a fibrous microstructure. The profiles extruded with Tv=500 °C and press-quenching
(Fig. 3b) are also fibrous except for Tb=500 °C with dies R6 -1.5° and R25 +0° at higher speeds (over
20 mm/sec), where a surface recrystallized layer (PCG) is visible. For the extrusion made at a pre-
heating temperature of 350 °C, the solution treatment greatly impacted on the static recrystallization
behaviour. All of the specimens’ microstructures changed from fibrous (Fig. 6.2a) to partially or fully
recrystallized (Fig. 6.3a). For the extrusions made at a pre-heating temperature of 500 °C, the situation
is completely different. In this case, the experimental evidence shows that the solution treatment did
not affect the recrystallization of the specimens, as there is no difference in terms of microstructure

between Fig. 6.2b and Fig. 6.3b.
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a) Tb = 350°C

b) Tb =500°C
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Figure 6.2: microstructures of the press quenched specimens [25].

b) Th = 500°C
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Figure 6.3: microstructures of the solution treated specimens [1].
6.1.2 Recrystallization Modeling in AA6082 Aluminum Alloy

According to the work of [2], 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. This energy, called Stored

Energy, acts in favour of the recrystallization and it can be calculated as follow [3]:

Oc

Pd = 61_12)2 [pi(l-ln(IObpiO's))-i-% (1 +1In (—))] (6.1)

0

where G is the material shear modulus (2.05x10'° Pa), b the Burgers vector (2.86x10°'° m), pi the

dislocation density, & the subgrain size, & the misorientation angle and @c the misorientation angle
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limit (15°). The dislocation density pi and the misorientation angle ® were calculated according to
[4]. The dislocation density depends on the strain € and Zener-Hollomon parameter Z(Fig. 6.4a). The

misorientation angle depends on the strain rate €, the temperature T and the strain ¢ (Fig. 6.4b).

ION :
6‘\ -
E 1o o >
oy — @
10"
IO”
25
€ €
a) b)

Figure 6.4: a) Dislocation density [4], b) Misorientation angle [4].

The subgrain size and the Zener-Hollomon parameter were calculated according to [5]:

1
== C(In2) (6.2)

Z = Eexp (RQ_T) (6.3)

where C=3.36x10" m!, n=5.577, Q is the activation energy of the AA6082 (182000 J/mol*K [6]), 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

[2]. According to the work of [7], the Zener Drag Pressure calculation resulted in:

_3*f*y
 4xr

Pz (6.4)

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. 1 of retarding force

given by dispersoids to the retarding force due to solute atoms. In this case, the atom fraction and
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atomic radius are 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
[2]. Since the microstructural data for the f and r evaluation were not available, the values of Pz
have been supposed based on the comparison between stored energy and recrystallized thickness of

the extrusions made under different process conditions, as explained in more detail in the following.

6.1.3 Numerical Simulation of the Extrusion Process

The numerical simulation of the extrusions was carried out using the Arbitrarian Lagrangian
Eulerian FEM code Qform Extrusion®. As constitutive model for the AA6082 aluminum alloy, the
following Hensel-Spittel equation was selected to calculate the material flow stress @ which depends

to the contribution of strain g, strain rate £ and temperature T [8]:

g=A -eMT.g—mz.g-msz. e% (1+ g)m5T . eM78 . gmgT . TMo (6.5)

The values of the material parameters (m1-m9) are reported in Tab. 6.2 according to [9].

Table 6.2: Hensel-Spittel parameters for the AA6082 aluminum alloy [9].

Material parameters AA6082
A 568000
ml -0.002117
m2 0.1059
m3 0.08299
m4 0.0009266
m5 -0.0005221
m7 0.02343
m8 0.00006741
m9 -1.208

The workpiece-tools friction conditions were set to the default values contained in the Qform

Extrusion database (Tab. 6.3).
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Table 6.3: 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)

The extrusions process parameters collected from the experimental campaign and components

geometry data are reported in Tab. 6.4 and Tab. 6.5.

Table 6.4: Process parameters.

Process Parameters

Aluminum alloy AA6082
Ram speeds [mm/s] 5/20/30/40 mm/s
Container/Billet/Die temperatures [°C] 380/480 °C
Ram acceleration time [s] 5
Table 6.5: Extrusion components geometry data.
Extrusion components geometry data
Extrusion ratio 20
Billet length [mm] 384
Billet diameter [mm] 101
Container diameter [mm)] 266
Billet Rest length [mm] 18

6.1.4 Comparison Between Numerical and Experimental Results

Fig. 6.5 and Fig. 6.6 report the results of the exit temperatures (highlighted values are taken at the

middle profile radius for each specimen) and the stored energy predictions, respectively. The

simulation of each case requires an average time of 29 min. In the extrusions made with Tb=350°C,

the exit temperatures of the profiles are between 400 °C and 450 °C and the stored energy is

significantly higher if compared to the extrusions with Tb=500 °C, where the exit temperatures are

between 530 °C and 560 °C. The FEM acquired data are taken at the medium value of the ram stroke

because the microstructures reported in Fig. 6.2 and Fig. 6.3 were taken from the middle of the

extruded profile length.
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a) Tb = 350°C b) Tb = 500°C
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Figure 6.5: Exit temperature.
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Figure 6.6: Stored energy predictions after extrusion.

The stored energy predictions are then compared with the microstructure for each tested condition
in order to understand at what stored energy value the recrystallization occurs. As said, in the
specimens extruded with Tb=350 °C in the press-quenched condition, no static recrystallization
occurred. Therefore, according to what is reported in the literature [3], the stored energy must always
be lower than Pz. For this reason, a Pz value higher than the highest value of Pd found on the

simulation is assumed (Pz>1570 kJ/m?).

In the specimens extruded with Tb=350 °C after the solution treatment, a partially or fully static
recrystallization occurred. Consequently, after selecting one extrusion condition for the calibration
(in our case the extrusion made with the R35 +3° die, extrusion speed 5 mm/s, Fig. 6.7), the value of
Pz for the solution treated specimens was taken as the stored energy value in the point where the
recrystallized begins (Pz>819 kJ/m?). The computation of the Pz evaluation process is detailed in Fig.

8 at the radius of 9,5 mm.
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In the extrusions made with Tb=500 °C, the microstructure does not change between press
quenched and solution treated specimens. For this reason, one single Pz value was assumed for the
two conditions (Pz=600 kJ/m?), using the same methodology applied to the case described before.
The reason we adopted different Pz values for extrusions with different exit temperatures or solution
treatment is because the Zener Drag Pressure is depending on the dispersoids distribution and size
which, in turn, depends on the temperature. Consequently, with the purpose to model and predict the
recrystallization behaviour, it is reasonable to assume that Pz may change with temperature and,
consequently, in particular temperature conditions the SRX is more likely to occur. The validation of
this approach and consequently of the assumed values for Zener drag Pressure, will be performed by

comparing the recrystallized layer thickness of FEM predictions over experimental data.

Pd stored energy T=350°
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Figure 6.7: Zener Drag pressure evaluation process.

In Fig. 6.8 and Fig. 6.9, the stored energy behaviour along the radius of the specimens for the
extrusions made with Tb=350 °C and Tb=500 °C were reported together with the supposed Pz values

in the press-quenched and solution treated conditions.
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Figure 6.8: Stored energy and stored energy thresholds (Pz values) in the Tb=350 °C case.
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Figure 6.9: Stored energy and stored energy thresholds (Pz values) in the Tb=500 °C case.
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The comparisons between experimental and numerical recrystallized thicknesses are shown in Fig.
6.10-6.17 for each bearing geometry and pre-heating billet temperature, in order to validate the
methodology and the assumed critical values of Pz. In the left part of each figure, it is shown the
stored energy evaluation along the extruded bar radius together with the estimated Pz value. In the
right part of the figures, it is reported the comparison between numerical and experimental
recrystallized thickness for the press-quenched and solution treated conditions. This comparison is
shown by reporting experimental/numerical images and thickness measurements. The numerical
recrystallized thickness values were obtained by comparing the predicted stored energy with the

supposed value of Pz.

R12 +1° V=5 mu/s V =20 mm/s V=30mm/s | V=40 mm/s

Pd stored energy T=350° r j r
1600 r ‘1 r
‘ [ L“J[ AU LJL]
1400 *-350-1_12-20 ‘
= 1300 350-1_1 ’l
50-1 /

3 2-30
:
. P.Q. PQ.
g 1100 =e~Energy Treshold S.T 3

Energy Treshold P.Q

Reer. Exp. = Num. Exp. Num.

900 - Layer
— Thick. | 3.5mm  2,0mm

*> - - - - - - - *
enoo R , . s " b <1570 kJ/m"3 - <819 kJ/m"3
radius fon) P.Q.
. >1>70klm3 . >819kJm3
a)

Figure 6.10: R12 +1° die, Tb=350°, all speeds. a) stored energy behaviors and comparison with
estimated Pz values, b) comparison between numerical and experimental recrystallized thicknesses
for Press Quenched (P.Q.) and Solution Treated (S.T.) conditions.
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Figure 6.11: R35 +3° die, Tb=350°, all speeds. a) stored energy behaviors and comparison with
estimated Pz values, b) comparison between numerical and experimental recrystallized thicknesses
for Press Quenched (P.Q.) and Solution Treated (S.T.) conditions.
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Figure 6.12: R25 +0° die, Tb=350°, all speeds. a) stored energy behaviors and comparison with
estimated Pz values, b) comparison between numerical and experimental recrystallized thicknesses
for Press Quenched (P.Q.) and Solution Treated (S.T.) conditions.
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Figure 6.13: R6 -1,5° die, Tb=350°, all speeds. a) stored energy behaviors and comparison with
estimated Pz values, b) comparison between numerical and experimental recrystallized thicknesses
for Press Quenched (P.Q.) and Solution Treated (S.T.) conditions.
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Figure 6.14: R12 +1° die, Tb=500°, all speeds. a) stored energy behaviors and comparison with
estimated Pz values, b) comparison between numerical and experimental recrystallized thicknesses
for Press Quenched (P.Q.) and Solution Treated (S.T.) conditions.
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Figure 6.15: R35 +3° die, Tb=500°, all speeds. a) stored energy behaviors and comparison with
estimated Pz values, b) comparison between numerical and experimental recrystallized thicknesses
for Press Quenched (P.Q.) and Solution Treated (S.T.) conditions.
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Figure 6.16: R25 +0° die, Tb=500°, all speeds. a) stored energy behaviors and comparison with
estimated Pz values, b) comparison between numerical and experimental recrystallized thicknesses
for Press Quenched (P.Q.) and Solution Treated (S.T.) conditions.
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Figure 6.17: R6 +1.5° die, Tb=500°, all speeds. a) stored energy behaviors and comparison with
estimated Pz values, b) comparison between numerical and experimental recrystallized thicknesses
for Press Quenched (P.Q.) and Solution Treated (S.T.) conditions.
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These results show a good accuracy in the prediction of the recrystallized layers in almost all

experimental conditions (Fig. 6.18). The accuracy is higher for the conditions tested with Tb=350 °C.
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In this case, almost a perfect matching (with a maximum error of 1.5 mm) was found between
numerical and experimental data of the specimens after solution treatment. In the Tb=500 °C case,
the results are good in the extrusion made with the R 12 +1° die (with a maximum error of 0.15 mm)
but there is an overestimation with the R35 +3° (with a maximum error of 0.35 mm) and an
underestimation in the R25 +0° and R6 -1.5° (with a maximum error of 2.5 mm). This is probably
due to the lack of profile exit temperature data in the experimental trials; for this reason, it was not
possible to check the accuracy of the numerical exit temperatures, that in the Tb=500 °C case are very
close and sometimes higher than the annealing temperature. Moreover, these inaccuracies may also
be caused by the effect of the strain rate. Using the R35 +3° die, where the bearings are longer and
the material entry into the bearings zone is less sharp, the profile shows no recrystallized layer even
with high ram speed. Using an R6 -1.5° die, where the bearings are non-existent (zero bearings case)
and the profile has a sharp entry into the bearing zone, the profile shows the highest value of
recrystallized thickness. Considering that higher bearings and choke angles correspond to a decrease
in the maximum strain rate value reached during the material flow, a dependence between maximum
strain rate and surface recrystallization (PCG) should be further investigated together with the effect

of the profile exit temperature.
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Figure 6.18: Comparison between experimental and numerical recrystallized layer thickness in all
the investigated cases.
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In Fig. 6.19, the assumed values of the Zener Drag Pressure are reported and correlated with the
exit temperatures shown in Fig. 6.5 for the press-quenched conditions (from 401 °C to 447 °C for the
extrusions with Tb =350 °C and from 527 °C to 557 °C for the extrusions with Tb= 500 °C) and the
annealing temperature of 540 °C for the solution treated conditions. The empty circles represent the
Pz values assumed in the non-recrystallized specimens of the extrusions made with Tb=350 °C in the
press-quenched condition, in which case it was assumed as Pz the maximum stored energy value of
1570 kJ/m? found in the simulation, even if it can be higher. The full green circle represents the Pz
value of 819 kJ/m* supposed in the extrusions made with Tb=350 °C with solution treatment at 540
°C. The full orange circles represent the Pz value of 600 kJ/m? supposed for the extrusions made with

Tb=500 °C, both for press-quenched and solution treated conditions.

Pz Zener Drag Pressure
[kJ/m3]

Q Tb=350 °C - press-quenched condition

2000 O Tb=350 °C — solution treatment 540 °C
Q Tb=500 °C — both PQ/ST conditions
1500 Recrystallization
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No Recrystallization
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0
0 100 200 300 400 500 600 700

T [°C]
Figure 6.19: Estimated Zener Drag pressures and temperatures.

The graph in Fig. 6.19 divides the Zener Drag pressure/Temperature area into two zones:
conditions on the left side of the dashed line (which was inserted in the figure to help understand the
trend of Pz in relation to the temperature) promote fibrous structures while conditions on the right
side of the line recrystallized ones. It is clear the existence of a correlation between the retarding
forces for recrystallization and extrusion parameters such as temperature, die geometry and ram speed

that needs to be investigated and modeled through further experimental trials and research activities.
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6.1.5 Remarks

In the present work, the numerical modeling of the extrusion process and of the stored energy was
carried out using Qform Extrusion FEM code. The experimental data were taken from the work of
Parson N et al. [1], in which several industrial-scale extrusions of a AA6082 round bars were made
by testing different die geometries and process conditions. The main outcomes of this work can be

summarized as follows:

*  The results of the various stored energy predictions of the extrusions reported in [1] were
collected, compared and discussed. Consequently, by comparing the microstructures to the
stored energy data, an estimation of the Zener Drag pressure was carried out. Finally, the

results of the predicted recrystallized thickness were presented.

* A good correlation between numerical predictions and experimental data was found in the
recrystallized thickness evaluation of the extruded profiles. In the Tb=350 °C case, almost a
perfect matching was found between numerical and experimental data of the specimens. In
the Tb=500 °C case, the results were almost perfectly in accordance with the experimental
data in the extrusions made with the R 12 +1° die, but a slightly overestimation in the R 35

+3° case and a slightly underestimation in the R25 +0° and R6 -1.5° case was observed.

* An innovative approach for the evaluation of the recrystallized thickness in the extrusion of
AA6082 aluminum alloys was proposed. In order to present a complete model able to compute
stored energy, Zener Drag pressure and recrystallization behaviour according to the extrusion

and annealing parameters, further investigations should be carried out.

Considering the results of the current work on the influence of the die design and process
parameters on the microstructure and, therefore, on the extruded profile properties and considering
the results of the numerical modeling and simulations of the AA6082 recrystallization behaviour,
it was decided to continue the analysis through a specific experimental and numerical campaign
dedicated to the study of the AA6082 microstructure evolution kinetics. This campaign is

presented in the 6.2 paragraph.
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6.2 Case2

6.2.1 Experimental Investigation
The AA6082 profiles were extruded by Hydro plant in Finspang (Sweden) with a 10 MN extrusion
press. In Fig. 6.20, the geometries of profiles and dies are shown. In Table 6.6 and Table 6.7, the

AA6082 chemical composition and the extrusion process parameters of the two profiles are reported,

respectively.
40.48 4.96
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Figure 6.20: Investigated profiles and die geometries. a) Profile a. b) Profile b
Table 6.6: AA6082 chemical composition

Element

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

1.00 0.20 0.03 0.49 0.62 <0.01 <0.01 0.01

As shown in Tab. 6.2, Profile a was extruded with three different billet temperatures and three
different ram speeds while Profile » 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. Moreover, the water quenching system
was deactivated in order to avoid the contamination of the experimental results by its functioning
(blocking the recrystallization after the extrusion) thus favouring the investigation of the effect of the
billet temperature, ram speed, profile exit temperature and profile geometry on the microstructure

evolution.
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Table 6.7: Process parameters and geometry tolerances

Process parameters and geometry tolerances Profile a Profile b
Aluminum alloy AA6082 AA6082
Extrusion ratio 18.2 31.5

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. 6.21, the images of the anodized sample and the SEM analysis of the billet material are
reported.

Figure 6.21: a) Microstructure of the billet, b) SEM analysis of the billet material.

The microstructure of Fig. 6.21a 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. 6.21b,
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 (Iron-phase particles)

solidified during the casting and the Mg>Si constituent particles.
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In Fig. 6.22, 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. 6.22a-c) and 500°C
(Fig. 6.22d-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.
6.23, the zoom-in images of the Tv=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 6.22: Microstructures of Profile a extruded with different process conditions.

135



T,=450 °C
V=2 mm/s

To= 482 °C

a)

T,=450 °C
V=5 mmy/s

NE=50EC

b)

T,=450 °C
Viam=10 mm/s

Teg= 540 °C
c)

Figure 6.23: Microstructures of Profile a with Tb=450°C extruded with different ram speeds
(zoom-in images).

In Fig. 6.24, 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. 6.24a shows the microstructure of the extruded profile at 2 mm/s, which is
completely fibrous. From the analysis of Fig. 6.24b and Fig. 6.24c which correspond to sections A-
A and B-B of Fig. 6.24a, 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. 6.24b) and Zone 2 (Fig. 6.24c), 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. This difference is caused by the very high strain
values reached in Zone 1 and Zone 2 and, consequently, by the occurrence of the DRX kinetics.
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. 6.24b) and Zone 2 (Fig. 6.24c) present fine grains thus proving the
occurrence of the dynamic recrystallization. These DRX zones match with those in which the PCG
occurs when ram speed is increased (Fig. 6.24c-e). This result is in accordance with several works
[11-13], 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. 6.24g and Fig. 6.24f, where the microstructures of
the cross sections of Profile a extruded with ram speed of 2 mm/s (Fig. 6.24g) and 5 mm/s (Fig. 6.24h)
are reported. The Surface Area 1 of Fig. 6.24¢g 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 is reasonable to assume
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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 (assumption further confirmed by the
numerical results of strain and DRX prediction summarized in the Results and Discussion paragraph).
This difference led 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. 6.24h).
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Figure 6.24: Microstructure investigations on Profile a extrusions.

In order to show some evolutions of the grains from the longitudinal section perspective, Fig. 6.25
and 6.26 are reported. In Fig. 6.25, the A-A section (see Fig. 6.24) 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,
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on the strain rate reached during the process. In Fig. 6.26, 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. 6.24b).

T,=450°C T,=450°C
Vim= 2 mm/s V= 5 mm/s

a) b) c)

Ty=450°C
Vo= 10 mm/s

Figure 6.25: Microstructure of profiles extruded with billet temperature of 450 °C and ram speeds
of 2, 5 and 10 mm/s.

i
T,=500 °C
Viam= 5 mm/s

Figure 6.26: Microstructure of profiles extruded with billet temperature of 500 °C and ram speeds
of 5 mm/s.
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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. 6.27.
Fig.6.27a 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.6.27c, 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. 6.27b and Fig.6.27d). Moreover, the profiles in Fig. 6.27a and Fig.
6.27d 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.

T,=450 °C T,=450 °C
V= 5 mm/s V= 10 mm/s
Te= 519 °C Tei= 540 °C

T,=350 °C T,=350 °C
V= 5 mm/s V= 10 mm/s
Tes= 502 °C Tei= 521 °C

c) d)

Figure 6.27: Microstructures of Profile a with Tb= 450 °C and Tb=350 °C.
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In Fig. 6.28, 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. 6.28g), evidencing the precipitation of
small Mn-dispersoids during the extrusion process with the increase in the profile exit temperature.
In Fig. 6.29, the Energy Dispersive Spectroscopy (EDS) is reported, showing the composition of
small dispersoids (Fig. 6.29d-f) and primary iron-phase particles (Fig. 6.29g-1).
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Figure 6.28: SEM analysis of dispersoids distribution of Profile a extrusions.
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Figure 6.29: EDS analysis of Profile a extrusions.

In Fig. 6.30, 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. 6.30a, 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. 6.30c¢). In the 15 mm/s and 20
mm/s ram speed conditions (Fig. 6.30d,e), the PCG thickness remains similar to the 10 mm/s

condition.
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Figure 6.30: Microstructures of Profile b with Tb= 500°C extruded with different ram speeds.
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In Fig. 6.31, a similar investigation to the one shown in Fig. 6.24 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. 6.24, the
grains of Zone 1 (Fig. 6.31b) and Zone 2 (Fig. 6.31c¢) 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.

<)

Figure 6.31: Microstructure investigations on Profile b extrusions.

6.2.2 PCG Modeling in AA6082 Aluminum Alloy

The modeling of the AA6082 recrystallization behaviour is the same as the one reported in the
6.1.2 paragraph. In addition to that model, according to the experimental evidence of case 2 which
highlights a strong influence of the DRX on the surface recrystallization in AA6082 extruded profiles,

some improvements were carried out.

In order to investigate the dynamic recrystallization, the following equation proposed by [14] was

used to investigate the percentage of DRX occurred in the extruded profile:

Xomx = 1= exp| - (£ :C)m] (6.6)
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where ¢ is the strain, &, is critical strain corresponding to the beginning of DRX, & is the saturated

strain where the DRX happens completely, f and m are material constants (f=1.823 and m=1.109
[14]).

According to the experimental evidence, the PCG formation is mainly caused by the combination
of three conditions: high DRX zones, high temperature and high maximum strain rate reached during
the deformation of the material. In the areas where these three conditions occur, the force that acts in
favour of the recrystallization becomes greater than the retarding force and, consequently, the PCG
occurs. Considering that the PCG increase with the exit temperature and ram speed and the stored
energy decrease with the increase in the process temperature, it is reasonable to assume that the PCG
is favoured because of a decrease in the retarding force for the recrystallization. In Fig. 6.32, a
schematization of the principle of the PCG is schematized. A new parameter is introduced Pr which
is the total pressure that acts in opposition to the recrystallization. As outlined in the figure, this
pressure is lowered, in the high DRX zones, if high temperature and high maximum strain rate are
reached. When the Pt value becomes lower than the Stored Energy P4, which typically reaches the

highest values in the profile surface areas, PCG is formed.
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Figure 6.32: PCG modeling schematization.

The value of Pt was calculated as follow:

Pt = Pz * Csr (6.6)

Csr = f(€max) (6.7)
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where Csr is a variable which depends on the ¢,,,, and has a value between 0 and 1. This variable
takes into consideration the decrease in the retarding energy for the recrystallization when high
maximum strain rate values are reached in high DRX zones and when the processing temperature is

higher than the material recrystallization temperature.

6.2.3 Numerical Simulation of the Extrusion Processes
The simulations of the investigated extrusions were performed using Qform Extrusion® (Fig.

6.33). The material properties used in the simulation are reported in Tab. 6.8.

Figure 6.33: FEM simulations of the extrusion processes of Profile a and Profile 5.

Table 6.8: Material parameters for the AA6063 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 %107
Young’s modulus [GPa] 68.9
Poisson’s ratio 0.33
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The constitutive model used for the description of the AA6082 flow stress was proposed by
Hensel-Spittel (Eq. 6.5). The values of the Hensel-Spittel constants (m1-m9) are the same to the ones
reported in Tab. 6.2.

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. 6.9).

Table 6.9: 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. 6.34, 6.35). 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.
6.35 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.

[MN] Ram - Extrusion load [MN] Ram - Extrusion load [MN] Ram - Extrusion load
6,60 N 7,15 - 745 =
’ Numerical Numerical Numerical
6.55 peak = 6,57 MN 7,10 peak = 7,10 MN 7.40 peak = 7,37 MN
| 7,05 7,35
6,50 7,30
7,00
6,45 7,25
’ 6,95
7,20
6,40 6.90 s
Experimental Experimental > Experimental
6.35 | peak = 6,71 MN 685 | peak=7,32 MN 7,10 peak = 7,67 MN
6,30 6,80 7,05
Extrsion Stroke Extrsion Stroke Extrsion Stroke
— o — - 0, -
a) Ty=450 °C/ V;yy= 2 mm/s b) T,= 450 °C / V,,,= 5 mm/s ¢) Ty= 450 °C / V= 10 mm/s
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d) T,= 500 °C / V,,,,= 2 mm/s e) T,= 500 °C / V,,,= 5 mm/s f) T,= 500 °C / V,,,= 10 mm/s

Figure 6.34: Experimental vs numerical peak extrusion load on the extrusion of Profile a.
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Figure 6.35: Experimental vs numerical exit temperature on the extrusion of Profile a.

A similar accuracy in the average error for the extrusion load and exit temperature prediction for

profile b.

6.2.4 Comparison Between Numerical and Experimental Results

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. 6.36, the results of the DRX simulations for the Profile a extruded with Tv=500°C are
reported. The areas with Xprx value of 0 represent the zones of the profile in which the strain value
is below the critical strain €.= 3. The areas with Xprx value of 1 represent the zones of the profile in
which the strain value is higher than the saturated strain €= 16. The values of ¢, and &; were obtained
by comparing the numerical and experimental results for the Profile a extrusions. As clearly visible
from Fig. 6.36, there is no significant difference between the three cases in terms of DRX, as the
strain values can be considered stable with the variation of the extrusion speed. DRX zones with Xprx
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, leads to the conclusion
that high DRX is a condition but not the only one that leads to the formation of the defect.

In Fig. 6.37 and Fig. 6.38, the predictions of the Stored Energy P4 and the maximum value of strain
rate reached during the deformation path are reported for Profile a extruded with Tv=500°C. Two
different trends can be noticed by analyzing the results of Fig. 6.37. First of all, as previously
discussed in the PCG Modeling section, the values of P4 increase from the inner part to the edge of

the profile. Moreover, the values of the Stored Energy decrease with the increase in the ram speed.
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This is explainable because, as the ram speed increase, the temperature increase leading to lower Pq

values [9]. About the maximum value of strain rate reached during the deformation path, as

expectable, Fig. 6.38 shows that higher ram speeds led to higher values of maximum strain rate.

a) T,=500° C/V,,=2 mm/s

b) Ty=500° C/ V=5 mm/s

¢) Ty=500° C/ V=10 mm/s

d)

Figure 6.36: DRX simulation results.

a) T,=500° C/V,,=2mm/s

b) T,=500° C/V,,=5mm/s

¢)T,=500° C/V,,=10 mn/s

B~ Ao~ §

Figure 6.37: Stored Energy Pd simulation results.

a) T,=500° C/V,,=2 mm/s

b) T,=500° C/ V=5 mm/s

¢) Ty=500° C/V,,= 10 mm/s

MAX StrainRate

E~ Awov

Figure 6.38: 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. 6.32). All the values of Profile a were used for
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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 Xprx was set to 0.60. About the
strain rate condition, the Csr variable, which depends on the maximum strain rate reached during the
deformation path, it has been calculated as in Fig. 6.39. The reported trend of Csr needs to be
investigated and validated by further experimental and numerical campaigns. Regarding the
temperature condition, Agustianingrum M.P. et al. [15] observed that the recrystallization
temperature in an aluminum alloy containing Cr did not occurred in samples annealed at 400°C but

occurred in samples annealed at 500°C. In this work, the recrystallization limit temperature has been

set to 460 °C.

0,8
0,6

0.4
0,2

0,0
0 10 20 30 40 50 60 70 80 90 100

émax
Figure 6.39: Csr behaivour.

In Fig. 6.40 and Fig. 6.41, the results of the PCG simulation of Profile a are 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. 6.40 and Fig. 6.41, the matching
between the experimental (Fig. 6.40d,e,f and Fig. 6.41d,e,f) and numerical (Fig. 6.40a,b,c and Fig.
6.41a,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. 6.42). 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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Figure 6.40: Comparison between predicted and experimental PCG formation in the extrusion of
Profile a with Tv =450 °C.
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Figure 6.41: Comparison between predicted and experimental PCG formation in the extrusion of
Profile a with Tb
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Figure 6.42: Comparison between predicted and experimental PCG formation in the extrusion of

Profile 5.
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6.2.5 Remarks

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:

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.

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.

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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7. Summary, Conclusions and Future Work

This PhD thesis was focused on the experimental and numerical analysis of the microstructure
evolution during the hot extrusion of 6XXX aluminum alloys. In this context, an extensive literature
review revealed how chemical composition, grain size and texture affect the mechanical, corrosion,
aesthetic, crash and fatigue properties of the material. Once the importance of the microstructure for
extruded profiles had been determined, an in-depth research activity was carried out for the

investigation of the recrystallization kinetics that occurs during the extrusion process.

With the aim of developing models for the microstructure prediction during manufacturing
processes through the use of finite element codes, potentialities and limits of the recrystallization
models already present in literature were analyzed. Qform Extrusion UK software was selected as
FEM code since previous studies demonstrated the capabilities of the software in accurately
predicting the extrusion process global behaviour and the local forming conditions, thus allowing the
simulation parameters optimization. The chosen software is a commercial FEM code which allows
the simulation of the extrusion process through an ALE approach and the creation of user-customized

subroutines for the post-processing calculation of the microstructure of the extruded profile.

From an experimental point of view, campaigns have been conducted with the dual purpose of
providing a deeper understanding of the influence of process parameters on the recrystallization of
6XXX alloys but also for the development and validation of new recrystallization models. The
reported extruded profiles are industrial-scale profiles with different characteristics in terms of
temperatures, profile shapes, dimensions and extrusion ratios, thus producing a reliable amount of
data for the numerical model validation. With a particular focus on the mechanisms of PCG formation
during the extrusion of AA6082 aluminum alloys, which is fundamental for the development of crash
components for automotive applications, the lack of knowledge on the identification of the main
parameters responsible for the PCG formation has been filled with the results of the reported analysis:
the die design (choke angle, bearings length and geometry) influence on the microstructure of the
final component and, consequently, the properties of the material has been examined. It has been
proven that the main parameters that lead to the PCG formation are high DRX zones, high temperature
and high maximum strain rate reached during the deformation of the material. In more detail, a direct
proportionality between the ram speed and PCG thickness was found. 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. Moreover, from the SEM analysis of the extruded profiles
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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.

Starting from the recrystallization models available in the literature, evolute ones have been
proposed and validated. As examples, a regression approach was innovatively proposed for the
identification of material constants in the models in order to overcome the limits, uncertainties and
consequently errors generated by literature assumptions. An innovative equation for the prediction of
the grain boundary area per volume at a given strain was proposed and validated. Finally, a more
accurate estimation of the final Zener-Hollomon parameter was realized by the implementation of a
new user-subroutine in the Qform code that calculates, in each point of the profile cross-section, the
maximum strain rate reached in the deformation path during the material flow. That was necessary
because the FEM results of the strain rate values calculated in the profile cross-section (immediately
after the bearing zone) are always nearby zero. The experimentally acquired data on grain size of
AA6063, AA6060 and AA6082 aluminum alloys were used to optimize these models for the
prediction of the thickness of the recrystallized layer and the final grain size of the extruded profile
after dynamic and static recrystallization. Moreover, it was also developed a new PCG model for the
prediction of the defect behaviour. By a methodological point of view, some experiments were used
in order to regress material constants while different experimental set-up on the same alloy were used
to validate the models predictions. In the grain size prediction, a good experimental-numerical
agreement was found which shows, in the prediction of both dynamic and static recrystallized grains,
an error always below 25%. Since the high number of both process and metallurgical factors affecting
the final grain size, the industrial complexity of the analysed extruded geometries and the
approximations deriving from the selected measurement methodology for the experimental analysis
of the grain dimension, the range of + 25% of error was considered as a range of excellent prediction
accuracy. However, the grain size prediction in the simulation of AGG/PCG grains needs to be further
improved to increase the accuracy and the reliability of the models. In the PCG layer thickness
prediction, an almost perfect experimental-numerical agreement was found for both the analysed
profiles, which proved the reliability of the developed model and allows its application in the
industrial field for mechanical and crash properties optimization at a die design stage, without

performing time consuming and expensive experimental analyses.

Future developments of this work include the validation of the proposed models in the extrusion

of additional AA6063, AA6060 and AA6082 aluminum alloy profiles, the development of
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recrystallization models for other 6XXX alloys and the improvement of the AGG/PCG grain size
prediction. In addition, another future development of the work carried out during my PhD period
will be the study, through a multi-objective approach that combines the setting of process parameters
and numerical simulation, of the die design optimization for the production of profiles for crash

applications.
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